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1. Introduction

In solid-state physics, electrons are conduits that not only
transport charge and heat, but also spin, giving rise to many fas-
cinating transport phenomena. In case of electronic transport,
charge and spin are inherently connected to each other and pro-
vide a basis to investigate spin transport by charge transport
experiments. This dates back to the late 19th century with the
discovery of the anisotropic magnetoresistance[1,2] and the anom-
alous Hall effect[3,4] in ferromagnetic 3d transition metals. A full
quantitative microscopic description of both phenomena repre-
sents still a challenge today, but these two experimental

observations were the spark to ignite the
field of spintronics.[5] Spintronics exploits
the spin degree of freedom for information
processing and storage. With the advances
in thin-film technology in the 1960s and
1970s, first integration concepts and
applications were realized but ultimately
limited in sensitivity by the small resistance
changes of at those times known magneto-
resistance effects. With the discovery of the
giant magnetoresistance effect[6–8] and the
tunneling magnetoresistance[9–13] the field
of spintronics had its first big success sto-
ries. These new magnetoresistance effects
significantly enhanced sensitivity in mag-
netic field sensors and provided the means
to keep pace with the exponentially increas-
ing demands for data storage capacity asso-
ciated with our transition into the age of
information technology.

In these first spintronic applications, everything revolved
around spin-polarized charge transport carried by conduction
electrons. This concept inherently suffers from the same prob-
lems as conventional electronics, predominantly an increase in
Joule heating and power consumption, when reducing the
structure size of the devices. However, the demand for higher
information-processing speeds, denser information storage,
and low power consumption in information technology is ever
increasing in our information-driven society, such that exploring
alternatives to conventional electronics and concepts beyond the
von Neumann architecture is now in the spotlight of
research.[14,15] Within the realm of magnetism and spintronics,
the past two decades delivered a multitude of new concepts span-
ning from faster spin-based information processing, over effi-
cient spin-manipulation schemes, to neuromorphic computing
schemes.[16–19] Among these novel concepts are pure spin cur-
rents, representing the flow of spin angular momentum without
an accompanying charge current.[20–23]

The concept of pure spin currents relies on the fact that spin
angular momentum is not only carried by electrons but also
other particles and quasiparticles in solid-state systems.
Especially in magnetically ordered systems, the quantized,
bosonic excitations of the magnetic lattice, i.e., magnons, can
be used to transport spin information across long distances even
in electrical insulators. Due to their long magnon lifetime, mag-
netically ordered insulators (MOIs) represent the basis for spin
information processing via magnons (spin waves) in wave-based
approaches forming the field of magnonics.[24–26] Interestingly,
experiments confirmed that the inherent Bose–Einstein statistics
of magnons can be exploited to form magnon Bose–Einstein
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Angular momentum transport is one of the cornerstones of spintronics. Spin
angular momentum is not only transported by mobile charge carriers but also by
the quantized excitations of the magnetic lattice in magnetically ordered systems.
In this regard, magnetically ordered insulators (MOIs) provide a platform for
magnon spin transport experiments without additional contributions from spin
currents carried by mobile electrons. In combination with charge-to-spin current
conversion processes in conductors with finite spin–orbit coupling, it is possible
to realize all-electrical magnon transport schemes in thin-film heterostructures.
Herein, an insight into such experiments and recent breakthroughs achieved is
provided. Special attention is given to charge-current-based manipulation via an
adjacent normal metal of magnon transport in MOIs in terms of spin-transfer
torque. Moreover, the influence of two magnon modes with opposite spin in
antiferromagnetic insulators on all-electrical magnon transport experiments is
discussed.
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condensates providing access to magnon supercurrents and new
effects inspired by superconductivity.[27–30] Moreover, pure spin
currents carried by magnons are not only possible in
systems with ferromagnetic order but also in antiferromagnetic
systems.[23,31] Due to the two magnetic sublattices of antiferro-
magnets, magnons come in pairs with opposite spins, such that
antiferromagnetic insulators (AFIs) provide access to rich elec-
tronics-inspired phenomena. In addition, even electrical conduc-
tors without magnetic order, but with finite spin–orbit coupling,
the so-called normal metals (NMs), can be used to generate and
detect pure spin currents via electrical charge currents. Among
the effects for this charge-to-spin current conversion, the well-
known spin Hall effect (SHE)[32,33] has been used to reliably
switch magnetization in ferromagnets or even drive auto-
oscillations in magnetically ordered materials via an adjacent
conductor with large spin–orbit coupling.[34–39] Moreover, the
SHE enables the electrical sensing of the orientation of the
magnetic order parameter via the spin Hall magnetoresistance
(SMR) in NM/MOI heterostructures.[22,40–44] Last but not least,
topology provides an intriguing perspective on pure spin
currents ranging from the quantum SHE in topological
insulators[45–52] to pure spin current transport via skyrmions
in topological magnetic textures.[53–60] As evident from this short
overview, pure spin current physics is covered in a variety of
areas in magnetism and spintronics, and tremendous progress
has been achieved in this field in the past years. Thus, pure spin
currents carry the promise for even more novel phenomena to be
envisioned and realized in the future and represent an exciting
field to work on as a researcher.

Here, we discuss the physical principles of all-
electrical magnon transport experiments in MOIs. In the follow-
ing sections, we first describe the mechanisms exploited to drive
and detect magnon transport in MOIs by applying a charge
current and measuring a voltage in adjacent electrical conductor
strips via spin-to-charge conversion processes and interfacial
spin currents. As a next step, we provide more details on the
diffusive magnon transport process in the MOI. This is followed
up by an introduction into how charge currents also allow for a
manipulation of the magnon transport and how such changes are
detected in the experiment. Next, we discuss how in AFIs
coupling between the two magnon modes with opposite spin
leads to the manifestation of the magnon Hanle effect.
Finally, we provide an outlook into future directions and oppor-
tunities for all-electrical magnon transport.

2. Electrically Driven Magnon Transport in MOIs

As previously discussed, not only electrons allow the transport of
spin angular momentum, but also excitations of the magnetic
lattice (magnons) can transport spin currents over microme-
ter-long distances. Based on the theoretical prediction by
Zhang and Zhang[61,62] and the pioneering experimental work
by Cornelissen et al.,[63] it is possible to utilize electrical charge
currents in a NM to investigate the transport of pure spin cur-
rents via magnons in MOIs, which we refer to as all-electrical
magnon transport experiments. Several groups have already
made tremendous contributions toward a better understanding
of all-electrical magnon transport experiments in MOIs.[64–80]

These experiments utilize a heterostructure consisting of two
NM strips in contact with the MOI, as shown in Figure 2.
In the experiment, a charge current density jq is applied to
the NM injector strip, which generates a spin current density
js. At the interface the electron spin current leads to the injection
of a diffusive magnon spin current into the MOI. In the MOI,
this diffusive spin current is transported toward the NM detector
strip and detected as an open-circuit voltage via a spin-to-charge
current conversion process. In the following sections, we will
discuss in more detail these processes of electrical injection
and detection and diffusive magnon transport in the MOI.

2.1. Electrical Injection and Detection of Magnons

For the all-electrical magnon transport experiments, we rely on
effects enabling the generation and detection of pure spin cur-
rents js via charge currents jq in electrical conductors with finite
spin–orbit coupling. A very prominent example of such an effect
in NMs is the SHE.[32,33,81,82] The SHE critically depends on
spin-dependent scattering and bandstructure effects, such that
electrons acquire a spin-dependent transverse velocity, when
traversing through an electrical conductor with spin–orbit cou-
pling. The transformation from jq to js (with spin polarization s)
is described by[33,81,82]

js ¼
ℏ
2e

θSHjq � s (1)

where θSH describes the efficiency of the spin-to-charge current
conversion process. In the inverse process, called the inverse
SHE (ISHE), a pure spin current js with spin polarization s is
transformed into a charge current.

jq ¼ � 2e
ℏ
θSHs� js (2)

In the SHE, we find an orthogonal relation between jq, js, and
s. In a finite-sized NM under the application of jq, an electron
spin accumulation (described via the electron spin-dependent
chemical potential on the lengthscale of the electron spin-
diffusion length) with spin orientation s will form at the surfaces
of the NM, where the spin orientation, surface normal, and
charge current direction are orthogonal to each other.

We want to note that we here only considered the case of NMs,
i.e., conductors without a magnetic order. However, recent
theoretical predictions and experiments have shown that also
metals with magnetic order provide rich means to generate spin
currents[69,74,83–104] that can interact with MOIs. Most strikingly,
the orientation of the spin polarization is not necessarily along
the direction of the magnetic order parameter but can also be
oriented perpendicular to it.[98,102,103] These transverse spins
exist on the lengthscale of the exchange length, quite similar
to the spin-diffusion length in NMs with large spin–orbit cou-
pling. Taken together, the utilization of ferromagnetic and anti-
ferromagnetic conductors with spin–orbit coupling opens up
new avenues to venture into for pure spin current physics. In
this regard, all-electrical magnon transport experiments already
showed that they are beneficial to qualitatively and quantitatively
investigate charge-to-spin current conversion processes in mag-
netically ordered conductors.[69,74,95,101,104]
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As a next step, we have to describe the transfer of spin
momentum at the interface between the NM and the MOI.
A detailed theoretical description is presented in the study by
Bender et al.[105] including heat transport across the NM/MOI
interface. In the following section, we briefly discuss the conse-
quences for interfacial spin transfer. We assume that within the
NM, a spin accumulation with spin orientation s is described via
the spin-dependent chemical potential μsðzÞ (z is oriented along
the interface normal and z¼ 0 at the interface). However in the
MOI, the magnetic order parameter N (and a unit vector describ-
ing its orientation n ¼ N=N) describes the magnetic structure. In
addition, a spin accumulation of magnetic excitation quanta is
parameterized via the spin magnon chemical potential μmag,s.
Moreover, we account for the temperature profile in the systems
by assigning the temperatures TN and Tmag to the electronic sys-
tem in the NM and the magnonic system in the MOI, respec-
tively. Utilizing these parameters, we can account for the
amount and spin orientation of the pure spin current across
the NM/MOI interface.[105]

js,int ¼
1
4π

ðg̃"#i þ g̃"#r n�Þðμsð0Þs� n� ℏn
: Þ

þ ½gðμmag,s þ μsð0Þs ⋅ nÞ þ SðTmag � TNÞ�n
(3)

Within this equation, the orientation of js,int is the spin orien-
tation of the spin current flowing across the interface and not the
flow direction of the pure spin current, which is always oriented
perpendicular to the interface along z. Here, g̃"#i and g̃"#r are the
imaginary and real parts of the effective spin-mixing conduc-
tance, which already accounts for a finite temperature and the
magnon bandstructure of the MOI. g is the spin conductance
and S the spin Seebeck coefficient. All these four parameters
can be calculated from the real and imaginary parts of the
T ¼ 0 spin-mixing conductance g"#,[21,106–108] which describes
the spin transparency of the interface, taking into account the
magnon density of states DðEÞ given by the magnon bandstruc-
ture of the MOI.[68,105] Only g̃"#i and g̃"#r remain finite at T ¼ 0,
whereas g and S vanish. Thus, g and S are governed by thermal
fluctuations. The physical principles behind the contributions to
the spin current across the interface are elastic and inelastic spin-
flip scattering processes at the interface for the mobile charge
carriers in the NM. For g̃"#i and g̃"#r , elastic spin-flip scattering
is the dominant contribution, whereas inelastic scattering only
leads to additional corrections of g̃"#r .[68,105] For the case of elastic
spin-flip scattering, angular momentum of the spin flip is trans-
ferred via a torque τ onto the magnetic order parameter n. Both g
and S originate from inelastic electron spin-flip scattering at the
interface,[68,105] as shown in Figure 1. The associated change in
angular momentum and energy of the charge carrier in the NM
is transferred to magnetic excitation quanta in the MOI and thus
couples μs and μmag,s. Speaking in terms of spin-transfer torque,
the spin accumulation in the NM now transfers angular momen-
tum to thermal fluctuations of the magnetic lattice, i.e., it enhan-
ces or reduces the number of magnetic excitation quanta at the
MOI/NM interface.[109] This process is maximized if s and n are
collinear with each other. It is important to note that the spin
orientation of the spin current across the MOI/NM interface

caused by g and S is always oriented along the magnetic order
parameter n.

The spin current across the MOI/NM interface is crucial for
the manifestation of the spin pumping effect,[107,110–115] the spin
Seebeck effect,[116–120] the SMR,[40–44] and all-electrical magnon
transport experiments.[63,64,68] In all experiments, the detection of
these interfacial spin currents is realized by the fact that it can be
tuned via the relative orientation of n and s, which also allows to
separate these effects from other spurious contributions.

Let us first consider that n
: ¼ ðTmag � TNÞ ¼ 0 and that the

charge current bias applied to the NM induces a finite spin accu-
mulation at the MOI/NM interface (μsð0Þ 6¼ 0). The spin current
over the interface is then governed by two contributions. In case
of nks, only g is relevant for js,int, resulting in a finite magnon
accumulation underneath the NM. For n ⊥ s, g̃"# is the dominant
contribution for js,int, which leads to a spin-transfer torque acting
on the magnetic order parameter. Due to the temperature
dependence of g, one can assume that jg̃"#j ≫ g.[68] Thus, the
pure spin current across the interface is much larger for n ⊥ s
than for nks. The finite spin current flow across the interface
causes a finite transverse pure spin current flow in the NM
within the electron spin-diffusion length. The finite transverse
pure spin current flow leads to an effective increase in the path
the electrons have to traverse for contributing to the charge cur-
rent flow. From this, it follows that the transverse pure spin
current flow effectively increases the resistance in the NM.
Thus, the larger the js,int, the larger the resistance increase.
From this discussion we find that for nks the resistance of
the NM is smaller than that for n ⊥ s. This resistance change
is the SMR first observed in yttrium iron garnet (YIG)/platinum
heterostructures.[40–42]

The SMR has been used to study various MOI/NM
heterostructures.[36,40–44,121–135] In the past years, SMR is promi-
nently used for the investigation of AFIs, which enables us to
track the orientation of the Néel order parameter and detect
magnetic domains in this class of materials.[124,131–134,136–145]

In addition, based on the SMR effect, it is possible to quantify
spin–orbit torque effects[36,146–151] and investigate topological
spin textures in MOIs.[152–158]

(a) (b) (c)

Figure 1. Illustration of all-electrical magnon generation schemes in MOI/
NM heterostructures. A charge current jq is applied to the NM, leading to a
spin accumulation at the NM/MOI interface. a) Generation of an α-mode
magnon via inelastic electron spin-flip scattering at the interface.
b) Inelastic electron spin-flip scattering in this configuration can also lead
to the absorption of a β-modemagnon at the interface. c) In addition, Joule
heating via the applied charge current causes an injection of a heat current
into the MOI (affecting the α- and β-mode magnons simultaneously as
carriers of heat) and in addition an injection of a pure spin current via
the interfacial spin Seebeck effect.
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For the all-electrical magnon transport experiments, we con-
sider the case that s and n are arranged collinear to each other.
For this arrangement, the interfacial spin-transfer torque acts on
the thermally excited magnons in the MOI. Assuming an
easy-axis antiferromagnetic order in the MOI, the two magnetic
sublattices of the magnetic system give rise to two magnon
modes (called here α- and β-mode) with opposite chirality, thus
carrying also opposite spin oriented along n.[23,159,160] This con-
figuration is shown in Figure 1. Due to the inelastic electron spin-
flip scattering at the interface, magnons of one spin orientation
are generated (Figure 1a) and magnons of the opposite spin ori-
entation are absorbed at the interface (Figure 1b). This leads to a
nonequilibrium magnon accumulation for one magnon mode,
whereas there is a magnon depletion of the other mode near
the interface. This nonequilibrium accumulation and depletion
of magnons drive diffusive magnon currents in the MOI, where
we have to take into account the finite spin lifetime of themagnon
system and thus a finite magnon spin-diffusion length.

Up to now, we only accounted for the charge-to-spin current
conversion process, when driving a charge current through the
NM. However, due to the finite resistance of the NM, one also
needs to account for Joule heating at the injector in these mag-
non transport experiments. (Figure 1c) This locally increases the
temperature of theMOI at the interface, which leads to additional
heat currents flowing in the MOI. In this regard, heat will be
conducted via excitations of the crystal and magnetic lattice,
i.e., an additional phonon and magnon accumulation under-
neath the injector in the MOI originates from Joule heating.
In contrast to the spin current injection via the charge-to-spin
current conversion process in the NM, magnon accumulation
is independent of the orientation of n with respect to s and does
not depend on the spin convertance g. For the antiferromagnetic
MOI, this will result in an increase of magnons for both modes.
In addition, we have to account for the fact that the interfacial
spin Seebeck contribution S will also lead to spin current injec-
tion into the MOI, if there is a finite temperature difference
between the electrons in the NM and the magnons in the
MOI. This will again lead to an accumulation of magnons for
one magnon mode and a depletion for the other, which now
depends on the sign of S and Tmag � TN. As already demon-
strated experimentally, such a thermal spin-transfer torque leads
to sizeable contributions in nanostructures based on NM/MOI
heterostructures.[39]

2.2. Magnon Transport

In the all-electrical magnon transport experiments, we exploit the
fact that in electrical conductors charge-to-spin current conver-
sion processes allow the use of a charge current jq to generate
a spin current js flowing toward the NM/MOI interface.
Within the geometry shown in Figure 2 and using
Equation (1), the spin polarization s is fixed in direction, i.e.,
it is defined by the geometry itself and the direction of jq. At
the NM/MOI interface the flow of spin currents across the inter-
face is determined via Equation (3). Due to the interfacial cou-
pling at the MOI/NM interface this leads to an accumulation
of one type of thermal magnon (α-mode magnons in
Figure 2) and a depletion of the other type of thermal magnon

(β-mode) underneath the injector strip. If one reverses the charge
current direction, the spin polarization s is inverted and thus also
the types of magnons that are accumulated/depleted underneath
the injector are interchanged. In case of ferromagnetic/ferrimag-
netic order in MOIs, only one magnon mode is available (e.g.,
just the α-mode magnons prevail). Thus, we can describe the pro-
cess as the accumulation/depletion of thermal magnons for just
one magnon mode. As discussed in more detail in the following
sections, we then obtain a diffusive spin current carried by mag-
nons in the MOI, transporting spin current with polarization
sk � n toward the detector strip. At the detector, the magnon spin
current pumps a spin current across the interface into the NM. In
the NM detector this spin current js is transformed into a charge
current jq via spin-to-charge current conversion processes. Under
electrical open-circuit conditions, this charge current then leads
to charge accumulation at the end of the NM strip and can be
electrically detected as a voltage drop across the NM strip. It
is important to note that within this spin current transport pro-
cess, the NM detector strip acts as a spin current sink, i.e., the
magnon spin current is absorbed by the NM strip. This is

(a)

(b)

Figure 2. a) Schematic illustration of the all-electrical magnon transport
experiments. A MOI (green area) with order parameter n is in contact with
two strips of a NM (gray) referred to as injector (inj) and detector (det).
When a charge current jq is applied to the injector, it is transformed into a
spin current js flowing toward the HM/MOI interface with spin polariza-
tion s. This induces an electron spin accumulation at the interface and
leads to an accumulation/depletion of thermal α-mode/β-mode magnons,
driving a diffusive magnon spin current in the MOI toward the detector
strip. Utilizing the inverse process at the detector interface, a spin current
is injected into the NM and transformed into a charge current. This charge
current can be electrically detected as an open-circuit voltage.
b) Calculated evolution of the normalized magnon spin current Js=Js,0
as a function of the distance x=λsf . The black line is the analytical expres-
sion obtained from Equation (13). The red dashed line corresponds to the
1=x approximation for short distances, whereas the blue dashed lines
depict the exponential decrease for large distances.
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achieved by the finite spin-diffusion length in the NM and MOI,
a direct cause of the limited lengthscale upon which spin angular
momentum is conserved. Thus, the thickness of the NM strip
should exceed the value of λsf ,NM of the NM to maximize the
amount of spin current flow. Moreover, as the experiments
require thermal fluctuations of the magnetic lattice to achieve
finite spin current transport, these experiments require finite
temperature and a large value of g (the spin conductance govern-
ing themagnitude of the interfacial spin current). Another impor-
tant aspect is the fact that magnon transport is only possible if n is
collinear with s. This allows to disentangle magnon transport sig-
nals from any additional contributions in the experiment by vary-
ing the orientation of n via an external control parameter, such as
the orientation of the applied external magnetic field.

In addition, we have to account for thermal effects associated
with Joule heating due to the finite resistance of the injector strip.
We here assume that contribution from the heat current trans-
port across the interface dominates over the interfacial spin
Seebeck effect. The generated magnon accumulation also dif-
fuses toward the detector strip. In case of an antiferromagnetic
MOI, there are two magnon modes with opposite spin polariza-
tion and one expects that these two contributions compensate
each other, if we assume equal properties of these two degenerate
magnon modes. This compensation effect can be lifted by
introducing a deviation from the collinear arrangement of the
magnetic moments of the two magnetic sublattices, i.e., by intro-
ducing a finite net magnetization, e.g., by the application of an
external magnetic field.[71,159] For a ferromagnetic MOI, we only
have a single magnon mode and thus at the detector
sk � n for the magnons injected via Joule heating for electrical
detection. This correlation of s with n in a ferromagnetic material
in combination with the ISHE detection in the NM allows to dis-
entangle this thermal contribution from other spurious effects by
varying the orientation of n in the experiment. We note that in
addition temperature differences between the electrons andmag-
nons at the detector interface can also cause an additional spin
current injection into the NM detector strip. Thus, a full quanti-
tative understanding of all signal contributions for the thermal
part is very challenging and different results have been observed
in the experiment.[67,161,162]

Up to now, we only accounted for the electrical injection and
detection mechanisms in the NM to explain the all-electrical
magnon transport experiments. As the injected pure spin current
is transported via magnons in the MOI, we also have to account
for the magnon transport properties; the following discussion is
based on a more detailed description of magnon transport in
various studies.[23,68] In the following sections we assume the
case for two sublattice AFIs with the two magnon modes α
and β carrying opposite spin momentum of � ℏ.[23,31,76,159]

In this way, we can consider spin current transport in AFIs as
the magnonic analogue of electron spin transport, where also
two opposing spin directions contribute. In case of AFIs, the
spin direction of the two magnon modes is collinear to the
orientation of the Néel vector. These two modes are energetically
degenerate with a dispersion relation for each mode, following

EαðβÞ
AFI ðkÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
0 þ J2exk

2
p

, with E0 the magnon gap energy and
Jex the exchange stiffness parameter. Within the Boltzmann
equation of motion, we describe the magnons in each mode

via a distribution function f αðβÞðr, k, tÞ depending on spatial
coordinate r, momentum k, and time t.

∂f αðβÞ

∂t
þ 1
ℏ
∂EαðβÞ

AFI ðkÞ
∂k

∇f αðβÞ ¼ ΓαðβÞ
scat þ ΓαðβÞ

int (4)

with ΓαðβÞ
scat the relaxation rate due to magnon scattering and ΓαðβÞ

int
the relaxation (or injection) rate due to interfacial effects, i.e.,
describing the contributions from the NM/MOI interface
defined in Equation (3). For the following discussion, we treat

ΓαðβÞ
int as a small perturbation of the system and focus on ΓαðβÞ

scat .
For the magnon system, we have to account for multiple scatter-
ing processes and assume a scattering relaxation time approach.

ΓαðβÞ
scat ¼ �

X
i

f αðβÞ � f αðβÞi

τi
(5)

Here, τi is the relaxation time for scattering process i and f αðβÞi
is the quasiequilibrium distribution function the magnon system
relaxes into. In general, τi depends on momentum; for simplic-
ity, we here assume a constant value. For the different scattering
processes, we follow the discussion in the study by Shen et al.[23]

and distinguish between magnon number-conserving and mag-
non number-nonconserving processes. The former can be split
into magnon�magnon scattering, described via τmm and
enabling energy transfer within and between the two magnon
modes, magnon�phonon scattering, described by τmp allowing
for energy transfer to the phonon bath, and elastic magnon scat-
tering with defects τel. For the magnon-number nonconserving
processes, we have to differentiate in the AFIs between two dif-
ferent contributions. Magnon�magnon scattering processes that
maintain the difference in magnon numbers between the two
magnon modes parameterized by τmm,nc. In other words, pairs
of magnons, one magnon for each mode, can be generated or
annihilated in a single-magnon scattering event.[23] The remain-
ing processes that do not conserve the number of magnons are
described by the magnon relaxation rate τmr. The finite τmr also
reflects the fact that the magnon number is not a conserved
transport quantity, similar as the spin in electron transport.
As a next step we assume that τmr ≫ τmp, τmm, τmm,nc, τel, which
is a reasonable approximation for all investigated MOIs so
far.[23,68] In good approximation, the magnon number is thus
conserved on a characteristic lengthscale λsf in the AFI. To solve
Equation (4), we now assume a linearized solution for the distri-
bution function

f αðβÞ ¼ gαðβÞðkÞ þ nαðβÞB ðEαðβÞ
AFI ðkÞ, μαðβÞmag,TαðβÞÞ (6)

where nαðβÞB ¼ �exp��EαðβÞ
FMIðkÞ � μαðβÞmag

��
kbTαðβÞ��1

�� 1
��1 is the

Bose–Einstein distribution function with a locally defined mag-

non chemical potential μαðβÞmagðrÞ and temperature TαðβÞðrÞ for each
magnonmode in the AFI. Themagnon number-conservingmag-
non�magnon scattering processes lead to an efficient energy
exchange between the two modes such that temperature equilib-
rium Tα ¼ Tβ is reached on the timescale of τmm. Moreover, the
magnon�magnon scattering processes summarized via τmm,nc

lead to μαmag ¼ �μβmag. This remarkable condition is similar to
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the case of electron spin transport in the two spin channel mod-
els. However, for electron transport, the connection between spin
chemical potential for up- and down-spin electrons arises from
maintaining the charge-free nature of the pure spin current,
whereas for magnons in AFIs it is a direct consequence of mag-
non�magnon scattering. This fact has implications for the elec-
trical generation/absorption at the NM/AFI interface, as the
interface process now only needs to couple efficiently to one
of the two magnon modes, and magnon�magnon scattering
ensures that both magnon modes will be affected by the pure
spin current injection.

Substituting Equation (6) into Equation (4), we get an expres-
sion for gðkÞ.

gαðβÞðkÞ ¼ τ � ∂nαðβÞB ðEαðβÞ
AFI ðkÞ, μαðβÞmag,TαðβÞÞ
∂EαðβÞ

AFI ðkÞ

 !
∂EαðβÞ

AFI ðkÞ
∂k

�
�
�∇μαðβÞmag � EαðβÞ

AFI ðkÞ � μαðβÞmag

TαðβÞ ∇TαðβÞ
� (7)

with ðτÞ�1 ¼P ðτiÞ�1, neglecting higher order contributions in
gαðβÞ. With Equation (7), we now can define the magnon particle
current density for each magnon mode.

jαðβÞmag ¼
Z

dk
ð2πÞ3 g

αðβÞðkÞ ∂E
αðβÞ
AFI ðkÞ
∂k

(8)

For each magnon mode, we also find a spin current density
(each magnon carries a spin moment of � ℏ).

jαðβÞs ¼ �ℏ
Z

dk
ð2πÞ3 g

αðβÞðkÞ ∂E
αðβÞ
AFI ðkÞ
∂k

(9)

In similar fashion, we can define the magnon heat current
density in the AFI for each mode (each magnon carries energy
½EAFIðkÞ � μmag�).

jαðβÞh ¼
Z

dk
ð2πÞ3 g

αðβÞðkÞðEαðβÞ
AFI ðkÞ � μαðβÞmagÞ ∂E

αðβÞ
AFI ðkÞ
∂k

(10)

These currents are driven by the gradients in μαðβÞmag and TαðβÞ.
In similar fashion as for electron spin transport, we define the
total magnon particle current jmag ¼ jαmag þ jβmag, the total mag-

non spin current js ¼ jαs þ jβs , and the total magnon heat current
jh ¼ jαh þ jβh. Moreover, we define the total magnon chemical

potential μmag ¼ μαmag þ μβmag, the magnon spin chemical poten-

tial μmag,s ¼ μαmag � μβmag, and assume fast thermalization
between the two magnon modes such that we can define the
magnon temperature T ¼ Tα ¼ Tβ. Then, we can write down
the generalized transport equation of the magnon system.0
@ jmag

jh
js

1
A ¼

0
@ L11 L12 L13

L21 L22 L23

L31 L32 L33

1
A
0
@ ∇μmag

�∇T=T
∇μmag,s

1
A (11)

Here, Lij is the linear response matrix element determined via
integration in k-space. Moreover, it holds that Lij ¼ Lji for i 6¼ j

due to Onsager reciprocity. We see that a spatial gradient in μmag,s

as well as in T will drive a spin current as well as a heat current.
For a full description of the transport, we now have to define the
continuity equations for js and jh, which also account for the
intrinsic loss rate of magnons in the MOI and thus introduce
the characteristic transport lengths of the system. This is in con-
trast to charge current transport, where we do not have to account
for any losses in the system, such that charge is a conserved
transport quantity. We can write down the continuity equations
in the following simplified form.[68]

∂ρmag

∂t þ ∇jmag
∂Qmag

∂t þ ∇jh
∂ρmag,s

∂t þ ∇js

0
BB@

1
CCA ¼ �

0
@ Γρμ ΓρT Γρμs

ΓQμ ΓQT ΓQμs
Γρsμ ΓρsT Γρsμs

1
A μmag

∂ρmag

∂μmag

T
∂Qmag

∂T

μmag,s
∂ρmag,s

∂μmag,s

0
BB@

1
CCA
(12)

with ρmag, Qmag, and ρmag,s being the nonequilibrium magnon
density, magnon heat density, and magnon spin density, respec-
tively. Γij are the (local) relaxation and generation rates caused by
magnon scattering and spin/heat injection into the AFI, i.e., con-

sisting of ΓαðβÞ
scat and ΓαðβÞ

int . Due to the cross terms in Equation (11)
and (12), μmag, T, and μmag,s contribute to js and jh. On short
timescales (few ps), magnon�phonon scattering and magnon�
magnon scattering lead to the fact that the nonequilibrium
magnon temperature profile quickly relaxes to the phonon tem-
perature profile and μmag approaches 0 (μαmag ¼ �μβmag due to
energy exchange between the two magnon modes) on few nm
lengthscales.[23,68] In contrast, magnon spin nonconserving scat-
tering occurs at much longer timescales of the order of several
100 ns. Taking this into account, we can simplify our model of
magnon spin transport and neglect ∇μmag and ∇T as a driving
force for js and only account for ∇μmag,s; thus, we obtain the mag-
non spin-diffusion equation by combining Equation (11) and (12).

Dmag,s∇2μmag,s ¼
μmag,s

τs
(13)

Here, Dmag,s is the magnon spin-diffusion constant and τs the
magnon spin lifetime, i.e., the magnon spin nonconserving scat-
tering times. We then define the magnon spin-diffusion length
λsf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dmag,sτs

p
. In Figure 2b, we illustrate the normalized mag-

non spin current as a function of the spatial coordinate x for the
case of a strictly 1D diffusion process (the only scenario where ana-
lytical expressions are possible). For this graph, we assumed that a
fixed spin current is injected at x ¼ 0 and the magnon spin current
vanishes at x ¼ inf in the AFI. The black curve is the obtained
analytical expression (js ∝ expðx=λsf Þ=ð1� expð2x=λsf ÞÞ), whereas
the dashed red and blue lines are approximations for certain
distance regimes. For x � λsf (from Figure 2b this is the regime
x ≤ 0.5λsf ), we see that js reduces as 1=x, which is identical to a
diffusion process without relaxation and thus equivalent to diffu-
sive electron charge transport. Within the short-distance regime,
we can then describe the magnon spin transport in very good
approximation like charge current transport and associate a
magnon spin conductance σmag,s to describe the linear relation
between js and ∇μmag,s under the assumption of a localized
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injection.[68] For x ≫ λsf (corresponding to x ≥ 1.5λsf ), we obtain
an exponential dependence of js, which enables a distance-
dependent evaluation of λsf in the experiment.

Let us briefly review this model of all-electrical magnon
transport in AFIs: In case of the charge-to-spin current conver-
sion-driven spin current injection from the NM into the AFI, the
inelastic spin-flip scattering process of electrons at the NM/AFI
interface enables to generate/absorb magnons over the thermally
broadened energy scale kbT in the AFI.[105] Joule heating in con-
trast dominantly generates magnons with energy close to kbT .
Energy relaxation of these injected magnons occurs on short
timescales within less than a few ps, and the quasiequilibrium
is achieved by very efficient magnon�magnon scattering events
maintaining the spin polarization in the system. On these time-
scales, there is a strong interaction between the magnons, while
still maintaining the injected spin polarization. Further magnon
scattering processes then lead to a decay of spin polarization on
the timescale of � 10� 100 ns. At present, it is not fully under-
stood what the dominant scattering contribution is for this relax-
ation into thermal equilibrium and most certainly the details will
depend on the material. Possible scenarios include magnon�
phonon scattering or magnon scattering with (magnetic) defects
(magnetic domain structure). For the prototype AFI α-Fe2O3

(hematite), we find Dmag � 3� 10�5 m2 s�1 and τs � 10 ns from
all-electrical magnon transport experiments in thin-film hematite
within the easy-plane phase.[78]

One of the most remarkable properties of magnon transport in
AFIs is the two magnon modes with opposite spin, resembling
the magnonic analog of electron spin transport. In principle, a
coherent coupling between the two magnon modes is possible
via magnetic anisotropy, Dzyaloshinskii�Moriya interaction
(DMI), or dipolar magnetic fields. In this way, magnon transport
in AFIs can possibly exhibit magnonic equivalents of electronic
spin transport effects. There is a growing number of theoretical
concepts already out exploiting this equivalent nature, predicting,
for example, the existence of topological magnon states
in AFIs or emergent spin–orbit coupling effects in magnon
transport.[37,154,163–170] First experiments on magnon transport
via all-electrical means in AFIs were fully compatible with a
simple diffusive magnon spin transport, where the injected spin
orientation is maintained within the AFI.[71,77–79] However,
within the past year, new experiments emerged, which confirm
the electronic transport analogy via the observation of the mag-
non Hanle effect in easy-plane AFIs.[80,170,171] These advances
will be discussed in Section 4 and enable the manipulation of the
transported spin direction for AFIs. Thus, magnon transport in
AFIs has the potential to become a resourceful playground to
realize the magnonic equivalents of electron transport phenom-
ena. In this regard, all-electrical magnon transport experiments
provide a unique and simple access as it requires simple DC
charge current transport experiments as compared with the more
complex excitation of magnons in AFIs via high-frequency elec-
tromagnetic radiation (starting in the range of several 100 GHz).
Moreover, in case of the SHE-based spin current injection from
the NM into the AFI, we can control the direction of the injected
spin polarization via the direction of charge current flow,
thus controlling generation/annihilation of α- and β-magnons
in the AFI.

For ferromagnetic insulators (FMIs), the situation is quite
similar to the case of AFIs. Now we have to account for one mag-
non mode with a parabolic dispersion relation carrying a spin of
ℏ. One then finds the magnon chemical potential μmag, which is
equal to μmag,s for ferromagnetic insulators. The dominant mag-
non scattering processes in the FMI then lead to a fast energy
relaxation of the injected magnons, whereas spin polarization
is maintained on much longer timescales. In the prototype
FMI YIG at room temperature, magnon�magnon scattering
(dominated by four-magnon scattering processes) and mag-
non�phonon scattering are important for this energy relaxation
process. Injected magnons will relax toward the minimum in
energy of the magnon dispersion relation. In more detail, in the
study by Cornelissen et al.,[68] the relaxation times for thin-film
YIG have been calculated and they are obtained at room temper-
ature: τmr � 10–100 ns, τmp � 0.1–1 ps, τmm � 0.1–1 ps, and
τel � 10 to 105 ps. From these calculations, it is evident that
the magnon-conserving processes dominate magnon scattering
by at least 2�3 orders of magnitude. In this case, scattering on
defects in YIG is not the important factor for the lengthscale of
ballistic transport (for YIG<1 nm at room temperature[105]), but
we are rather limited by the strong interaction of magnons with
phonons and themselves. Neglecting k dependence, one can esti-
mate τs � ðαGkbT=ℏÞ�1 from the Gilbert damping constant αG of
the ferromagnetic resonance in the FMI. For thin-film YIG, one
extractsDmag � 2� 10�4 m2s�1 and τs � 500 ns at room temper-
ature from the magnon transport experiments.[68] Another
important aspect for spin transport via magnons in FMIs is that
the spin polarization direction of the magnon spin current is
determined by the orientation of the magnetization in the
FMI. Thus, this spin direction is maintained within a FMI with
homogenous magnetization orientation, such that the injected
spin direction is maintained, when transported through the
FMI via magnons.

In the all-electrical magnon transport experiments with an
injector and detector NM strip, we typically apply a few volts
to the injector to drive a charge current through the injector strip.
The magnon transport voltage signal at the detector strip is in the
range of a few 100 nV. From an application point of view, we can
thus treat all-electrical magnon transport experiments as a volt-
age conversion process with a specific efficiency. One thus finds
a reduction from the applied voltage to the detected voltage by
6�7 orders of magnitude. This provides a major challenge to
overcome for practical applications and it is important to under-
stand the origin of the voltage conversion efficiency. Taking aside
the influence of the length of the Pt strips (geometric scaling), the
efficiency of the voltage conversion process is governed by three
main contributions.[68] First, the efficiency of the charge-to-spin
conversion process in the NM has to be accounted for, which
enters quadratically as this process takes place twice: conversion
of charge current to spin current in the injector and conversion of
the spin current to a charge current in the detector. For Pt as the
NM, θSH � 0.1, such that this leads to reduction by two orders of
magnitude. Next, the transparency of the NM/MOI interface
governed by g is important for the injection of the spin current
into the MOI. This contribution enters again quadratically as the
spin current transport goes through the interface at the

injector and at the detector strip. Assuming that g � 0.1g̃"#r

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2021, 15, 2100130 2100130 (7 of 20) © 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com


(reasonable assumption for YIG at room temperature[68]),
g̃"#r ¼ 1� 1019 m�2,[122] and with typical values for the spin-
diffusion length and resistivity of Pt, one finds a transparency of
about 10�2, and thus this contribution leads to a total reduction
by 4 orders of magnitude. Finally, the magnon spin transport in
MOI is also relevant for the magnitude of the detector voltage.
This contribution can be significantly reduced using a distance
between the injector and detector strip much shorter than λsf. As
evident from this discussion, the most dominant contribution for
the efficiency of the voltage conversion is mostly determined by
the transparency of the NM/MOI interface for spin currents.
Generally, this requires an increase in g and g̃"#r , an increase
in resistivity of the NM, and the electron spin-diffusion length
λsf ,NM in the NM. Moreover, further enhancement can be
achieved by increasing the spin-to-charge conversion efficiency
θSH in the NM. The spin conductance g is maximized at temper-
atures close to the magnetic ordering temperature of the MOI.
A first temperature-dependent study in YIG/platinum structures
reaching the ordering temperature[172] only yielded an improve-
ment by a factor of 2. However, in these experiments, it also
became apparent that due to the elevated temperatures interdif-
fusion processes at the interface significantly reduced the spin
transparency of the interface.[173,174] Interestingly, recent nonlo-
cal spin transport experiments in 2D quantum magnets show
that the voltage at the detector is only reduced by 3 orders of
magnitude,[175,176] most likely caused by the improved spin trans-
parency as the NM/MOI interfaces are defined within the 2D
material itself.

It is also important to note that similar structures as discussed
here have already been investigated by Kajiwara et al.[177] The
main difference between these experiments and the all-electrical
magnon transport experiments discussed in this article is that
Kajiwara et al. utilized Pt injector and detector electrodes sepa-
rated by 1mm, a distance much larger than the typical magnon
spin-diffusion length in YIG (�10 μm[63]). In this way, they only
observed a nonlinear detector voltage response to the current
applied to the injector as they operated in the regime, where
auto-oscillations were driven via the charge current in the YIG
layer. In contrast, we find for the all-electrical magnon transport
a direct linear response of the detector voltage to the applied
charge current in the injector.[63,64] The signal Kajiwara et al.
observed is most likely influenced by nondiffusive spin transport
via magnons. It is important to note that this nonlinear response
regime has been also studied in all-electrical magnon transport
experiments.[73] We cover the aspect of magnon damping com-
pensation and the associated auto-oscillations in MOIs via a
SHE-based spin current injection from an adjacent NM for
all-electrical magnon transport in the following section.

3. Electrical Manipulation of Magnon Transport

In the following sections, we discuss how the electrical magnon
generation/absorption via spin current injection from an adja-
cent NM can be exploited to control the magnon transport within
the MOI. This requires in the lateral magnon transport geometry
with NM injector and detector an additional third NM strip,
which we will refer to as the modulator strip (see Figure 3).
By passing a charge current through the modulator, we locally

inject a pure spin current via charge-to-spin current conversion
processes in the NM into the MOI. In addition, we have to
account for Joule heating effects in the modulator, causing local
heating in our structure. We first discuss the limit of low charge
currents applied to the modulator and then discuss effects asso-
ciated with larger modulator charge currents.

3.1. Charge Current Control of Magnon Transport

As we discussed in the previous section, a charge current applied
to the modulator allows to inject/absorb magnons via the SHE in
the NM and inelastic electron spin-flip scattering, but also Joule
heating in the modulator leads to an injection of magnons. These
contributions can be treated in our transport model as a locally

confined ΓαðβÞ
int interface injection/absorption rate, which depends

on the charge current applied to the modulator. This change in

ΓαðβÞ
int in combination with the efficient energy relaxation of the

magnon system thus influences the magnon transport between
injector and detector, because the magnon loss rate in the system
will be changed via the additional magnon injection/absorption
at the modulator interface. First pioneering experiments in this
regard were conducted in the study by Cornelissen et al.[70] with
YIG/Pt heterostructures, utilizing 210 nm thin YIG films. In
these experiments they observed small changes but predicted
sizeable effects for thinner YIG layers.

The magnon injection/absorption at the modulator is
controlled via the applied charge current. We first focus on
charge-to-spin current conversion processes in the NM, which
allow coupling of the thermal fluctuations of the magnetic lattice
of the MOI. Thus, magnons are injected or absorbed at the
modulator interface. To simplify the discussion, we here assume
that the SHE is the only contribution to the charge-to-spin cur-
rent conversion processes in the NM. In this way, we find that for
FMIs, the direction and magnitude of charge current flow in the
modulator and the orientation of m to the modulator define
the sign and strength of Γint. In case of AFIs, we have to account

Figure 3. Illustration of all-electrical magnon transport experiments with
charge current control of magnon transport. On top of the MOI, three NM
strips allow for the all-electrical magnon transport experiments. A charge

current Jinjq applied to the injector strip (inj) injects a pure spin current Jinjs

into the MOI. In the MOI, this pure spin current is diffusively transported
to the detector strip (det), where the arriving spin current Jdets is trans-
formed into a charge current Jdetq to electrically detect the magnon spin

current. A charge current Jmod
q applied to the modulator NM strip

(mod) injects an additional spin current Jmod
s into the MOI. This local spin

current injection leads to a change in the magnon relaxation rate under-
neath the modulator, in turn also affecting the magnon transport from
injector to detector.
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for the two different magnon modes and the fact that the spin
accumulation will couple with opposite sign and possibly differ-
ent magnitudes to these two modes. We have to define different
interface absorption/relaxation rates for the two magnon modes

ΓαðβÞ
int . However, for both cases (AFIs and FMIs), we expect that

Γint varies linearly with the applied charge current to the
modulator Jmod

q due to the SHE. In addition, magnon diffusion
processes will also lead to changes in the local magnon density at
the injector influencing the interfacial spin current injection
at the injector. Taking both these effects into account, we expect
for themagnon transport signal (related to the voltage at the detec-
tor) obtained between the injector and detector a linear depen-
dence on Jmod

q via SHE-controlled magnon injection/relaxation.
In case of the additional Joule heating at the modulator due to

the applied Jmod
q to the NM strip, the results on the magnon trans-

port are more complex. On the one hand, the additional heating
will lead to a temperature increase in the MOI, which by itself
will change magnon transport parameters in the MOI (like,
e.g., Dmag and Γscat) and affect the spin convertance g at the injec-
tor. In addition, thermal gradients will lead to local injection of
magnons at the modulator affecting Γint. Taking these effects
into account, we expect a quadratic dependence on Jmod

q via
Joule heating in the modulator for the magnon transport
between injector and detector and thus the corresponding voltage
signal at the detector. One problem also arising in these magnon
transport experiments is that the electrical conductivity of the
MOI will also depend on temperature and can lead to a leakage
charge current flowing from injector to detector, which has to be
accounted for in the experiments.[178] In addition, these charge
currents will generate local Oersted fields, which can also affect
magnon transport properties.[179]

As evident from this discussion, we can treat the induced
changes on magnon transport between the injector and detector
for small Jmod

q applied to the modulator as small perturbations
and expect changes in the magnon transport signal, which
depend linearly and quadratically on Jmod

q . Interestingly, at the

limit of low MOI thicknesses and large values of Jmod
q , it is pos-

sible to compensate the intrinsic magnon spin relaxation rate
ðτsÞ�1 locally at the modulator, leading to more drastic changes
in the magnon transport. We discuss experiments in this regime
in more detail in the following sections.

3.2. Measurement Techniques

We want to briefly discuss the measurement techniques that can
be used to experimentally investigate all-electrical magnon trans-
port in the three-strip magnon modulator geometry (see
Figure 3). As already discussed, the experiments rely on driving
a charge current through the injector to achieve magnon trans-
port to the detector. At the detector, the magnon transport can be
detected as a voltage drop Vdet along the NM strip. In the magnon
transistor configuration, we face the challenge that a charge cur-
rent is driven through the injector (Iinj) as well as the modulator
(Imod); thus, Vdet consists of contributions from injector and
modulator. To separate the magnon transport signals from the
injector and modulator, one has to use a charge current

modulation technique. We here discuss two commonly used
modulation techniques.

One possibility is to drive a DC charge current through both
injector andmodulator. To separate in this case the different con-
tributions to Vdet from injector and detector, one has to
modulate for example Iinj by reversing the polarity of the charge
current (Iinj ¼ �I) and applying Iinj ¼ 0 to the injector and
record Vdet with a constant Imod in these three different states.
By correctly adding or subtracting these voltage values it is then
possible to separate the voltage contributions from injector and
modulator at the detector. We can then define the SHE-induced

magnon transport contribution V inj,SHE
det arriving from the

injector at the detector.

V inj,SHE
det ¼ 1

2
½VdetðþI, ImodÞ � Vdetð�I, ImodÞ� (14)

In similar fashion, one finds the thermal contribution arriving
at the detector

V inj,therm
det ¼ 1

2
½VdetðþI, ImodÞ þ Vdetð�I, ImodÞ � 2Vdetð0, ImodÞ�

(15)

In this way, both injection mechanisms for magnon transport
from injector to detector (SHE and Joule heating) can be
separately investigated with this method.

The other experimental approach applies an AC charge cur-
rent (sinusoidal with a frequency of a few Hz) to the injector
IinjðtÞ ¼ I sinðωtÞ and a DC charge current to the modulator.
Then, the contributions from injector and modulator to Vdet

can be separated by utilizing a lock-in detection as contributions
from the modulator manifest as a DC signal. Moreover, as the
SHE contributions scale linearly with Iinj and Joule heating
contributions quadratic, we can detect the SHE contribution
in the first-harmonic signal and the thermal injection in the
second-harmonic signal of the lock-in detector.[63,70]

Both techniques allow SHE and Joule heating-injected mag-
nons to be distinguished and thus enable the investigation of
magnon transport modulation in the three-strip geometry.
A more detailed quantitative comparison of these two measure-
ment techniques is presented in the study by Gückelhorn
et al.[180] From this detailed analysis, we find that for small
Imod, both techniques provide quantitative identical results
(within the noise floor of the experimental setup). A deviation
is obtained if Imod is increased above a threshold current, which
we identify as the regime of compensation of magnetic damping
in the MOI, as discussed in the following sections.

3.3. Charge Current-Induced Compensation of Magnon
Damping

The experiments discussed in this section have been conducted
on YIG/Pt heterostructures and are published in the study by
Wimmer et al.[181] To achieve magnetic damping compensation
via SHE, spin current injection requires thin YIG films with a
thickness of �10 nm. In principle, even thinner YIG films
would be beneficial, but magnetic damping in such YIG films
also considerably increases, compensating the gain obtained

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2021, 15, 2100130 2100130 (9 of 20) © 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com


by a reduction in magnetic volume. An illustration of the device
geometry and the electrical measurement scheme is shown in
Figure 4a. The device discussed in the following sections consists
of the 500 nm-wide injector, modulator, and detector strips, with
an edge-to-edge separation of 400 nm between these strips. In
these measurements, we apply an AC charge current to the injec-
tor and a DC charge current Idc to the modulator and detect the
magnon transport signal Vac arriving at the detector from the
injector via lock-in detection at the first harmonic.

In Figure 4b, the situation underneath the modulator and the
magnon transport between injector and detector for Idc ¼ 0 is
illustrated. Due to the finite magnon relaxation rate of the YIG
film, not all magnons generated at the injector reach the detector.
However, as discussed earlier upon application of a finite Idc, we
inject via the SHE magnons into the system. We thus provide an
additional interfacial injection rate, which scales linearly with the
applied DC charge current. At large-enough Idc ≥ Icrit, it is pos-
sible to compensate the intrinsic magnon decay rate such that the
transport of magnons between injector and detector is signifi-
cantly enhanced, and we establish a zero-effective damping state
underneath the modulator strip (Figure 4c).

In the experiment, the effect of the modulator current onto
magnon transport is evaluated in different measurement

schemes. In Figure 5a, we show the results obtained for angle-
dependent measurements of the in-plane field orientation
conducted at different Idc (for a definition of φ, see Figure 4a).
For Idc ¼ 0, we observe a cos2 angle dependence consistent with
all-electrical magnon transport experiments. If the external mag-
netic field and thus the magnetization of the YIG layer is oriented
perpendicular to the Pt strips (sk �m, φ ¼ �180�, 0�), magnon
transport driven via the SHE is possible between injector and
detector. If the external magnetic field is aligned along the Pt
strips (φ ¼ �90�), magnon transport between injector and detec-
tor via the SHE is suppressed and we only observe a finite offset
signal. Upon application of a finite Idc > 0, the magnon transport
signal at φ ¼ �180� increases, whereas it remains nearly
unaffected at φ ¼ 0�. This observation can be explained by the
combined action of SHE and Joule heating magnon injection
from the Pt modulator. At φ ¼ �180� and Idc > 0, SHE and
Joule heating cause magnon accumulation underneath the mod-
ulator, which counteracts the intrinsic magnon decay rate in the
YIG, and thus magnon transport between injector and detector is
enhanced. For φ ¼ 0� and Idc > 0, the SHE results in an increase
of the magnon decay rate underneath the modulator, which is
nearly compensated by the magnon injection via Joule heating.

(a)

(b)

(c)

Figure 4. Magnon transport at damping compensation. a) Depiction of
the device structure and measurement scheme used in the experiment.
b) For no applied charge current to the modulator, the magnon transport
between injector and detector is governed by the intrinsic relaxation rates
of the YIG film. c) At large-enough charge currents Idc ≥ Icrit, the intrinsic
magnon relaxation rates are compensated by the SHE-based magnon
injection from the modulator (zero damping state). In this regime,
magnon transport underneath the modulator is greatly enhanced, also
affecting the magnon transport between injector and detector. a–c)
Adapted with permission.[181] Copyright 2019, American Physical Society.

(a)

(b)

Figure 5. a) Angle-dependent first-harmonic signal at the detector for dif-
ferent Idc applied to the modulator. With increasing positive Idc the depth
of the minima at � 180� increases, whereas the minimum at 0� remains
unaffected. The red and blue arrows indicate the extracted amplitude A for
positive and negative fields, respectively. b) Modulator current depen-
dence of A for positive and negative applied external magnetic field.
For þ 50mT applied to the sample, A increases for Idc until at large Idc
the slope drastically changes. For negative magnetic field, the increase
occurs for Idc < 0, consistent with SHE-based magnon injection from
the modulator. The zero-effective damping threshold Icrit is indicated by
black triangles. a,b) Reproduced with permission.[181] Copyright 2019,
American Physical Society.
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In this configuration, the magnon transport between injector and
detector is only weakly affected. This observation is different
to the first magnon transport modulation experiments by
Cornelissen et al.[70] In those experiments, an increase in ampli-
tude for both orientations (φ ¼ �180�, φ ¼ 0�) is observed. As
Cornelissen et al. utilized much thicker YIG films for their initial
experiments, the SHE contribution to the magnon transport
modulation is rather weak and the thermal contribution from
Joule heating in the modulator is the dominating contribution.
This difference highlights the importance of using thin MOIs
layers to enhance the effects of SHE-based spin current injection
in the experiment.

To better quantify the changes associated with Idc, one can
extract the magnon transport amplitude AðIdcÞ for positive
and negative external magnetic fields, as shown in Figure 5a.
The results of this procedure are shown in Figure 5b. For a
positive external magnetic field and low modulator currents, A
exhibits a linear and quadratic dependence on Idc, consistent
with the combined contributions of SHE (linear current depen-
dence) and Joule heating (quadratic current dependence) to the
magnon relaxation rate. However, at large Idc, AðIdcÞ deviates
from this expected behavior and a drastic change in slope occurs
at a critical current value Icrit. For negative external magnetic
fields, a similar drastic change in slope is found at large negative
Idc. This field polarity dependence highlights the importance of
the SHE-based contribution to the magnon relaxation rate.

The region of compensation of the intrinsic magnon damping
rate is associated with the manifestation of auto-oscillation
of the magnetic order parameter as described in the model of
spin Hall nano-oscillators (SHNOs).[35,182–187] This describes a
coherent oscillation of magnetization that is dynamically
sustained via spin-transfer torque at the NM/FMI interface.
The theory for SHNOs utilizes a classical Landau�Lifshitz�
Gilbert (LLG) model based on a macrospin and rate equations
for an FMI/NM heterostructure. For the magnon relaxation rate
Γmr of the lowest energy mode (k ¼ 0), we find for an in-plane
magnetized film[188]

Γip
mr ¼ ðαG þ αspÞγμ0 H þMs

2

	 

(16)

Here, αG is the Gilbert damping, αsp the Gilbert damping
induced by spin pumping due to the adjacent NM, γ the gyromag-
netic ratio, H the external field, and Ms the saturation magneti-
zation. This relaxation rate is identical to the frequency linewidth
of the k ¼ 0 ferromagnetic resonance mode of the FMI. The
interface injection rate via SHE and interfacial spin-transfer tor-
que determined via the spin-mixing conductance is given by[184]

ΓST ¼ ℏ
2e

γ

MstFMI
⋅ T ⋅ θSHIdc (17)

with tFMI the film thickness of the YIG layer and T the interface
transparency for spin currents as put forward in the study by
Zhang et al.,[189] and this is given by

T ¼ g̃"#r tanhðηÞ
g̃"#r þ h

2e2
σNM
λsf ,NM

(18)

where η ¼ tNM
2λsf ,NM

with the spin-diffusion length λsf ,NM of the NM,

the thickness is tNM of the NM, and the electrical conductivity is
σNM of the NM assuming tNM ≫ λsf ,NM. When the condition

Γip
mr ¼ ΓST is met, a coherent precession of the magnetization

with zero-effective damping is present.[188] In other words, ther-
mal fluctuations and inherent magnon interactions lead to coher-
ent self-oscillations of the macrospin in the absence of damping.
As evident from these equations, it is crucial to reduce the thick-
ness of the FMI, while keeping its Gilbert damping αG as low as
possible, to achieve low threshold currents. In addition, sizeable
SHE expressed via θSH is also necessary to lower the threshold
current in combination with a transparent NM/FMI interface for
pure spin currents. Given these prerequisites, first experiments
in this direction have been conducted with YIG as the FMI and Pt
as the NM.[181,184,186] In our all-electrical magnon transport
experiments, as detailed in the study by Wimmer et al.,[181] it
is crucial to further account for contributions from inhomoge-
nous line broadening, which allows to quantitatively describe
the magnetic field dependence of Icrit.

Most importantly, the results in the study by Wimmer
et al.[181] show that it is indeed possible to achieve compensation
of intrinsic magnon damping in thin FMI layers via DC charge
current in the three-strip magnon transistor geometry. In this
way, any losses underneath the modulator are compensated, giv-
ing access to a new diffusive magnon transport regime without
magnon spin relaxation. This damping compensation effect via a
DC charge current may allow all-electrical experimental studies
of magnon transport in the limit of spin superfluidity and mag-
non Bose�Einstein condensates,[23,27,28,190–192] as discussed in
recent theoretical publications.[29,193–202] For example, the study
by Takei et al.[197] provides analytical expressions for the evolu-
tion of the magnon transport close to the point of damping com-
pensation. Another aspect not covered in this brief discussion is
contribution from localized magnon modes, which in general
exhibit lower threshold values for achieving damping compensa-
tion and may also affect the magnon transport.[187] However, a
full understanding of all relevant processes and their influence
on magnon transport is still to be obtained. New results
shine some more light onto the role of Joule heating in these
experiments.[203] In addition, similar effects have been observed
using a ferromagnetic metal as the modulator strip.[104]

Hopefully more experiments and a better theoretical understand-
ing of the nonequilibrium and chaotic processes at work (espe-
cially in the regime beyond magnetic damping compensation)
allow further exploration of the regime of spin superfluidity and
magnon Bose�Einstein condensates via all-electrical magnon
transport experiments in MOIs at the nanoscale.

While we focused in this section on the effects in FMIs it is
also important to discuss if such magnon transport modulation
experiments are possible in AFIs. Here, things get more complex
and interesting as we find two magnon modes with opposite spin
in these AFI systems. We here follow the theoretical calculations
by Shen.[23] As discussed in this section, the SHE modifies
the spin relaxation rate in the MOI. For an AFI, the α- and
β-magnons react oppositely to the SHE-induced damping contri-
bution. Thus, for one current polarity and fixed orientation of n,
one mode exhibits enhanced local damping, whereas the other
features reduced damping. If we reverse the current polarity,
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the situation is inverted for these two modes. This is in contrast
to the discussion earlier for FMIs, where we only had to consider
one magnon mode. In the framework of the proposed two-
magnon spin channel (and assuming distances shorter than
λsf ), we can use a parallel resistor model to describe the changes
associated with the modulator current. This will lead to much
more complex evolution of the magnon transport between injec-
tor and detector as a function of Imod. Especially, one has to
account for the effects of Joule heating in these devices.
Moreover, Shen[23] predicts similarly as in the case for
FMI[191,192] a critical current to reach the formation of a magnon
Bose–Einstein condensate via DC charge current pumping for
one of the magnon modes. As discussed in the study by
Wimmer et al.,[181] the criteria for the formation of magnon
Bose–Einstein condensates can be also discussed in the frame-
work of damping compensation and auto-oscillations. It is thus
worthwhile to mention that the effect of damping compensation
in AFIs has been discussed theoretically in the context of
SHNOs[37,204–206] and spin-transfer torque effects.[207,208]

These works suggest that it is indeed possible to generate
auto-oscillations in the case of easy-axis as well as easy-plane
magnetic anisotropy in antiferromagnets. Yet, depending on
the magnetic anisotropy, a certain alignment between s and n
is required to achieve stable oscillations, which might require
special experimental geometries and/or magnetically ordered
metals as the modulator.[206] However, there are presently no
experimental studies available that venture in this direction,
but this would be an interesting next step to take for AFIs.

4. Magnon Pseudospin Dynamics in AFIs

In the previous sections, we assumed that in the case of AFIs, we
have two magnon modes carrying opposite spin that both con-
tribute to the spin transport via magnons. It is also possible to
combine these two different magnon modes and form linearly
polarized magnon modes carrying zero spin. We can describe
these pairs of magnons and their superpositions via a
pseudospin[37,165,167,169–171] quite similar to the spin of an elec-
tron (see Figure 6). In the description used here, the detected
spin in our all-electrical magnon transport experiments corre-
sponds to the z-component of the pseudospin. In our recent pub-
lications, we showed that this pseudospin property is
experimentally accessible in AFIs, leading to the observation
of the magnon Hanle effect.[170,171] These results show that
we obtain coherent control over magnon spin transport con-
firmed by further recent experiments.[80]

In more detail, we inject via the SHE a spin current into the
AFI, which generates a magnon pseudospin density S oriented
along z underneath the injector (see Figure 7a�c). In the α-Fe2O3

thin films, we investigated, the magnetic easy-plane anisotropy,
and the DMI causes a coherent coupling between the spin-up
and spin-downmagnons, which leads to a precession of the pseu-
dospin in the x-z plane. The magnetic anisotropy and the com-
bination of the DMI field and canting-induced net magnetization
determine the pseudospin precession frequency. The canting-
induced net magnetization depends on the external magnetic
field, such that we can tune the precession frequency via the
application of an external magnetic field. Three situations are

Figure 6. Concept of pseudospin in AFIs. Within the concept of pseudo-
spin, the left- and right-circular polarized magnon modes represent the
spin-down and spin-up states of the pseudospin, i.e., the pseudospin
is collinear with the z-axis. The linear-polarized magnon modes are super-
positions of the left- and right-circular magnon modes, representing zero-
spin excitations. The dynamical coupling between these different magnon
modes can be described via a rotation of the pseudospin around the y-axis.
The magnonic spin investigated in all-electrical magnon transport experi-
ments is determined by the z-component of the pseudospin. Reproduced
with permission.[171] Copyright 2020, American Physical Society.

(a)

(b)

(c)

(d)

Figure 7. Illustration of the magnon Hanle effect. A pseudospin density
polarized in the z-direction is injected via the NM strip and propagates
in the AFI to the NM detector strip. The external magnetic field allows control
of the precession frequency of the pseudospin in the x–z plane. This results
in: a) positive, b) zero, and c) negative spin signals arriving at the detector.
d) Measured spin signal for two injector�detector distances (black and blue
circles) as a function of the external magnetic field at T ¼ 200K. The white
lines represent fits to the obtained data via Equation (20). a–d) Reproduced
with permission.[171] Copyright 2020, American Physical Society.

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2021, 15, 2100130 2100130 (12 of 20) © 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com


shown in Figure 7a–c. At the compensation field Hc, the contri-
butions from anisotropy and DMI cancel each other, such that no
precession occurs and the pseudospin just propagates through
the AFI. In this situation the same spin orientation injected
via SHE is detected at the NM detector strip, resulting in a posi-
tive spin signal. For H0, the finite pseudospin precession causes
the pseudospin of the magnons arriving at the detector strip to be
oriented perpendicular to the z-direction, corresponding to a spin
zero state. Thus, no spin signal is detected. At Hinv, the magnon
pseudospin has a reversed direction while propagating from
injector to detector, which results in a negative spin signal at
the detector.

As discussed in more detail in the study by Kamra et al.,[170]

the diffusive transport and dynamics of S in the case of an easy-
plane AFI with finite DMI are described via

∂S
∂t

¼ Dmag,s∇2S � S
τs
þ S �Ωŷ (19)

resembling the equations for electronic spin transport in a mag-
netic field. In comparison with the derived magnon spin diffu-
sion Equation (13), we here introduce an additional pseudofield
contributionΩ, characterizing the pseudospin precession. In our
model, we find a linear dependence of Ω on the external mag-
netic field μ0H.[170,171] We solve Equation (19) by accounting
for the injection of a z-polarized pseudospin current density
js0 at the injector at z¼ 0. One then obtains for the z-component
of the pseudospin density (the spin signal at the detector) at a
distance d away from the injector

SzðdÞ ¼
js0λsf

Dmag,sða2 þ b2Þ e
� ad

λsf a cos
bd
λsf

� b sin
bd
λsf

	 

(20)

where a ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ω2τ2s

p
Þ=2

q
, b ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ω2τ2s

p
Þ=2

q
,

and λsf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dmag,sτs

p
is the magnon spin-diffusion length.

The equation exhibits an oscillating part (as a function of distance
d and external magnetic field) with an exponential envelope func-
tion. The description is very similar to the electronic Hanle
effect.[209,210] Now the pseudofield Ω is responsible for the
pseudospin precession as compared with the external magnetic
field applied perpendicular to the spin polarization in case of the
electronic Hanle effect. In both situations, we find a maximum
spin signal for no (pseudo)spin precession (Ω ¼ 0). However, for
the electronic Hanle effect, this maximum is positioned at zero
external applied magnetic field, whereas for the magnon Hanle
effect, one finds the maximum at a finite external magnetic field
corresponding to the compensation field Hc. In addition, the
dependence of Ω on the external magnetic field depends on
the properties of the AFI and it is possible that not only a linear
dependence can be observed but also higher-order contributions
could play an important role.

In our first observation of the magnon Hanle effect,[171] we
utilized a 15 nm-thin α-Fe2O3 layer and 4 nm Pt for the NM
strips on top. All-electrical magnon transport experiments have
been conducted in the two-strip geometry with Pt injector and
detector utilizing the current reversal technique to analyze the
SHE-induced magnon transport signal at the detector.
Utilizing such a thin AFI layer provides us with the advantage

that the magnon diffusion is predominantly 1D, such that the
assumptions of our used model are easily transferable to the
experiment. In addition, α-Fe2O3 remains in the easy-plane mag-
netic anisotropy at all investigated temperatures, providing a
large parameter space to conduct experiments. As in the AFI
the Néel vector n orients perpendicular to the external magnetic
field,[71,78,131–134,144,211,212] SHE-induced magnon transport is
possible if the external magnetic field is aligned in plane along
the NM strips. To analyze the magnetic field dependence of the
magnon transport signal at the detector, measurements in both
in-plane field geometries, parallel and perpendicular to the strips,
are necessary to remove additional weak background signals.

The results of these measurements for d ¼ 750 nm (blue
circles) and d ¼ 950 nm (black circles) are shown in Figure 7d.
Most strikingly, at μ0H ¼ 8 T, we find amaximum positive signal
at the detector for both distances d. This corresponds to the com-
pensation field Hc, at which Ω ¼ 0, and no pseudospin preces-
sion occurs. Hc only depends on the intrinsic properties of the
AFI and is independent of the distance d between injector and
detector in agreement with our experiments. Upon further
increasing the field above Hc, the signal at the detector first
decreases to 0 (corresponding toH0) and then becomes negative
with a minimum at Hinv. At even higher fields, the signal at the
detector becomes again positive. A similar magnetic field depen-
dence is observed for decreasing fields fromHc. As expected, the
extracted field-dependent magnon transport signals are compa-
rable with the electronic Hanle signals observed in nonlocal spin
valve structures.[209] Our pseudospin model nicely explains the
data as indicated by the white lines, which are a fit to each data
set via Equation (20). We can extract from these measurements
the magnon diffusion length and obtain values of �300 nm.
In the study by Wimmer et al.,[171] further control experiments
were conducted. Via angle-dependent field orientation experi-
ments, we confirm the sign change in the magnon transport sig-
nal and the Néel vector origin of the magnon transport signal.
Further, temperature-dependent measurements show that the
compensation field Hc in our α-Fe2O3 layer saturates for low
temperatures and increases with increasing temperature.
The extracted magnon spin-diffusion length is only weakly
temperature dependent, most likely due to the fact that magnon
scattering on 180� domain walls in α-Fe2O3 dominates the mag-
non spin-diffusion length.[77]

We are still at the early stages of obtaining a deeper
understanding of the pseudospin and pseudofield in AFIs.
Especially, a full quantitative understanding of the microscopic
origins of the pseudofield and its dependence on experimentally
accessible control parameters has to be obtained in the future.
Yet, our pseudospin model[170] provides an elegant way to
describe the complex coupling of the magnon eigenstates in
an easy-plane antiferromagnet and the transport of spin informa-
tion within such a system. In this section, we only covered the
oscillating component originating from the pseudofield, but
additional components of the pseudofield can also cause changes
to an additional spin transport signal, which in our first experi-
ments was assumed to be constant with respect to the applied
external magnetic field. Our results show that indeed aspects
of electronic spin transport can be mapped onto magnon spin
transport in antiferromagnets and result in experimentally acces-
sible effects. Thus, magnon transport in AFIs is a promising
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playground to realize magnonic analogues of electron spin
transport.[23,165,170,213] A number of theoretical proposals may
now be realized in this class of materials ranging from emerging
spin–orbit coupling over topological surface states to nonabelian
computing schemes.[103,165,167–169,201,214–222]

5. Conclusion and Outlook

After the first theoretical prediction and experimental demon-
stration of all-electrical magnon transport in NM/MOI hetero-
structures,[61–63] experiments in this regard were conducted
not only in ferri-MOIs[23,64–70,72–76,181,223,224] but also in
AFIs.[71,77–80,171] In this way, we obtained access to studying mag-
non transport, corresponding to GHz or even THz frequencies,
utilizing magnetotransport techniques and DC charge currents.
These experiments pave the way toward investigating diffusive
magnon spin transport down to the nanoscale. Moreover, with
the improvement in interface properties and materials, the inves-
tigations of effects beyond linear response with respect to the
applied charge current, i.e., SHE-based spin current injection
and Joule heating-induced temperature gradients, are accessible
and provide means to control the magnon transport in MOIs.
Interestingly, in very thin MOIs, it is possible to locally compen-
sate the damping of magnetization dynamics via charge current
bias and drive auto-oscillations/magnetization dynamics in the
MOI.[35,182–186] In this way, DC charge currents generate high-
frequency excitations in the magnetic lattice and provide even
access to THz magnonics in AFIs. Moreover, in the regime of
damping compensation, magnon Josephson physics is within
reach in these types of experiments.[27–30] In AFIs, the intrinsic
two magnon modes of the magnetic system can be considered as
the bosonic analogue of an electron spin-1/2 system.[23,170,213]

This analogy has now been verified in all-electrical magnon trans-
port experiments[171] and promises new physics closely related to
electronic spin transport in antiferromagnetic magnonics.

All-electrical magnon transport experiments heavily rely on
efficient means to generate and detect pure spin currents via
charge currents. Thus, from a materials point of view, it is
imperative to further develop not only more efficient means
for charge-to-spin current conversion but also explore novel
functionalities provided by new materials.[225] There are several
directions to further explore. For example, charge-to-spin current
conversion in magnetic conductors, exhibiting ferromagnetic or
antiferromagnetic order, has received a lot of attention in the last
years and many aspects are yet to be explored. These materials
offer the unique tunability of the flow direction and spin orien-
tation of the generated pure spin current via the orientation of the
magnetic order parameter, providing novel design parameters
for spin-transfer torque devices.[98,102,103,226,227] Moreover, in
these magnetically ordered conductors, excitations of the mag-
netic lattice can interact with the conduction electrons in the
system, providing additional and unexplored aspects of pure
spin current transport and spin-to-charge conversion in these
systems. Another important direction are 2D materials for
charge-to-spin current conversion,[228–232] where nowadays with
the possibility of tuning the properties of the materials via stack-
ing 2D materials on top of each other provides a vast parameter
space to obtain efficient pure spin current generation in such 2D

systems. In addition, topological insulators with their spin-
polarized edge state provide novel functionalities in charge-to-
spin current conversion processes.[225,233–235]

Developing new MOIs to unlock new areas of magnon trans-
port is another important aspect for material-oriented research.
One of the major challenges is to establish MOIs with long mag-
non spin lifetimes to facilitate experiments on lengthscales acces-
sible via nanolithography processes. At present, a large quantity
of experiments utilized YIG layers for the experiment as this gar-
net material exhibits long magnon spin lifetimes. The excellent
properties of YIG thin films are strongly linked to the availability
of gadolinium gallium garnet as a lattice-matched substrate,
exhibiting an extremely low lattice mismatch with YIG.
Similar advances may also be possible in different classes of
materials, if suitable substrates are available. One example in this
regard are nickel ferrite (NFO) thin films, where magnesium gal-
late substrates significantly reduce the Gilbert damping and thus
increase the magnon spin lifetime.[236] In all-electrical
magnon transport experiments,[224] NFO grown on such lattice-
matched substrates exhibits similar properties than YIG thin
films. Similar enhancement in magnon-transport properties
may be found in other materials, as further development in
the growth of AFIs on lattice-matched substrates has the poten-
tial to significantly enhance magnon transport properties in thin
films and match their bulk counterparts. In very thin MOI layers,
we gain the chance to investigate the effect of reduced
dimensionality on magnon transport. 2D van der Waals magnets
provide also access to the field of 2DMOIs.[237,238] Such 2DMOIs
open up directions of research beyond magnetic order in 3D
systems and act as a new system to test established theoretical
concepts of magnon transport. Another important aspect, where
in the last 2 years tremendous progress has been made, is the
investigation of interfacial DMI and the generation of topological
magnetic textures in heterostructures based on MOIs.[155,239–243]

These results promise future progress to be quite similar as in
metallic multilayer systems.[56,57,60,244–248] In this regard, also the
development of theoretical concepts explaining the sometimes
contradicting experimental results is desirable. Nevertheless,
the engineering of interfacial DMI in MOIs opens up new
avenues to venture toward functional materials for magnonics.
In similar fashion, multilayer systems forming insulating, syn-
thetic ferri-, or antiferromagnets open up a promising direction
to control and engineer novel magnetic phases in MOI systems.

Another important aspect is a better understanding of how to
engineer the NM/MOI interfaces to increase the spin transpar-
ency of the interface.[173,174,249–251] As pointed out in this Review,
from the point of applications, it would be highly desirable to
further enhance g and g̃"# and figure out means to control these
parameters by the choice of materials and interface preparation
methods.

Herein, we have discussed means to manipulate magnon
transport via charge currents. At present, all experiments in this
direction utilized YIG layers as the MOI. Even in this material
system, a full understanding of the nonequilibrium processes
contributing to the observed signatures in magnon transport
is missing. Experimental techniques providing spatial resolution
and imaging magnetic excitations in MOIs can provide a deeper
insight especially in the regime of damping compensation.
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Here, magnetic imaging via nitrogen vacancies in diamond and
associated scanning probe techniques provide nanometer scale
resolution and the ability to investigate locally the magnon chem-
ical potential.[252,253] It would be highly interesting to investigate
these charge current-induced changes in MOIs with different
magnetic orders to verify the assumed theoretical models.
Clearly, a description of the dynamics in the MOI in this non-
equilibrium regime is challenging as chaotic dynamics may
be encountered, but it will be insightful to see if such an effective
zero damping state allows the investigation of magnon Bose–
Einstein condensates and related phenomena.[29,193–202,254]

The field of antiferromagnetic magnonics has received exceed-
ingly more interest in the last years.[94,255] As the natural
frequency of magnons in antiferromagnets is THz, NM/AFI
heterostructures allow realization of SHNOs operating at THz
frequencies, enabling DC-to-THz conversion.[37] An experimen-
tal realization should be possible within the next years. In anti-
ferromagnets, we find two magnon modes carrying opposite
spin, similar as the two spin states in electronic spin transport.
The recent observation of the magnon Hanle effect in AFIs[80,171]

showed that indeed these properties are experimentally accessi-
ble and lead to dramatic effects for the magnon transport in AFIs.
Many theoretical concepts exploit the intrinsic two-level proper-
ties of magnons in antiferromagnets and the coupling to, for
example, magnetic anisotropy or dipolar fields to construct
emergent spin–orbit phenomena in analogy to electronic
transport.[154,163–169,256] In terms of emergent spin–orbit cou-
pling, the magnon spin Nernst effect,[163,169] i.e., the generation
of a transverse magnonic pure spin current by driving a magnon
current via a thermal gradient, is one of the prototype examples
awaiting experimental verification (see Figure 8a). A major chal-
lenge in the experiment will be the detection of the transverse
magnon spin accumulation and careful control experiments to
disentangle the magnon SHE from other effects driven by the
applied thermal gradient. Moreover, several proposals to realize
topological magnon insulators, where edge channels provide
momentum-locked pure spin current transport, have been put
forward (see Figure 8b).[154,167] If such effects can be verified
in the experiment, they will provide fruitful grounds for new
functionalities in magnonic applications. In regard to

applications and further developments in the field, it will be cru-
cial to determine efficient ways to tune and engineer emergent
spin–orbit effects in antiferromagnetic magnonics. External
control parameters may be electric fields, modulating the local
electron states, as well as strain, which couples via magnetoelastic
effects to the magnonic system. In regard to strain effects, the first
experimental observation of magnon–phonon coupling effects in
AFIs[257] provides positive evidence for the feasibility of this
approach. Advances in the field require a combined effort from
the side of available materials and also from spectroscopy to inves-
tigate magnon transport in antiferromagnets. In regard to spec-
troscopy, the proposed emergent spin–orbit effects will not only
influence the incoherent excitation/detection mechanism as used
in DC all-electrical magnon transport experiments but also should
play a major role in coherently excited magnon transport experi-
ments. The first step into this direction has been experimentally
achieved by electrically detected spin pumping experiments in
AFI/NM heterostructures.[258,259] Such coherent schemes will also
be of importance for nonabelian computing schemes in AFIs.[165]

Many interesting facets are pending experimental verification
and theoretical description. The combined research effort of
many groups will boost this quickly developing field to the next
level and lead to the realization of magnonic applications.

Acknowledgements
Financial support from the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence Strategy—
EXC-2111–390814868—and project AL2110/2-1 is gratefully
acknowledged. Moreover, M.A. thanks the following people for fruitful
discussions, helpful inputs while writing this article, and dedicating their
resources to the results discussed here: S. Geprägs, S. T. B. Goennenwein,
R. Gross, H. Huebl, A. Kamra, M. Opel, M. Weiler. In addition, M.A. thanks
B. Coester, L. Flacke, J. Gückelhorn, E. Karadza, L. Liensberger, S. Matsura,
M. Müller, T. Narr, K. Rubenbauer, J. Schirk, N. Vlietstra, T. Wimmer from
the Walther-Meißner-Institut, G. E. W. Bauer, H. Ebert, A. Gupta, M. Kläui,
T. Kuschel, G. Reiss, R. Schlitz, H. Ulrichs, B. van Wees, and many more
unsung heroes for fruitful collaborations and discussions on all-electrical
magnon transport in magnetically ordered insulators.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The author declares no conflict of interest.

Keywords
diffusive magnon transport, magnetic insulators, pure spin currents, spin-
to-charge current conversions, spin-transfer torque

Received: March 4, 2021
Revised: April 18, 2021

Published online: June 3, 2021

[1] W. Thomson, Proc. R. Soc. London 1857, 8, 546.
[2] T. McGuire, R. Potter, IEEE Trans. Mag. 1975, 11, 1018.
[3] E. H. Hall, Philos. Mag. 1881, 12.
[4] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, N. P. Ong,

Rev. Mod. Phys. 2010, 82, 1539.

Figure 8. Emergent spin–orbit effects for magnon transport in antiferro-
magentic insulators. a) Illustration of the magnon spin Nernst effect.
Upon application of a thermal gradient, emergent spin–orbit effects cause
magnon accumulation at the boundaries of the material. b) Depiction of a
magnon topological insulator. Emergent spin–orbit coupling phenomena
induce magnon edge states whit a spin-momentum locking, i.e., magnons
with different helicity move in opposite directions.

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2021, 15, 2100130 2100130 (15 of 20) © 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com
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