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ACCESSIBLE OVERVIEW Physical phenomena are governed by their characteristic frequencies, which, in
magnetism and spintronics, can cover oscillations between a few cycles per second and 10'° cycles per sec-
ond. This range is much broader than the frequencies typically used in current devices, such as microwave
ovens and mobile phones, which operate in the GHz range. This broad spectrum opens opportunities to
explore a wide variety of phenomena for future device applications.

In this review, we summarize the correlations between these frequencies and the probing entities, along with
their associated energies. These are primarily governed by macroscopic interactions, often dominated by
magnetic anisotropy on the order of kdJ/m?3. Frequencies below kHz have been studied using magnetic nano-
particles—collections of magnetic moments similar to small bar magnets—at low energies. As the energy in-
creases, the corresponding frequency generally rises, often with fewer magnetic moments involved. Semi-
classical regimes, reaching up to THz, are typically governed by exchange interactions between nuclear
spins and magnetic moments, with energies on the order of pJ to mJ per m?. These phenomena are intrinsic
to specific magnetic materials and offer limited controllability through external energy input. Progressing
further into the quantum regime, phenomena such as magnons and surface plasmon polaritons operate at
frequencies up to PHz, involving the dynamics of a single electron spin. This is analogous to a single-electron
transistor but can function at room temperature by leveraging anisotropic and exchange energies sufficient
to overcome thermal fluctuation.

With ongoing miniaturization, the number of spins within a device is continually decreasing. Such reduction
enables the utilization of quantum mechanical effects—such as superposition and the interference of oscilla-
tory behaviors—leading to energy-efficient, high-frequency operation. These advancements present exciting
opportunities for the development of unprecedented phenomena and devices in magnetism and spintronics.

SUMMARY

In magnetism and spintronics, a diverse array of physical phenomena is governed by distinct principles
across a wide frequency spectrum. From low-frequency dynamics governed by magnetic anisotropy and nu-
clear spin exchange (Hz-MHz) to GHz and THz dynamics driven by exchange interactions in ferromagnets
and antiferromagnets and up to PHz regimes involving surface plasmons, frequency plays a pivotal role in
determining material behavior. While some of these phenomena have been experimentally realized, others
remain theoretical targets. These characteristic frequencies not only reveal fundamental physics but also
enable a variety of device applications. This review provides a comprehensive overview of frequency-depen-
dent magnetic phenomena and discusses their technological implications for the first time.
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INTRODUCTION

In magnetism, measurements are governed by the volume of
samples under investigation.' The magnetic moment in a certain
volume unit is one of the most sensitive measures to detect any
nonmagnetic phases and disordered crystalline structures.”*®
This is particularly critical for the macroscopic scale in a three-
dimensional (3D) bulk. In a magnetic system, magnetization
can be obtained as the vectorial summation of the magnetic mo-
ments of each atom. The volume of the system governs the fre-
quency of the interactions with an external electromagnetic
force, starting from the classical Brownian motion to the plas-
monic interactions with an electromagnetic wave. These critical
frequencies can be useful, for example, in spintronic device ap-
plications.” In this review, we overview the volume dependency
of such critical frequencies.

MACROSCOPIC CLASSICAL INTERACTIONS

The magnetic interaction between a 3D bulk ferromagnet and an
external magnetic field can be evaluated using a system consist-
ing of ferromagnetic particles dispersed in a solution. The force F
on a particle can be determined by F = — mVH, where mis the
magnetic moment of the particle and H is an applied magnetic
field, which needs to exceed the resistive force by solution F,
F. = 6 zanv, where a is the radius of the particle, 7 is the viscosity
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of the solution, and v is the particle velocity. In major solutions
under a magnetic field of 1 T, below 1 kHz can be used for the
evaluation of the interactions between the particle and field. To
move a ferromagnetic particle, the energy to be introduced by
a magnetic field has to exceed the magnetic anisotropy energy
Ea, which allows m to align along the field orientation as defined
for the case of uniaxial anisotropy by Ea = K,V sin? 6 (K, is the
anisotropy constant, 6 is the angle from the magnetic easy
axis, and V is volume). K, is typically on the order of kJ/m®. In
such a system, the governing dynamics is the susceptibility
loss that occurs in a particle with a single magnetic domain.
This induces two relaxation times associated with Néel relaxa-
tion (zn)° and Brownian relaxation (zg), as schematically shown
in Figure 1,° of the particles as determined by

1

KV .
W = Eexp L{B—T} and (Equation 1)
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where f, = 10% s~ K is the anisotropy constant of the particles,
Hk is the anisotropy field, kg is the Boltzmann constant, and T is
the temperature of measurement. Equation 2 for the Brownian
relaxation is controlled by hydrodynamic parameters, where Vj,
is the hydrodynamic volume. For a ferromagnetic particle with
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Figure 1. Frequency dependence of major magnetic and spintronic phenomena with their corresponding physical interactions
Key interactions and communication bands are listed at the representative length scales and frequencies, respectively. Some major electronic devices currently

used are also shown for comparison.
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a 10 nm diameter with = 1, 7y and zg can be calculated to be
on the order of 107° and 10~* s, respectively, corresponding to
the frequency typically below the order of 10 kHz. Such classical
motion of a magnetic (nano)particle has been used for magnetic
hyperthermia, for example.

It is well known that the skin effect controls the penetration,
skin depth §, of an electromagnetic wave as determined by
8 = /2p/wu, where p and u are the resistivity and magnetic
permeability of a ferromagnet, respectively, and w(= 2zf) is
the angular frequency of the electromagnetic wave at the fre-
quency f. § is typically on the order of pm or above at a frequency
of GHz or higher. This means that to assess interactions at higher
frequencies, a further reduction in nanoparticles with possible
elongation and/or two-dimensional (2D) films is needed. By
reducing the length scale below §, interactions between elec-
trons and spins within a ferromagnet cannot be ignored under
an electromagnetic wave.

SEMI-CLASSICAL EXCHANGE INTERACTIONS

Ferromagnetic resonance

A magnetization M is defined as the vector sum of the magnetic
moments in a sample under investigation. The moments
are aligned by the exchange interaction as determined by
Eex = — 2J9X2§-§ (Jex is the exchange integral and § is the
i<j
magnetic moment of an atom /). Jex can be treated as an interfa-
cial constant as a plane of magnetic moments interacting with
those on the neighboring plane, typically on the order of mJ/

m2.” The dynamics of M under an effective applied field ﬁeﬁ
can be defined phenomenologically by the Landau-Lifshitz-
Gilbert (LLG) equation as follows®*:

_
o
at

a—2

o

— .
= —yMxHe + Vi gt (Equation 3)

where y is the absolute gyromagnetic ratio. The first term on the
right-hemd side of EQLEUOH 3 determines the precessional mo-
tion of M induced by H ¢, which is the sum of an applied mag-
netic field, exchange field, anisotropic field, and so on. This
continuous precession is relaxed by the second term as defined
by the Gilbert damping constant a. « describes the coupling to
both phonons and electrons, not just phonons (through mag-
non-phonon scattering and magnon-electron scattering). As a
very simple approximation, a is proportional to the number of
electrons available at the Fermi level, meaning the reduction
for a half-metallic ferromagnet, for example. For inter-band scat-
tering, the damping term increases with increasing temperature
due to the s-d scattering model, '° where conduction electrons (s)
are scattered by localized spins (d) by spin relaxation, releasing
the corresponding momentum into the lattice through the spin-
orbit interaction. Note that at higher temperatures, a is almost
proportional to the resistivity of the system p (resistivity-like),""
while at low temperatures, « is proportional to the conductivity
of the system & (conductivity-like).’> On the other hand, for
intra-band scattering, Fermi surface breathing needs to be
considered, resulting in the damping decreasing with increasing
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temperature. These two contributions have to be separated in
the analysis.

The corresponding spin relaxation time z can be calculated
with approximation as'®™'®

1
— ~ w?7, (D'yakonov — Perel
T

model for large electron scattering probabilities) or

1c><1— (Elliott — Yaffet

T ‘[p
model for strong spin — orbit interactions),

(Equation 4)

where w is the Lamor frequency and 7, is the momentum relaxa-
tion time of an electron as determined by 7, = m/ne?p (m is the
electron mass, n is the number of free electrons in a unit volume,
e is the electron charge, and p is the resistivity). To describe the
conductivity-like damping, the breathing Fermi surface model
has been proposed,'®~'® which assumes non-equilibrium elec-
tronic states can be induced by the changes in magnetic mo-
ments. Typical 7, can be calculated to be on the order of 100
fs, corresponding to the frequency on the order of GHz, which de-
termines ferromagnetic resonance (FMR). FMR can be measured
in a thin-film form using the following methods. For bulk and/or
powder samples, FMR can be detected after introducing a micro-
wave on the sample with an elevating temperature.'®

Spin pumping (magnetization-conduction electron
interactions)

In a ferromagnet/nonmagnet bilayer, a spin current can be intro-
duced by spin pumping (SP) from the ferromagnet to the non-
magnet by precessing the ferromagnet magnetization (see
Figure 2A). The spin current is damped in the nonmagnet and re-
duces the spin-current reflection back to the ferromagnet,
increasing the damping constant of the ferromagnet. By
measuring the inverse spin Hall effect (ISHE), the spin current
JsSF can be estimated as follows®’:

Vishe = WROsq (2—e>JsSP, (Equation 5)

n

where w and R are the width and resistance of the bilayered Hall
bar, respectively. V|sye takes the maximum under the application
of the resonant magnetic field, where the maximum precession
is achieved, and the resulting maximum JSSP is introduced to
the nonmagnet. Using this condition, spin Hall angle sy can
be estimated, which is the ratio between an introduced spin-un-
polarized current and a generated spin-polarized current and a
measure of the spin conversion efficiency. The SP method can
become sensitive to a small JsS° by increasing R. This method
can also be used for Js°F generated either optically or thermally.
Spin torque (magnetization-conduction electron
interactions)

Similar to the SP method, a ferromagnet/heavy metal bilayer
has been used for a spin torque (ST-FMR) measurement. A high-
frequency current / (typically at 10 GHz) is applied to the bilayer
to generate an in-plane radio-frequency magnetic field H perpen-
dicular to/in the heavy-metal layer accompanying the spin current
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from the heavy-metal layer. This method was first employed to
evaluate 6s in NiFe/Pt?" and has been widely used for the mea-
surements of gy in a variety of materials.?>*° Here, H exerts a tor-
que and induces the magnetization precession in the ferromag-
netic layer. At the same time, a spin current can be generated by
the spin Hall effect (SHE) in the heavy metal and/or at the ferro-
magnet/heavy metal interface, which diffusively flows into the
ferromagnetic layer and exerts a torque perpendicular to the layer.

Vemr™™ and Veyr®™ ~ Y™ are given as follows?'+2*:

Voosm _ 1dR  ylcoso ™R A

FUR 4 d6 2x(df/dH),, _, | 2eueMstem (H — Ho)?

and (Equation 6)

Vinpm 2tsym 1@ ylcos @ Jotar 1 +6M0M5 2

FMR 4 d6 2a(df/dH),_,, | 2 n

(H — Ho)
A2+ (H — Ho)?|’

(Equation 7)

where dR/d0 is the resistance change by the precession, ¢ is the
angle between the external magnetic field and /, y is the gyro-
magnetic constant, f is the frequency of /, Hy is the FMR field,
o is the magnetic permittivity in a vacuum (4x x 107 H/m),
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Figure 2. Schematic diagrams of spintronic
phenomena that occurred at different fre-
t quencies

‘ (A) Spin-pumping measurement in a bilayered

ferromagnet/nonmagnet observed around GHz.

, (B) Antiferromagnetic resonance in a bilayered
antiferromagnet/nonmagnet in THz regime.

(C-F) DMI induced at a ferromagnet/heavy metal
interface at MHz order (C) and the resulting
magnetic skyrmions formed in three different
configurations: Bloch (D), Néel (E), and anti-sky-
rmion (F).*

Ms is the saturation magnetization of the ferromagnet, tpy is
the thickness of the ferromagnet, A is the half-width of half-
maximum of the FMR spectrum, tar is the AF thickness, and
Jg is the charge current.

Using Vemr®™ and Veve® ™, gy can be calculated as

follows?":
1+ 477,'Meff
o)

(Equation 8)

FMR
Js

Veur™"  euoMs
Oon =00
c

= trmtaro MR
FM AF2VFMRasym 7

By overlaying a direct current (dc) on / in the FMR method, as ex-
plained above, an effective damping constant of the ferromagnet
aetf can be modified as

sin @ fidg™R
(H+ Meﬁ/2) 2eﬂ0M3tFM '

Adet = (Equation 9)

By controlling /, the in-plane and perpendicular torques can be
canceled out, resulting in Aaess = 0. This allows oscillation of the
magnetization of the ferromagnet typically at the frequency of
the order of GHz at 10'? A/m?.%°

Antiferromagnetic resonance
Similar to FMR, an ST can be induced on an antiferromagnetic
layer, as theoretically predicted by Nufez et al.’® This has
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been experimentally demonstrated by Wei et al. by measuring
the current dependence of an exchange bias field in a spin valve
consisting of CoFe (10)/Cu (10)/CoFe (3)/FeMn (8) (thickness in
nm), as schematically shown in Figure 2B. *” A damping-like
ST has also been calculated to induce the precessional motion
of an antiferromagnetic magnetic moment, resulting in THz oscil-
lation in a ferromagnet/antiferromagnet bilayer’® and in a spin
Hall oscillator.?® Such THz oscillation is induced due to strong
exchange interactions between two sublattices with antiparallel
magnetic moments.*%*" The first demonstration was reported in
NiO, achieving up to 1 THz oscillation.®' Since then, a great deal
of research has been done to achieve higher oscillation fre-
quencies, e.g., 13 THz,*? in antiferromagnetic materials. SP
from the antiferromagnetic layer has also been measured
recently.>®> However, the spin diffusion length in the antiferro-
magnetic layer is measured to be on the order of a few nm.**
For antiferromagnets, Jex is typically on the order of pJ/m?, e.
g., 6 pJ/m? for Mn3Sn.*° This is almost three orders of magnitude
smaller than that of a ferromagnet due to the reduction in the
effective number of electrons at the Fermi level independently
counted for two antiparallel magnetic moments.

Spin-transfer torque

The magnetization dynamics in a 2D film can be described using
the abovementioned magnetization defined by the exchange
interaction and an additional interaction between electrons as
determined as a torque: spin-transfer and spin-orbit torques,
for example. The spin-transfer torque (STT) is described as

m x (m xA'Js ) (i is the unit vector of the magnetization).>®*”

By adding this term to the right side of the LLG equation

(Equation 3), the magnetization dynamics can be explained.
For a particular direction of the spin current, STT s

antiparallel to the Gilbert damping torque. Here, the Gauss law

(1; 9m-V = — [J dS = — AJs, where V = S-d is the vol-

ume of a ferromagnetic layer with area S and thickness d) is

applied to convert the second term of the LLG equation with
the STT term. This relationship indicates that the increase in

the spin current J_; reduces the relaxation, leading to the pre-
cessional motion of magnetization yielding the switching, similar
to FMR or steady-state spin-torque oscillation. Note that STT is
governed by y, which is on the order of MHz/T, resulting in the
competition against the Gilbert damping at GHz.

Using such an oscillatory condition, microwave oscillations
have been demonstrated in a giant magnetoresistive (GMR)
nanopillar without the application of an external magnetic field.*®
In one of the pioneering works, a nanopillar consisting of an
Nig.g1Feo.19 (4)/Cu (10)/Nig.g1Feg.19 (15) (thickness in nm) stack
shows a frequency-dependent STT. A broader frequency
response has been achieved for a spin-valve nanopillar of
Nig.g1Feo.19 (6)/Cu (40)/Nig.g1Feq.19 (60) (thickness in nm) in the
oscillation frequency range between 300 kHz and ~1.1 GHz.
High-frequency operation has then been extended to a tunneling
magnetoresistive (TMR) nanopillar of Cog goFeg.20Bo.2o/MgO/
Coo.60F€0.20Bo.20 With microwave generation in the vicinity of
7 GHz* and (3-8) GHz."° The frequency of these devices can
be controlled by a bias current or voltage.
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STT has also been used for current-induced magnetization
switching to operate magnetic memories, including magnetic
random access memory (MRAM) and racetrack memory,* fully
electrically.”’ For such an operation, some layers can have a
high Gilbert damping (such as the reference layer of TMR junc-
tions, namely for MRAM), while others must exhibit a low Gilbert
damping (for instance, the storage layer of MRAM or the free
layer of spin-torque oscillators to minimize the required excita-
tion current). Their operation speed is governed by the damping
process at frequencies up to the GHz range, leading to <10 ns of
reading/writing.*> STT can be calculated by a critical current
density for magnetization switching. A pulsed current with a
duration of less than 10 ns induces adiabatic switching by a crit-
ical current density:

ittt (G)n())

joo = aeMst{Hex = (Ha + 2aMs)} /n{P /(1 + P?cos )},
(Equation 11)

and (Equation 10)

where 7, is a decreasing pulse width, 7q is the attempt frequency
(=1 ns), 71 is defined as 1/ay(Hx + 2zMs) (y is an absolute gyro-
magnetic ratio, Hy is a uniaxial anisotropy field, and Mg is satu-
ration magnetization), « is a Gilbert damping constant, e is the
electron charge, t is the thickness of a ferromagnet, Hey: is an
external magnetic field, H, is a magnetic anisotropy field, # is
the Planck constant divided by 2z, and P is the polarization of
a ferromagnet.*® Accordingly, the writing energy is sub-pJ/bit
for the latest perpendicularly magnetized STT-MRAM.**

Similarly, a vortex core has been reported to oscillate in the
frequency range between 300 kHz and 1.1 GHz in a nanopillar
consisting of permalloy (60)/Cu (40)/permalloy (5) (thickness in
nm).** Electrically switching a vortex core has been demon-
strated using STT with an ac current in a 50-nm-thick permalloy
disc (diameter: 1 pm).*® In theory, these ferromagnetic discs and
ferromagnet/nonmagnet/ferromagnet stacks can be operated
almost up to the FMR frequency (~ a few 10 GHz), which has sig-
nificant advantages over the current Si-based devices.

Using such oscillations in a TMR junction, microwave-assisted
magnetic recording (MAMR) was proposed by Zhu et al. as an
approach for energy-assisted magnetic recording.*® MAMR uti-
lizes microwaves generated by an STT oscillator patterned in the
write gap of the write head to reduce the switching field by an or-
der of magnitude.”” Great progress has been made lately on this
technology. In 2021, Toshiba commercialized MAMR-based
hard disk drives for the first time and announced further improve-
ment in the areal density in 2025.

Spin-orbit torque
The spin-orbit interaction can be determined as

Hsol = Uso?'fy (Equation 12)

where s’ and L are the spin and orbital moments, respectively,
and 7gg is the spin-orbit interaction constant determined as
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Ze?h?

Pcars (Equation 13)

Nso =

Here, g is the Lande g-factor, q is the electron charge, 7 is the
Planck constant divided by 2x, m is the electron mass, c is the
speed of light, and ¢(r) is the scalar potential. Typical switching
times are similar to those of STT, i.e., in a sub-GHz regime.*®

For SOT, a critical current density for switching can be calcu-
lated using Osy as follows™®:

jo = aeMst(Hx + 2zMs) / Osn (in — plane)
and (Equation 14)

o = 2eMst{ (Hy — 4aMs) /2

- Hx/\/ﬁ}/HSH (perpendicular). (Equation 15)

The SOT-MRAM is demonstrated to require ~10 pJ/bit for
writing, which is one order of magnitude smaller than that of
the latest commercial STT-MRAM.

Accordingly, SOT has been implemented in MRAM to reduce
operational power consumption.”® SOT-MRAM offers cache-
compatible high speed and improved endurance at the cost of
larger writing currents and footprints. In order to reduce the
writing current and, consequently, the size of the selection tran-
sistor, charge-spin conversion materials with low resistivity and
high SOT efficiency must be developed. To be operated in
stand-alone mode, these devices require applying a static mag-
netic field bias.”" SOT oscillation has been reported in a TMR
junction consisting of CoFeB/MgO/CoFeB."> Under a magnetic
field application of —160 Oe, 1.6-1.8 GHz oscillation was real-
ized. This can potentially lead to writing speed improvement by
almost 10 times as compared with STT-MRAM.

Dzyaloshinskii-Moriya interactions
Interfacial spin interaction and/or frustration can also generate
geometrical phases. One example is the Dzyaloshinskii-Moriya
interaction (DMI), which can be described by
—D-(m xm)),

Hopm = (Equation 16)

where D is the DMI vector based on the crystalline structure.*® It
should be noted that due to the cross-product, Equation 17 con-
tains a chirality. As shown in Figure 2C, in a ferromagnetic film
with perpendicular anisotropy, the spins can rotate along either
the radius or the circumference to form a vortex.** The difference
in the rotation depends on the direction of the Dzyaloshinskii-
Moriya vector, and the corresponding DMI energy density can
be defined as ’B‘(my"% - mz‘)f,"—zy), which is reported to be
on the order of mJ/m?, e.g., 2.3 mJ/m? for Pt/Co/Mg0.>*

A magnetic skyrmion is a topologically protected quasi-parti-
cle, as initially predicted by Skyrme,*®°"~>9 consisting of a vortex
configuration of magnetic spins, as shown in Figures 2D-2F. The
skyrmions can be categorized into three types, Bloch, Néel, and
anti-skyrmions, depending on the rotation of spins. The Bloch
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type continuously rotates the constituent spins across the sky-
rmion radius from perpendicular at the center to in-plane and
back to perpendicular-to-plane on the edge, while the in-plane
spin component lies along the radius. The Néel type uniformly ro-
tates the spins with their in-plane component tangential to the
radius. The anti-skyrmion combines these two types with in-
plane spin rotation along the two directions.

The first observation of magnetic skyrmions was reported by
Miihlbauer et al.°® in a MnSi film. The diameter of a skyrmion
(~10 nm) can be controlled by the type of material and magnetic
fields, and a skyrmion can be moved by an electric current, al-
lowing it to be used as an information career in racetrack mem-
ory.®" In simulations, the chirality of a skyrmion can be switched
by STT at a speed of <20 ns.®? A recent report has shown that a
skyrmion can be moved at a speed of up to 900 m/s, which can
be converted as the spin dynamics at the frequency of GHz.%*

QUANTUM MECHANICAL INTERACTIONS

Magnonics
By further reducing the length scale, interactions with phonons
play a key role. For example, phonons can interact with magnons
(spin waves) via the magnetoelastic effect. Typically, a magnet
can deform 1-10 ppm under a magnetic field to align a magnetic
moment m = (a1, az, a3) along the [100] and [111] directions to
elongate 1190 and 1111, respectively, inducing a stress vector
(71,72, 73)- The magnetoelastic energy can be expressed
as E, = az’ys? — %) —
3M11|G [(a1azy17s + apasysys + asaiysyr)- The correspond-
ing magnetoelastic constant is on the order of GJ/m®, e.g.,
(1.5 + 0.1) GJ/m? for a Co-ferrite, which is known to show large
magnetoelastic effects.®

At low energy, such magnetization dynamics can be described
as the oscillatory motion of m, i.e., by spin waves and their
quanta, magnons. m tied with their lattice precesses in the vicin-
ity of its equilibrium state, the motion of which propagates along
the lattice plane. Such magnon motion can be detected by Bril-
louin light scattering (BLS), for instance. The motion can be
determined as

—
c =

— gﬂ1go|?‘(a12y12 + (122}/22 +

Im = Ry Vi Ny, (Equation 17)
k

where Vi is the group velocity of the spin wave (=awk/a?),
which is typically on the order of km/s, and ny is the distribution
function of the spin wave. Assuming a lattice constant of 0.2 nm
for the spin-wave medium, the number of phonons in 1 km is
found to be 5 x 10", leading to THz operation.

Under the presence of STT, a shift in precession frequency oc-
curs similar to the Doppler effect (spin Doppler effect). The shift
of spin-wave propagation in a NiFe wire under STT has been
demonstrated at room temperature as the spin Doppler effect
of up to 18.5 MHz.5°

Spin caloritronics
Magnonics has experienced remarkable progress in recent
years, particularly following the discovery of the spin Seebeck
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Figure 3. Schematic diagrams of optically assisted spintronic phenomena at different frequencies

(A) Plasmonic spin pumping achieved in GHz.
(B) Surface plasmon polaritons in PHz region.

effect (SSE) by Uchida et al.®*~®® This breakthrough has paved
the way for extensive research in bilayer systems—typically
composed of a magnetic thin film adjacent to a metal such
as platinum, which exhibits strong spin-orbit interaction—
where the cross-coupling between spin and heat currents
leads to novel non-equilibrium transport phenomena. In these
heterostructures, a temperature gradient applied across the
magnetic material (for example, in a Pt/yttrium iron garnet
[YIG] junction) thermally excites its magnetization, thereby
generating a conduction spin current in the adjacent Pt layer
through interfacial magnetic interactions. These advances
have led to the emergence of ‘“spin caloritronics,” a field
that focuses on the interplay between heat and spin degrees
of freedom.®?

At the heart of spin caloritronics is the SSE, a universal heat-to-
spin conversion process observed in a wide range of magnetic
materials, including ferromagnetic metals, insulators,”””" and
semiconductors.”*” In a typical Pt/YIG junction, the tempera-
ture gradient excites the magnon population in the magnetic
layer, and through interfacial interactions, this excitation is con-
verted into a conduction spin current in the Pt film. This process
is further complemented by its reciprocal counterpart, the spin
Peltier effect (SPE), in which the injection of a spin current pro-
duces a measurable heat flow.”*”" The resulting spin current,
whose characteristic frequency is determined by the intrinsic
magnetic and lattice dynamics, encapsulates the fundamental
spin properties of the magnetic layer and has been successfully
used as a quantum probe, for instance, in exploring magnetic
phase transitions in thin films.”®

The underlying mechanism of the SSE involves establishing a
temperature gradient across a magnetic insulator/metal inter-
face. This gradient leads to a difference in the effective temper-
atures of magnons in the magnetic insulator and electrons in the
metal, creating a non-equilibrium spin accumulation at the inter-
face. This spin accumulation, in turn, drives a spin current into
the metal via interfacial exchange interactions. Building upon
this fundamental understanding, techniques such as plasmonic
SP and acoustic SP (which will be shown below) have been
developed. These methods leverage the principle of creating

non-equilibrium spin distributions across interfaces to generate
spin currents. The frequency of a magnon polaron detected by
SSE has been reported to be 0.16 and 0.53 THz for a transverse
and a longitudinal acoustic phonon branch, respectively.”®
Theoretically, the frequency can be extended into a THz
regime.®° For the SPE, the transient response has been reported
to be measured within the frequency range between 10 Hz and
1 MHz.*'

Plasmonic SP

Another approach that utilizes non-equilibrium magnon dy-
namics is a method called plasmonic SP, which generates
pure spin currents using optical excitation.®>%* In this scheme,
as schematically shown in Figure 3A, a bilayer device is con-
structed by combining a thin Pt film with a ferrimagnetic insulator
(such as BiYoFes045). Within this heterostructure, Au nanopar-
ticles are embedded to function as nanoscale antennas support-
ing localized surface plasmon resonances (LSPRs). When the
device is illuminated with monochromatic light tuned to the plas-
mon resonance frequency, strong evanescent electromagnetic
fields are produced around the Au nanoparticles. These intense
fields excite non-equilibrium magnons in the adjacent magnetic
layer. Through interfacial magnetic interactions, the energy and
angular momentum of these magnons are transferred into the
Pt layer, thereby “pumping” a pure conduction spin current.
This spin current is then detected via the ISHE, which converts
the spin current into a measurable transverse voltage. In Uchida
et al.,®? the spin current was reported to be generated by the
introduction of light with the wavelength of 690 nm; the corre-
sponding frequency can be estimated to be 430 PHz. Because
the mechanism is driven by the optical excitation of surface plas-
mons, plasmonic SP represents a unique and ultrafast pathway
to convert light into spin currents, offering promising applications
in next-generation spintronic devices and optically controlled
energy-harvesting systems. In a broader context, localized sur-
face plasmons have been reported to induce ultrafast demagne-
tization,® dynamically control the transmission of spin waves,®®
and excite magnetic topological structures, such as skyrmions
and skyrmioniums.®’
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Surface plasmon polaritons

Furthermore, as an alternative scenario for generating spin cur-
rents using propagating surface plasmons, the following new
approach has been proposed. It is well known that below the
plasma frequency w, = \/ne?/egm (n is the electron density, e
is the electron charge, ¢g is the permittivity in a vacuum, and m
is the electron mass), only free (conduction) electrons oscillate,
as the electron mass m is much smaller than that of the ionic
core. In a magnetic material, m and ¢y need to be replaced
with the material-specific values of an effective electron mass
m* and permittivity e. To be precise, the damping needs to be
considered as well. The collective oscillation of conduction elec-
trons is a fundamental excitation in the bulk of a metal, which is
quantized with energy 7w,. The plasma frequency wy, is typically
on the order of 1 PHz.

At a metal-insulator interface, a plasmon in the metal and a
photon in the insulator are hybridized and localized, forming a
polariton. Due to hybridization, the characteristic frequency is
modified, wp—wsp = @p/v/T+ €ins, Where eins is the permittivity
of the insulator. This polariton is known as a surface plasmon po-
lariton (SPP).%® SPPs can be excited optically with the Otto and
Kretschman-Raether arrangements (or their mixture), consisting
of a prism placed on a metal/insulator bilayer without and with a
gap.®° SPPs can generate a transversely spinning electric field at
the frequency of a few PHz, according to the macroscopic elec-
tromagnetic theory with the Drude model.°>°® For an SPP prop-
agating in the x direction, which is localized at the metal-insulator
interface (z = 0), the electric field inside the metal can be writ-
ten as

_ . K . kK y ikx + kz
E = E0<Imdx + m.&)e (z<0),
(Equation 18)

where Ej is the field amplitude, k and « are the propagation and
decay constants, respectively, and the vector in the parentheses
represents the polarization state of the field. In the non-relativ-
istic limit (c—o0), the decay constant is approximated as x~ k.
With this approximation, the polarization vector can be reduced
to (iuy + uz)/+/2, which evidently represents a circularly polar-
ized state (i.e., a spinning field).

Conduction electrons involved in the SPP field follow the spin-
ning electric field; thereby, their orbiting motion generates inho-
mogeneous magnetic moments in the metal. According to the
macroscopic electromagnetic theory, the corresponding
magnetization is evaluated as follows®*°:

- 2o m{ExE ).
dw

8m (Equation 19)

Since the electric field brought about by the SPP decays expo-
nentially, the induced magnetization also decays exponentially
(M exp(2xz)lTy ).

By solving the diffusion equation with a source term represent-
ing the induced inhomogeneous magnetization, Oue and Matsuo
have recently predicted the generation of a spin-polarized elec-
tric current.’®°8 They estimated that a spin current of 10% A/m?
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can be generated in Au by SPPs at 1.25 PHz. For a 20-nm-thick
Au film with a laser spot size of 1 mmd¢, the resistance can be
estimated as 6.1 x 107'2 Q (resistivity of Au: 2.44 x 1078
Q x m), leading to the static electric power of 6.1 x 1072 W.
By using a 0.4 mW semiconductor laser, the spin conversion ef-
ficiency can be estimated to be 1.5, suggesting potentially high
efficiency. Bekshaev conducted a follow-up study on spin-cur-
rent generation by propagating surface plasmons on a single
surface.”® Ukhtary et al. demonstrated that surface plasmons
at graphene edges can generate spin currents through a similar
mechanism.'°%°" Recently, Au nanoparticles/Al,O5 interfaces
have also been used to demonstrate spin-current generation. '

SP and mechanical motions

In recent years, the field of spintronics has witnessed growing in-
terest in novel methods of spin control and spin-current genera-
tion utilizing mechanical vibrations and rotational motion.
Mechanically engineered spin temperatures

Acoustic SP”"19%19% has been demonstrated as a method for
spin injection through the modulation of effective magnetization
temperature by acoustic waves. This phenomenon was experi-
mentally verified in YIG/Pt bilayer systems, where acoustic
waves in the MHz range were excited, and the generated spin
current was electrically detected through the ISHE in the Pt layer.
The fundamental mechanism in such magnetic/metallic bilayer
systems, including the SSE®® and SP,® involves spin tunneling
across interfaces driven by the difference in non-equilibrium dis-
tribution functions between magnetization in magnetic materials
and conduction electron spins in metals. Similar to how temper-
ature gradients drive effective temperature differences between
magnetization and conduction electron spins in the SSE, acous-
tic waves serve as the driving force for generating these effective
temperature differences.

Elastically driven SP

Furthermore, Weiler et al. demonstrated elastically driven
SP, 957197 which represents a system analogous to conventional
SP. In conventional SP within magnetic/metallic bilayers,
magnetization in the magnetic layer is coherently excited
through FMR to inject spins into the metal, traditionally achieved
through the application of an alternating-current magnetic field.
In contrast, Weiler et al. achieved SP by inducing FMR through
Rayleigh-type surface acoustic waves in the magnetic material.
These surface acoustic waves operate in the GHz range, match-
ing the resonant frequency of ferromagnetic materials. The inter-
action between magnetization and elastic waves in this context
occurs through magnetoelastic coupling. Recent studies have
reported non-trivial, nonreciprocal propagation phenomena uti-
lizing the antisymmetric components of lattice strain in magne-
toelastic coupling, indicating increased research activity in spin
dynamics mediated by magnetoelastic coupling.'®®

Gyromagnetic effects

The phenomena discussed thus far have involved interactions
between ferromagnetic materials and mechanical vibrations.
Recently, gyromagnetic effects'®®'"? have emerged as
methods for spin control and spin-current generation that exploit
the interaction between spin and mechanical motion without
requiring ferromagnetic materials.
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The gyromagnetic effect, discovered in 1915 by Barnett'®®

and Einstein and de Haas,''° represents a phenomenon of inter-
conversion between magnetization and mechanical angular mo-
mentum. Prior to the establishment of quantum theory, magne-
tism was believed to originate from Amperian currents due to
electron orbital motion. However, experimental results from
the Barnett effect (magnetization induced by rotating magnetic
materials) and the Einstein-de Haas effect (mechanical rotation
induced by changing magnetization) yielded a g-factor of
2. This suggested the existence of an intrinsic magnetic angular
momentum in electrons that could not be explained by classical
electromagnetism, later identified as spin angular mo-
mentum.'"® (Although Einstein and de Haas conducted their
experimental demonstration to verify that the origin of magne-
tism lay in Amperian currents, Einstein initially disputed the
finding that g = 2, maintaining that it should be g = 1. However,
he later retracted this position and accepted that g = 2. This his-
torical development provides fascinating insights into the early
understanding of electron spin and magnetism, as detailed in
Topper''®.)

While the original gyromagnetic effects were observed in
ferromagnetic materials, these effects fundamentally arise from
spin-rotation coupling’'“~"'® between spin and angular velocity
rather than requiring ferromagnetic materials specifically. This
coupling has been experimentally verified not only for electron
spins'""7'%¢ put also for nuclear spins,'*”"'*' quarks, gluons,
and hadron spins.'#>~4¢
Einstein-de Haas effect
Studies of the Einstein-de Haas effect have progressed signifi-
cantly through the application of micro/nanoelectromechanical
systems. An experiment utilized cantilever-based measure-
ments operating at frequencies of approximately 10 kHz to
determine the g-factor of NiFe thin films."'” Subsequently, ul-
tra-sensitive mechanical measurements enabled the detection
of itinerant electron spin flips.''® Further advances in the field
have led to the observation of ultrafast demagnetization pro-
cesses on the 100 fs timescale.''® Additional investigations
demonstrated the Einstein-de Haas effect through mechanical
vibrations of a cantilever, where magnon current was excited
in a ferromagnetic insulator microcantilever through the SSE
and subsequent magnon relaxation was detected.'*> Moreover,
the Einstein-de Haas effect has been observed at radio fre-
guencies in and near magnetic equilibrium.'?°
Barnett effect
Regarding the Barnett effect, direct measurements of effective
magnetic fields generated by spin-rotation coupling in rotating
nuclear spin systems were initially achieved using spinning nu-
clear magnetic resonance (NMR) techniques.'®”~'° Similar phe-
nomena of effective magnetic field generation due to rotation
have subsequently been observed in analogous systems,
including nitrogen vacancy (NV) centers.'*®'*! The mechanical
rotation generated in spinning NMR operates in the kHz range,
whereas NMR resonant frequencies are in the MHz range. This
difference enables precise measurements of the effective mag-
netic field, which induces resonance frequency shifts of several
percent relative to the NMR frequency.

In electronic systems, the Barnett effect has been observed in
paramagnetic'®"'?? and ferrimagnetic'?*''?* materials using me-

¢? CellPress

OPEN ACCESS

chanical rotation ranging from several kHz to tens of kHz. Later,
spin-current generation through rigid rotation at kilohertz fre-
quencies has been experimentally verified using magneto-
optical detection, extending beyond mere spin polarization
effects.’®

Additionally, spin-current generation phenomena have been
observed utilizing local mechanical rotation characterized by
vorticity in liquid metals'®>'?%"%" and metal thin films with
excited surface acoustic waves.'??"'%? The scale of local rotation
in liquid metal systems is approximately kHz, whereas the
vorticity of surface acoustic waves reaches the GHz range.

An analogous phenomenon has been observed in quark-gluon
plasma, where extraordinary vorticity measurements have re-
vealed angular velocities reaching 102" Hz,'#>~'%° representing
the highest rotational motion achieved by humanity.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

As listed in Figure 4, three categories of phenomena are distrib-
uted across a broad range of frequencies between Hz and PHz.
First of all, classical phenomena are governed by macroscopic
interactions, which can be dominated by magnetic anisotropy.
Typically, the interactions are on the order of kJ/m®, generating
a range of signal frequencies between a few Hz and a few
100 Hz, as observed in the motion of magnetic particles. By
increasing the introduction energy and using semi-classical
probes, a higher frequency can be generated. An exchange
interaction between nuclear spins generates MHz signals, and
that between magnetic moments on the order of mJ/m? and
uJd/m? produces GHz and THz dynamics in parallel (ferromag-
netic) and antiparallel (antiferromagnetic) configurations,
respectively. These frequencies are unique to a magnetic mate-
rial used with minor controllability with the energy introduced.
Similarly, exchange interactions between a magnetic/spin
moment and a conduction-electron spin generate ~GHz signals,
which are mainly interfacial interactions on the order of mJ/m?.
Finally, a further increase in energy leads to a quantum mechan-
ical regime, which requires the consideration of their wave na-
ture, such as magnonics, SPPs, and elementary particles, at
PHz frequency.

In order to design a new magnetic and spintronic device, one
may use the energy range met with the requirements as shown in
Figure 4. This naturally offers the corresponding frequency range
for their operation. Among them, conduction spins can cover a
broad range between MHz and THz, which can become one of
the key phenomena that govern the device design. By controlling
the number of such electrons and their operating temperature,
one may be able to further extend the frequency ranges, result-
ing in more applicability of magnetism and spintronic for future
device applications as well as possible discovery of new
phenomena.
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