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RECENT TRENDS IN MICROWAVE
MAGNETISM AND SUPERCONDUCTIVITY

We review the development trends in microwave magnetism and superconductivity over the last
five decades. The review contains the key results of recent studies related to the promising areas
of modern magnetism and applied physics — spintronics, magnonics, magnon caloritronics,
physics of magnonic crystals, spin-wave logic, and the development of novel micro- and nano-
scale magnetic devices. The main achievements in these fields of physics are summarized and

generalized.
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1. Introduction

A revision of the basic concepts of physics in the
1920s and 1930s led to the intense development of its
many fields, including the solid state physics. The use
of quantum mechanics made it possible to explain the
phenomenon of superconductivity, discovered in 1911
by H. Kamerlingh Onnes [1|. Newly formed quantum
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physics also helped to determine promising ways
to search for new superconductors and choose the
most effective methods to study them. In 1986, these
studies led to the discovery of high-temperature su-
perconductivity [2], and, in 2019, superconductivity
at almost room temperatures was discovered [3].

The XX century was also the time of a rapid de-
velopment of another major area of the solid state
physics — the physics of magnetism. After the devel-
opment of the phenomenological model of magnetiza-
tion dynamics by L. Landau and E. Lifshitz in 1935
[4], and the discovery of electron paramagnetic res-
onance by E. Zavoisky [5] and ferromagnetic reso-
nance by J. Griffiths [6] in 1945-1946, active stud-
ies of magnetic excitations in solids have begun. In
the last decades, these studies led to the appearance
of spintronics, magnonics, spin caloritronics, spin-
orbitronics, and other new areas of modern applied
physics and nanoelectronics.

This review outlines the main trends in the de-
velopment of microwave superconductivity and mag-
netism over the past five decades. Considering these
topics, of course, we cannot but mention the signif-
icant contribution of Prof. Gennadii A. Melkov and
his scientific school to these studies. His scholars be-
came leading experts in the field of solid state physics,
in particular, in magnetism and nonlinear spin-wave
phenomena. Therefore, the presentation of the mate-
rial in the article is based on the results obtained by
G.A. Melkov and his scholars.

The review content is divided into subsections by
areas, in which the most intense studies are per-
formed and the most impact has been achieved: high-
temperature superconductivity (Sec. 2, p. 889), para-
metric and nonlinear processes in magnets (Sec. 3,
p. 891), spin-wave solitons and bullets (Sec. 4, p. 895),
magnon Bose-Einstein condensates and supercur-
rents (Sec. 5, p. 898), magnon caloritronics (Sec. 6,
p. 904), spintronics (Sec. 7, p. 906), magnonic crystals
(Sec. 8, p. 908), and spin-wave logic (Sec. 9, p. 913).

2. Physics and Applications
of High-Temperature Superconductivity

The discovery of high-temperature superconductivity
phenomenon in 1986 caused a huge interest in the low-
temperature physics and techniques and in the cryo-
genic electronics throughout the world. G.A. Melkov,
who worked at that time at the Department of Cryo-
genic and Microelectronics in Taras Shevchenko State
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University (it was renamed later to the Depart-
ment of Nanophysics and Nanoelectronics of Taras
Shevchenko National University of Kyiv), also de-
cided it is his duty to begin research on the mi-
crowave properties of high-temperature superconduc-
tors (HTS), as well as the development of microwave
devices based on HTS.

Experimental and theoretical work initiated by
G.A. Melkov at the department in the late 1990s de-
veloped in the following interrelated scientific areas:
i) study of the microwave impedance of HTS films;
ii) study of the microwave properties of superconduct-
ing surface electromagnetic wave resonators, and the
creation of microwave devices on their basis; iii) devel-
opment and creation of combined microwave devices
with magnetic and HTS films, as well as the study of
their microwave properties.

The first stage of G.A. Melkov’s group activity was
associated with the study of the microwave impe-
dance of HTS films. As it is known, the microwave
impedance of HTS films characterizes their quality
and mainly determines the microwave properties of
devices created on the basis of such films. In addi-
tion, investigating the response of an HTS film in a
magnetic field to a microwave signal, one can obtain
the important information necessary for a deeper un-
derstanding of the nature of high-temperature super-
conductivity. The first works in this scientific area
were performed by G.A. Melkov with I.L. Zablotskii
[7, 8]. Further experimental researches were carried
out by G.A. Melkov, A.V. Bagada, S.K. Korsak, and
V.Yu. Malyshev, while theoretical models of the mic-
rowave properties of HT'S films were developed jointly
with A.L. Kasatkin and E.A. Pashitskii [9-13]. As a
result of these studies, it has been shown that an HTS
film can be considered as an inhomogeneous material
consisting of series-connected areas of different types
(ideal superconductor, areas with low- and large-re-
sistance intragranular Josephson junctions, shunted
by the ideal superconductor, and areas with un-
shunted intragranular Josephson junctions). Due to
this inhomogeneity, when dc and ac magnetic fields
are applied to the HTS film, it causes Abrikosov’s
vortices to move through the ideal superconductor
areas, while the ac field causes the switching of
high-resistance Josephson junction areas to their low-
resistance state. In turn, this leads to the existence of
unusual microwave properties of HTS films, in par-
ticular to the observation of a stronger microwave re-
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sponse of an HTS film to an ac magnetic field than
the dc field response. Many years later these results
also helped G.A. Melkov’s colleagues and scholars to
develop a novel type of Josephson junctions having
improved microwave and electrical properties [14].

Later, in collaboration with Prof. V.M. Pan’s group
from G.V. Kurdyumov Institute for Metal Physics
of the National Academy of Sciences of Ukraine
(NASU) and other NASU and foreign research
groups, G.A. Melkov and his colleagues showed that
growth-induced linear defects strongly affect the mi-
crowave surface resistance Rg of highly biaxially ori-
ented HTS YBayCu3zOr_; films [15]. Such films ex-
hibited the smallest Rg (77 K, 134 GHz) < 120 m{2
and the lowest density of dislocations detected by
high-resolution electron microscopy and X-ray ana-
lysis. A nature of the dislocation effect was discussed
within a model of local anisotropic elastic deforma-
tion in a vicinity of dislocation cores, where the HTS
critical temperature T variation and an enhance-
ment of the normal quasiparticle density are sig-
nificant. Then the main features of the experimen-
tally measured microwave surface impedance, Zg(T),
of epitaxial YBasCu3zO7_s thin films deposited on
CeOs-buffered sapphire substrates were obtained and
summarized in [16, 17]: i) the surface resistance
Rs(T) at low temperatures obeys the exponential
law Rg(T) = Ryes + Roexp [—(/T) with a small gap
¢ (¢ = 0.7 T¢); ii) the most perfect quasi-single-
crystalline films reveal a distinct two-peak structure
of the Rg(T) dependence, which is not observable
in films with a less ordered crystal structure. These
features were believed to reveal some intrinsic elec-
tron properties of such films, namely: i) the mixed
(d + is) type symmetry of the electron pairing and
ii) the dominant role of extended c-oriented defects
(e.g., edge dislocation arrays or twin planes) in the
scattering of quasiparticles for the most perfect films,
which demonstrates the two-peak anomalous Rg(T')
behavior.

Using the results of their research, G.A. Melkov
and co-authors proposed new methods of fabrica-
tion of HTS films (Ukraine’s patents # 97010303
by January 24, 1997 and # 24207A by October
15, 2001). For the precise measurement of microwave
properties of HTS films in the 3-cm, 8&-mm, 4-mm,
and 2-mm wave bands, a unique certification center
was created, which at that time had no analogs in
Europe and on the territory of the former USSR.
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Investigating the microwave properties of HTS
films, G.A. Melkov came to the conclusion that the
film itself, which has at least small, but finite, losses at
microwaves, can play the role of a “two-dimensional”
resonant system. Such resonators were called the
surface electromagnetic wave resonators (SEWRs).
Since 1997, the studies of the microwave properties of
superconducting SEWRs and devices based on them
had become one of the priority scientific directions
in G.A. Melkov’s group. In [18] G.A. Melkov and
Yu.V. Egorov developed a general theory of waves
in a superconducting parallel-plate transmission line
(Fig. 1, a, b, ¢, d). A particular case of the considered
problem was the surface electromagnetic wave waveg-
uide — an infinitely long SEWR (see Fig. 1, ¢). In
2000, the initial experimental and theoretical results
of these studies in X- and Ka-bands were summarized
in [19] (Fig. 1, ¢, /).

Studies have shown that, due to the quasiuni-
form distribution of the electromagnetic field of a
surface wave near the SEWR surface, such a res-
onator is a promising system for the creation of
microwave devices with various integral elements,
in particular Josephson junctions [18]. Using this
concept, G.A. Melkov and A.M. Klushin with co-
authors were able to develop and create microwave
devices with up to 450 synchronized bicrystal Joseph-
son junctions, to obtain the synchronous genera-
tion from ~200 junctions, and to create SEWR-
based microwave signal detectors with Josephson
junction arrays [20-24]. These studies were carried
out in the 8-mm and 3-cm wave bands for differ-
ent configurations of SEWR inside a rectangular
waveguide of different cross-section sizes. In partic-
ular, it was shown that, in a below-cutoff rectangu-
lar waveguide, the spectrum of SEWR natural oscil-
lations is substantially rarefied, which can be used
for the creation of more efficient microwave devices
[25, 26]. The obtained results were summarized in
(23,24, 27].

In parallel to the study of the SEWR properties,
G.A. Melkov was also involved in the creation of high-
quality microwave filters based on HTS films. In par-
ticular, he and his students proposed a microwave
filter based on coupled SEWRs [28]. In addition, a
HTS-based band-pass filter which has a frequency of
1.8 GHz and is suitable for the application in hi-end
telecommunication systems was designed and their
properties were investigated [29].
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One of the first works of G.A. Melkov in the field
of applied superconductivity [30] was associated with
the study of the influence of nonlinear properties of
HTS films on magnetic oscillations and waves in com-
bined structures with HTS and yttrium-iron garnet
films. Later, he and his colleagues returned to this
topic several times. For instance, using SEWR based
on the HTS and YIG films, a high-quality X-band
band-pass filter tunable by a dc magnetic field was
created. Moreover, the possibility of the parametric
amplification of microwave signals in HTS films was
also shown [31].

In general, during almost last 30 years, G.A. Mel-
kov with his colleagues and students made a signi-
ficant contribution to the understanding of physics
of high-temperature superconductors and HT'S films.
They also developed and created a new class of mag-
netically controlled superconducting microwave de-
vices and theoretically and experimentally studied
their properties.

3. Parametric and Nonlinear
Processes in Magnetic Media

The parametric interaction in a magnetic medium
arises from the fact that Landau—Lifshitz equation de-
scribing the magnetization dynamics is highly nonlin-
ear. This leads to the coupling of different types of os-
cillations and waves in a magnetic system and results
in their threshold excitation under certain conditions.

The most interesting effect is the excitation of mag-
netic oscillations and waves under the action of an ex-
ternal electromagnetic pumping applied to the sam-
ple. With regard for the orientation of the pumping
field and the saturation magnetization, we can ana-
lyze two different cases: the so-called perpendicular
and parallel pumpings.

In the case of parallel pumping process, the uni-
form microwave magnetic field leads to the excitation
of a spin-wave pair with opposite wavevectors and the
frequency equal to a half of the pumping frequency:
W = w_j = wp/2. One can derive equations describ-
ing the spin-wave amplitudes ¢, and c_j having the
following form:

d )
% = iwicr + pep + inhzelwptCik,
1)
de. , (
Ztk = —twgc_p + T _pc_p — in*hze_zwptCk.

Here, Vj is the coupling coefficient, h, amplitude of
an external rf-field, and I'y,I'_j are the dissipation
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parameters. As one can see, the parametric interac-
tion leads to the coupling of opposite wave-vector
spin waves with the coupling coefficient being har-
monic in time ~e®™r?. From the general oscillation
theory, it is known that this periodic modulation of
the coupling can lead to the threshold excitation of
coupled waves. In the simplest case where I'y, =T"_,
the threshold condition is: |hyyVi| = T'y. When the
amplitude of an external pumping field reach the
threshold value hyj,, the amplitudes of spin waves be-
gin to grow exponentially: g, c_g ~ e(®=Ve=Tr)t Ob-
viously, these amplitudes cannot grow infinitely, and
different nonlinearities come into play, by limiting
spin-waves amplitudes. Such limiting mechanism will
be discussed in what follows.

In the case of perpendicular pumping, the spin-
wave excitation is a two-step process. The external
field excites uniform magnetization oscillations, and
this leads to the coupling of spin waves with opposite
wavevectors. For example, for the spin waves with fre-
quencies close to a half of the pumping frequency, one
can obtain the following equations:

dex

i iwger + Dk + ipraoct

dC_k . C ok x (2)
7 = —twgc_ + ' _pe_i —ipLagck.

Here, py is the coupling coefficient, and ag is the uni-
form mode amplitude. In this case, the excitation of
a spin wave starts, when the uniform mode reaches
the threshold value defined by |aginpr| = Tk. This
process is also called the first-order Suhl instabil-
ity. In the case of second-order Suhl instability, the
spin waves with frequencies wj, = w,, are excited.

As was mentioned before, the spin-wave growth un-
der the action of a parallel pumping can not last in-
finitely, because different nonlinear mechanisms come
into play. The most important of them are: the non-
linear damping, back-influence of a spin wave on the
pumping, and phase limiting mechanism. The men-
tioned mechanisms were investigated in [32].

The most important limiting mechanism in the case
of parallel pumping is the so-called phase mechanism.
The four-magnon interaction between excited spin
waves leads to the appearance of a phase mismatch
between the external pumping and spin waves limit-

ing their amplitude at the level: |c;|? = 7”%‘/'
In works [33, 34], G.A. Melkov and his colleagues in-
vestigated the mentioned mechanism proving its im-
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portant governing role in the spin-wave excitation un-
der a parallel pumping.

The excitation of a spin-wave group with angu-
lar frequency wy can lead to further nonlinearities
in a magnetic system. At high amplitudes of excited
spin waves, they can become the internal pumping
for other spin waves in the system leading to an ad-
ditional excitation. This mechanism is called the ki-
netic instability and arises from the four-wave inter-
action in an excited magnon system. The processes
Wk + w_p = wy + wy can be considered as a neg-
ative damping for waves with w; and ws. Thus, at
some critical number of excited spin waves with wy,
those processes can overcome the damping for spin
waves with w; and lead to their excitation. Obviously,
the spin waves with the lowest damping parameter
are first to be excited in this way. This mechanism
was discovered by G.A. Melkov and his colleagues
in [35] and was investigated under various conditions
in [36-38].

As we can see, the parametric pumping can effec-
tively excite spin waves with a given frequency in
magnetic systems. However, the most fascinating ap-
plication of parametric processes arises, when it is ap-
plied to the existing signal in a magnetic system. Let
we have a spin-wave of the given frequency excited in
a magnetic film by an antenna. It propagates along
the film slowly loosing its amplitude due to different
dissipation processes. However, if, at some point, we
will apply the parametric pumping to the system, the
signal spin-wave can be significantly amplified, over-
coming the losses in the system. However, the most
fascinating fact arises from the nature of the paramet-
ric interaction. As was shown before, this process ex-
cites a pair of waves with opposite wave vectors. This
condition should be satisfied due to the momentum
conservation laws in a system. In the case of already
existing signal spin wave, the parametric pumping
will produce an additional “idle” wave that propa-
gates in the opposite direction. This effect is called
the wave front reversal (WFR) or phase conjugation.
It was first discovered in nonlinear optics and was
successfully transferred to the magnetic systems by
G.A. Melkov and his colleagues [39-43].

It should be noted that the optical wavefront rever-
sal involves second-order four-wave parametric inter-
actions pumped by counter-propagating light waves
with frequencies close to those of the source and re-
versed signals. Spin-wave systems provided the first
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experimental evidence of the wave front reversal
through a first-order three-wave parametric process.

The wave front reversal phenomena differ from sim-
ple wave reflection processes in many important re-
spects (see, e.g., [44]). Whilst the direction of a re-
flected wave is determined by Snell’s law, a reversed
wave always propagates in the direction opposite to
that of the source excitation. Moreover, under certain
reversal conditions, the leading front of the source
(incident) waveform is transformed into the trailing
front of the reversed excitation, i.e. the time profile
of the reversed waveform is an inverted version of
the original. The effect of pulse profile time rever-
sal has been well demonstrated in experiments in-
volving two parametrically pumped pulses of differ-
ent amplitudes [39,45], and the phenomenon has also
been observed in two-dimensional systems by Bril-
louin light scattering spectroscopy [46]. For the first
time, G.A. Melkov and his colleagues conducted ex-
perimental studies of the wavefront reversal of slow
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short-wave dipole-exchange spin waves in thin films
of yttrium-iron garnet (YIG) [40,47,48]. The investi-
gations were carried out by the method of paramet-
ric interaction of spin waves with the electromagnetic
pumping of the double frequency on a layout of the
experimental section sketched in Fig. 2, a. The gen-
eration of dipole-exchange spin waves was a result of
the two-magnon scattering of magnetostatic waves on
inhomogeneities of the YIG film sample. The delay
time of the dipole-exchange spin-wave signal exceed-
ing 2.5 us was experimentally obtained, and the effect
of the defects made on the surface of the YIG film was
studied. The phenomenon of double wavefront rever-
sal was investigated by the method of cloning of the
electromagnetic pump pulse [41]. This technique al-
lows for an indefinitely long time to maintain the ex-
istence of magnetostatic waves greater than the level
of the thermal noise in the YIG film by compensating
of the propagation losses due to the action of a para-
metric pumping. G.A. Melkov and his colleagues for
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the first time conducted experimental and theoretical
studies of wavefront reversal with parametric pump-
ing under the conditions of anisotropic dispersion in
the case of nonreciprocal surface magnetostatic waves
[43]. To create an environment with anisotropic dis-
persion, it is sufficient to metallize the surface of the
YIG film on one side only. In this case, the spectrum
of magnetostatic waves looks as shown in Fig. 2, b. It
has been found that the wavefront reversal has be-
come possible only with the frequency conversion
downward, if a direct wave propagates near the met-
allized surface of the film; otherwise, the wave does
not exist. The maximum detected frequency shift was
800 MHz (Fig. 2, ¢). It is established that, with a
given external magnetic field, it is possible to stabi-
lize the frequency of the inverted signal by changing
the frequency of the input signal to 100 MHz, which
can be used to create frequency stabilizers of the mi-
crowave signal. In work [49], G.A. Melkov and his
colleagues investigated the nonresonant (ws # wp/2)
wave front reversal of spin-wave pulses (carrier fre-
quency ws) caused by a pulsed parametric pumping
(carrier frequency wy,) and showed that it can be effec-
tively used for the microwave signal processing. When
the spectral width Qg of a signal is wider than the fre-
quency band €, of the signal amplified by the pump-
ing (Qs > Q,), the nonresonant WFR can be used for
the analysis of the signal spectrum (see Fig. 2, d). In
the opposite case ({25 < ), the nonresonant WFR
can be used for the active (with amplification) filter-
ing of the input signal (Fig. 2, e).

One of the most interesting applications of the
wave front reversal is the so-called reversal of the
momentum relaxation proposed by G.A. Melkov and
his colleagues [47, 50]. Let us assume that the mi-
crowave signal pulse is supplied to the input antenna
and excites a long-wavelength dipolar spin-wave in
the ferrite film (magnetostatic wave), which is scat-
tered in the course of propagation on the film inho-
mogeneities and is transformed into short-wavelength
long-lifetime dipole-exchange spin waves. This trans-
formation results in the disappearance of a signal
wave. However, this process can be reversed via the
parametric pumping. Applying it to the region with
scatted dipole-exchange waves, it results in the wave
front reversal of mentioned waves. They begin to
propagate in the opposite direction, returning back
to inhomogenitiesthe where they were “created”. As a
result of the inverse scattering process, they form a
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magnetostatic wave that propagates back to the input
antenna. As we can see, the wave front reversal may
be considered as the time reversal in this case, bring-
ing back the signal wave scattered on ingomogeni-
ties. Moreover, multiply pumping pulses can be ap-
plied to the system resulting in the multiple acts of
wave front reversal. In this way, one can control the
appearance of the restored wave either on an input or
output antenna.

The idea of the recovered signal dissipating into
different modes in a magnetic system via a paramet-
ric pumping was further developed in work [51]. In
this work, the signal propagating in a magnetic
film dissipates into the so-called thickness spin-
wave modes, which are almost standing. The appli-
cation of a pumping pulse to the system leads to
the frequency-selective amplification of one of these
standing modes. However, the nonlinear interaction
in the magnon system ensemble should also be taken
into account. The phase mechanism discussed above
plays the governing role in the dynamics of a sys-
tem and leads to the time shrinking of the recovered
signal. The phase mechanisms result in the pumping
being effective only over a certain finite time period,
after which the saturation occurs, and the standing
modes are suppressed by the so-called dominant spin-
wave group with the lowest relaxation parameter.

In addition, the nonresonant parametric recovery,
in which the input signal frequency is detuned from
a half of the pumping frequency, has been used to
perform the spectral analysis of the stored microwave
signal [52].

The parametrically pumped system of magnons
can have nonconventional behavior, when the exter-
nal pumpimg is switched off [53]. The monotonic de-
crease of the population of parametrically injected
magnons is accompanied by an explosive behavior
of the electromagnetic radiation at the magnon fre-
quency. G.A. Melkov has developed a theory showing
that this explosion is caused by a nonlinear energy
transfer from parametrically driven short-wavelength
dipolar-exchange magnons to a long-wavelength dipo-
lar magnon mode effectively coupled to an electro-
magnetic wave.

The signal amplification and the wave front reversal
by a parametric pumping open up a wide spectrum
of different analog data processing devices based on
magnetic materials [48, 49, 54, 55|. Recent works of
G.A. Melkov and his colleagues are devoted to the in-
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vestigation of different nonlinear and parametric pro-
cesses in magnetic nanosystems [56-59]. A key fea-
ture of such systems is the discretization of the spin-
wave spectrum. Instead of the continuous spectrum
of magnetic excitations that is typical of magnetic
bulk samples or films in magnetic nanoelements due
to the confinement, the spin-wave spectrum is dis-
crete. This dramatically changes the dynamics of all
nonlinear processes, they become nonresonant, and
their threshold increases.

4. Spin-Wave Solitons and Bullets

One of the characteristic features of ferromagnetic
materials is a strong nonlinearity of the magnetiza-
tion dynamics. It is worth to note, that the origin of
the magnetic nonlinearity is purely topological rather
than dynamical. Namely, all important dynamic in-
teractions in a magnetic medium, such as magne-
todipolar and inhomogeneous exchange interactions,
are linear (energy of a magnetic body is a quadratic
function of the magnetization M). At the same time,
the length of the magnetization vector is preserved
during the magnetization precession, |M| = const,
which means that the phase space for the magneti-
zation dynamics is a sphere rather than a plane. The
intrinsic curvature of the spherical phase space is the
interaction-independent origin of the strong magnetic
nonlinearity.

The magnetic nonlinearity manifests itself in many
physical phenomena, which both are of interest from
the fundamental point of view and are important
for practical applications. For instance, the magnetic
nonlinearity enables the existence of various static
magnetic textures such as domain walls, magnetic
vortices, and skyrmions [60-64]. In the microwave do-
main, a nonlinear modification of spin-wave proper-
ties leads, in particular, to the formation of spatially-
localized nonlinear wave packets — spin-wave solitons
and bullets. The main characteristics of such objects
are considered in this section.

Traditionally, the magnetization dynamics is con-
sidered in the framework of the Landau-Lifshitz—
Gilbert equation for the magnetization M [65]:

dM « dM
W:’Y(Heffo)‘F]\Z <M>< ) + Thaa- (3)

dt

Here, v =~ 27 x 2.8 MHz/Oe is the modulus of the gy-
romagnetic ratio, Heg is the effective magnetic field
related to the free energy of a ferromagnet W by
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H.s = —OW/OM, ag is the dimensionless Gilbert
damping parameter, My = | M| is the saturation mag-
netization, and the term T,qq may describe the ad-
ditional torques acting on the ferromagnet such as,
e.g., the parametric pumping or spin-transfer torque.

The first term in Eq. (3) describes conservative
interactions in a magnetic material and, usually, is
much stronger than two other terms that describe dis-
sipative effects. Solutions of the linearized conserva-
tive Landau—Lifshitz equation determine linear spin-
wave modes that can propagate in the medium. Such
linear spin waves have been extensively studied and
their properties are well understood now [65,66]. One
of the peculiarities of spin waves in bulk ferromagnets
is their anisotropic character, namely, the dependence
of the dispersion relation w = w(k) and other prop-
erties on the direction of the spin-wave wavevector k
relative to the direction of the bias magnetic field.

Nowadays, the studies of spin-wave phenomena are
typically performed in a thin-film geometry, i.e., us-
ing ferromagnetic films with thicknesses much smaller
than in-plane sizes of the sample. This geometry pro-
vides easy means of electrical excitation and de-
tection of spin waves and, also, allows one to di-
rectly observe the spatio-temporal evolution of spin
waves using the Brillouin Light Spectroscopy (BLS)
technique. In the thin-film geometry, only the lowest
thickness spin-wave mode can be efficiently excited,
i.e., the spin-wave system becomes effectively two-
dimensional. The natural spin-wave anisotropy trans-
lates into the dependence of the linear and nonlin-
ear spin-wave properties on film’s magnetization an-
gle, which allows one to observe qualitatively differ-
ent phenomena simply by rotating the direction of
the bias magnetic field. Most of the experiments were
performed in one of the three high-symmetry cases,
in which different types of waves are excited [65]:
(i) backward volume magnetostatic waves (BVMSW)
propagating in an in-plane magnetized film along the
direction of the bias field; (ii) magnetostatic surface
waves (MSSW), which propagate perpendicularly to
the bias field in an in-plane magnetized film, and
(iii) forward volume magnetostatic waves (FVMSW)
propagating in a normally magnetized films.

The analysis of the propagation of weakly-
nonlinear spin wave packets can be substantially sim-
plified, by transforming the Landau-Lifshitz—Gilbert
equation (3) to the equation for slowly varying com-
plex envelopes [67]. Within this approach, one con-
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siders a spectrally narrow spin wave wavepacket cen-
tered at the wavevector kg = koz and propagating in
a magnetic film lying in the (y, z) plane. The slowly
varying (in both space and time) spin-wave envelope
can be defined as the inverse Fourier transform

 [dk. [ dk,
C(ta Zvy) - / 2 2T Ck(t) X
x expliwot + i(k. — ko)z + tkyy], (4)

where cg(t) is the amplitude of the spin-wave with
wavevector k = kyy + k.2, and wy = w(ko) is the
central frequency of the wavepacket. Then Eq. (3) re-
duces to the dissipative nonlinear Schrédinger (NLS)

equation [68]
D 9*c S 9%

(9, 0\  DOc S0
ot T%9.) T 282 T 20,2
= —il'c+ fadd (C) (5)

— Nlc]*c =

Here, vy, = Ow/0k, is the group velocity of the spin-
wave wavepacket, D = 9%w/0k? is the dispersion co-
efficient, S = 0%w/ Bkg is the diffraction coefficient,
N ~ Ow/d|c|* is the nonlinear frequency shift co-
efficient, I' is the spin wave damping rate originat-
ing from the Gilbert damping term in Eq. (3), and
fadd(c) may describe additional forces created by the
torque Thq44.-

The nonlinear behavior of the spin-wave wavepac-
ket is determined, mainly, by the dimensionality of
the system and the interplay between the linear de-
focusing effects (dispersion D and diffraction S) and
nonlinearity N. The formation of solitons and bul-
lets — localized nonlinear wavepackets — is possible,
when these two trends compensate each other, i.e.,
when DN < 0 or/and SN < 0. This criterion of soli-
ton formation is known as the Lighthill criterion [69].

The versatility of spin-wave characteristics in thin
magnetic films allowed for the observation and inves-
tigation of practically all possible regimes of propa-
gation and interaction of solitons and bullets. Below,
we describe some of the most important experimen-
tal and theoretical results on spin-wave solitons and
bullets.

In the simplest case, the propagation of spin-wave
wavepackets is studied in a standard spin-wave delay-
line structure that uses a relatively narrow magnetic
waveguide for the spin wave propagation. Typically,
the width of such a waveguide is about 1-2 mm, while
its length is of the order of several cm. In such a case,
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the lateral quantization of spin-wave modes across the
waveguide width [70] excludes any diffraction-related
effects, which corresponds to a one-dimensional wave
propagation (9/0y = 0 in Eq. (5)).

In the one-dimensional waveguide geometry, the
Lighthill criterion of soliton formation DN < 0 is
satisfied for BVMSW and FVMSW waves in the
dipolar region of the spin-wave spectrum. In the
first experiments with spin-wave envelope solitons,
however, dipole-exchange spin waves were used [71—
73]. Namely, these experiments were performed us-
ing thin films of yttrium-iron garnet (YIG). This di-
electric ferrimagnet has record-low magnetic damping
(AH ~ 0.5 Oe). In the experiments, films with par-
tially pinned surface spins were used, which led to
a relatively strong hybridization of the lowest (dipo-
lar) thickness spin-wave mode with higher-order ex-
change spin waves and very large values of the disper-
sion coefficient D in the hybridization region. This
allows one to use relatively long microwave pulses
(7 > 100 ns) for the excitation of spin-wave soli-
tons. The soliton formation was detected through the
threshold increase of the transmitted power and the
compression of the output spin-wave pulse.

Later, the envelope solitons of purely dipolar spin
waves in YIG films with unpinned spins were ob-
served and studied for both FVMSW [74, 75] and
BVMSW [76-78] geometries. For the surface waves,
the Lighthill criterion is not satisfied. In this case,
the so-called “dark” solitons (stable localized dips on
a strong continuous background) were experimentally
observed [79, 80].

The magnetic damping in YIG films, although be-
ing much smaller than in other magnetically ordered
materials, has substantial impact on the envelope soli-
ton formation and propagation [81]. Therefore, a lot
of attention was paid to the question of the spin-wave
soliton amplification. For the first time, this problem
was addressed in Ref. [82] with the use of the para-
metric interaction of spin waves with a parallel para-
metric pumping at the double frequency. Although
the soliton amplification gain achieved in Ref. [82]
was rather small (around 1 dB), improvements of the
proposed method demonstrated later a possibility of
the parametric amplification of single-soliton pulses
with substantial gains Ky > 10 dB [45,83-86].

It should be noted that the amplification of enve-
lope solitons faced specific difficulties that are absent
for linear pulses [85,86]. Namely, the balance between
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the nonlinear and dispersive effects determines the re-
lation between the soliton amplitude A and its spatial
size £:

A=./|D/N|¢ % (6)

If a soliton is amplified without any shape distortions,
and if the amplitude amplification gain k = A’/A
is smaller than 3/2, the amplified pulse restores its
soliton profile during the further propagation in the
medium. This soliton restoration is accompanied with
compression and additional increase of the soliton
amplitude, yielding the soliton amplitude amplifica-
tion Ky = 2k — 1. If, however, the initial amplifica-
tion is relatively strong, x > 3/2, the amplified pulse
splits into two or more solitons. This means that the
maximum single-soliton amplification is limited by
6 dB. This problem of effective single-soliton amplifi-
cation was solved in [85,86], by using the parametric
interaction of spin wave solitons with a strongly local-
ized nonstationary parametric pumping (see Fig. 3).

The parametric interaction of spin waves was also
used to study the formation of one-dimensional enve-
lope solitons [87,88] and two-dimensional bullets [46]
from linear input wavepackets.

Another interesting direction in spin-wave soliton
researches is the study of the self-generation of soli-
ton trains and other nonlinear wave patterns in ac-
tive spin-wave rings. An active ring represents a spin-
wave delay line with active feedback, i.e., the output
spin-wave signal detected by a microwave antenna is
amplified and, possibly, filtered, and then is supplied
back to the input antenna. For small amplification
gains, the active ring generates quasimonochromatic
spin-wave signal, which transforms to various non-
linear patterns with an increase of the gain. Using
such setups, the formation of regular soliton trains
[89, 90], self-generation of two-dimensional bullets
[91], spontaneous symmetry breaking of soliton trains
[92], chaotic soliton dynamics [93,94], fractal dynam-
ics [95], Fermi-Pasta—Ulam recurrence [96], and other
interesting phenomena were observed.

When the width of an YIG waveguide is increased,
the transition from the one-dimensional spin-wave dy-
namics to a two-dimensional one occurs. Such stud-
ies were performed, mostly, in BVMSW geome-
try, for which both the dispersion and diffraction
satisfy the Lighthill criterion, and the formation
of two-dimensional localized structures — bullet,
is expected. The crossover to the effectively two-
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pulse). The black dots indicate the points, where the formation
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Fig. 4. Collision of two-dimensional spin-wave bullets in a
wide YIG film. The upper (lower) frames show the two-
dimensional intensity distribution (cross-section at the half-
maximum level) of the propagating wave packets for four differ-
ent values of the propagation time as indicated (from Ref. [101])

dimensional system is found to be power-dependent
[97, 98] and leads, eventually, to the formation of
highly-nonlinear bullet modes [99, 100]. In contrast
with one-dimensional solitons, two-dimensional bul-
lets are unstable and collapse [101-103] (see Fig. 4).
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A different type of spin-wave bullets is realized
in nano-scale current-driven metallic nano-contacts
[104-108]. In this case, the current-induced spin-
transfer torque [109-111] compensates the magnetic
damping (which can be described by the effective neg-
ative damping term foqq = I'_(|¢|?)c in Eq. (5), and
the standing spin-wave bullet with kg = 0 and vg, = 0
is excited. Properties of such bullets and other cur-
rent-driven dynamic solitonic structures are described
in details in the recent review [112].

5. Magnon Gases,
Bose—Einstein Condensates
and Supercurrents

5.1. Bose—FEinstein condensation

Bose—Einstein condensation [113-115] is one of the
most exciting and intriguing quantum phenom-
ena. Generally speaking, this process can be de-
scribed as the coalescence of bosons (including real
atoms and Cooper pairs of fermions, and quasiparti-
cles of different nature) into the same quantum state
and, thus, constituting a specific state of matter de-
scribed by a single wave function — a Bose—FEinstein
condensate (BEC). The prerequisite of the BEC for-
mation is exceeding the threshold density of the parti-
cles at the given temperature. This requirement justi-
fies the necessity of cryogenic conditions for the obser-
vation of the BEC in a gas of real atoms [116]. Besides
of the fundamental importance of the BEC-related
phenomena such as superconductivity and superflu-
idity, they are thought to be at the frontline for the
potential use in the next generation of electronic de-
vices. A major challenge in this area is the realization
of the room-temperature macroscopic quantum state
computing.

5.2. Room-temperature
magnon Bose—FEinstein condensation

The first theoretical predictions that a BEC can
occur at higher (or even at ambient) temperatures
were made by Frohlich in 1968 [117]. On the way
to ambient-temperature BECs, the approach is to
use quasiparticles instead of real atoms. Quasipar-
ticles are excitations of a many-body system, the
vast majority of which are bosons and therefore can
form a BEC. Compared to the real atoms, quasiparti-
cles have many orders of magnitude smaller effective
mass, which decreases their density threshold for the
BEC observation. However, unlike real atoms, quasi-
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particles decay and decohere with time, making the
experimental observation of their BEC very challeng-
ing. In order to compensate the natural decay, it is
necessary to externally add an excess of quasiparti-
cles. In such a case,the condensation is possible, if the
flow rate of energy pumped into the system exceeds
a critical value.

Magnons, being the quanta of spin waves, are bo-
sons. Thus, in the thermal equilibrium, they can be
described by the Bose-Einstein statistics with the
zero chemical potential and a temperature-dependent
density. At cryogenic temperatures, the magnon BEC
was observed in a superfluid *He [118]. Theoretical
foundations for the room-temperature magnon Bose—
Einstein condensation were developed in 1989 by Ka-
lafati and Safonov [119, 120]. These predictions com-
bined with the rich experience of G.A. Melkov and
co-authors on the parametric excitation of magnons
[65, 121] and the Brillouin light scattering (BLS)
spectroscopy technique [122] resulted in the first ex-
perimental observation of a magnon BEC at room
temperature in Yttrium Iron Garnet (YsFe;Oqa,
YIG) [123]. There were important preconditions for
this observation. The first is the selection of the ma-
terial. YIG films provide a very long spin-lattice re-
laxation time of up to 1 us. Thus, the lifetime of mag-
nons is sufficiently longer than the magnon-magnon
thermalization time due to the two- and four-mag-
non scattering processes, which can be as low as
10-100 ns. As these scattering events conserve the
number of magnons, a quasiequilibrium state for the
magnon gas can be realized with a nonzero chem-
ical potential. The influence of three-magnon pro-
cesses can be significantly reduced by a proper se-
lection of the magnetic field and the magnon ex-
citation frequency. The second precondition is the
fast (on a time scale of several orders of magnitude
shorter than the relaxation time) creation of an over-
population of the magnon spectrum. It was realized
with the use of the parametric pumping, which of-
fers an efficient way to excite a large number of
magnons in the low-frequency part of the magnon
spectrum, which then can thermalize into magnons
with the minimum frequency. Using this technique,
a pumped magnon density of above 10 cm™3 can
be reached [124, 125]. Although this density is much
smaller than that of thermal magnons at room tem-
perature (~10%? cm™2), this increase is sufficient to
trigger the BEC formation.
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Another experimental challenge was to detect mag-
nons in the BEC. The magnon spectrum of an in-
plane magnetized YIG film is highly anisotropic in re-
lation to the direction of magnon’s wavevector. This
anisotropy originates from the dipolar interaction and
together with the isotropic influence of the exchange
interaction leads to the appearance of the global
energy minimum at the longitudinal branch of the
magnon spectrum at a relatively high wavenumber
q¢=4x10*radem™" (see Fig. 5, b). This fact makes
the conventional electromagnetic detection of the con-
densed magnons hard to be realized. However, the
optical detection using BLS (via the inelastic scat-
tering of photons on magnons) gives the necessary
wide-range wavevector sensitivity together with de-
cent frequency resolution. The BLS experiments were
performed with time resolution, wherein the start of
the pumping pulse triggers a stroboscopic clock for a
counter of scattered photons. The main elements of
the typical experimental setup for a BLS experiment
are sketched in Fig. 5, a. Figure 6, a shows the BLS
spectra of the pumped magnons recorded at differ-
ent delay times after the switching-on of the pumping
pulse (duration 1 us, repetition period 20 us). Under
the pumping action, the number of magnons increases
in the system with time. After 300 ns, the measured
spectrum was already not possible to be fitted with
the use of the Bose—Einstein distribution. The only
way to achieve an agreement with the experiment was
to include a singularity peak in the fitting procedure
at the frequency of the bottom of the magnon spec-
trum, which strongly evidenced the BEC formation.

5.3. Magnon BEC formation studies

In the following several years, the studies around the
magnon BEC were focused on the mechanisms of its
formation. The magnon thermalization dynamics has
been studied in details as a function of the applied
microwave pumping power, defining a threshold of
the BEC formation using BLS techniques [127, 128],
as well as using microwave measurements [129]. The
BEC formation has been found to be almost indepen-
dent of the frequency spectrum of the pumping source
and is solely determined by the density of magnons
[130]. In the same time, the rather indirect evidence
of the magnon BEC coherence triggered a further the-
oretical investigation of this phenomenon [131,132].
Most of the studies of quasiparticle BECs have im-
plicitly assumed that the injected particles thermal-
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Fig. 5. Schematic illustration of the typical BLS experimental
setup [135]. The resonator concentrates the applied microwave
energy and induces a pumping microwave Oersted field h, ori-
ented along the bias magnetic field H, thus realizing conditions
for the parallel parametric pumping. The probing laser beam
is focused onto a YIG film placed on the top of the microstrip
resonator. The light inelastically scattered by magnons is redi-
rected to a Fabry—Pérot interferometer for the frequency and
intensity analysis. The wavenumber-selective probing of mag-
nons with wavevectors q || H is realized by varying the in-
cidence angle GqH between the field H and the probing laser
beam (a). The magnon-phonon spectrum of a 6.7 pm-thick
YIG film is calculated for H = 1735 QOe. 47 thickness modes
with q || H are shown. The upper thick curve shows the most
effectively parametrically driven [126] lowest magnon mode
with q L H. The arrow illustrates the magnon injection to
the frequency wp /2 slightly above the ferromagnetic resonance

frequency wgyr (D)

ize over the entire spectrum and that the sole role
of the pumping is to increase the quasiparticle den-
sity and, thus, the chemical potential of the gas. Ho-
wever, such an assumption is a crude oversimplifi-
cation. The development of the wavevector-resolved
BLS spectroscopy techniques applicable to the study
of a longitudinal branch of the magnon spectrum
[128, 133-136] gave the necessary insight into the
mechanisms of the magnon thermalization and con-
densation. Observations of the transitional dynamics
of gaseous and condensed (BEC) components of a
pumped magnon gas (see Fig. 6, b) [136] were found
to be qualitatively incompatible with a uniform ther-
malization model. As can be seen from the measured
time-dependent distribution function of a magnon gas
in the energy-phase space, parametrically pumped
magnons thermalize and create a quasiequilibrium
state mainly in a narrow low-energy part of the mag-
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white lines indicate the magnon spectrum in the form of constant-frequency contours, and the cross indicates the position of
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non spectrum at relatively low pumping powers (left
panel in Fig. 6, b). The yellow line in Fig. 6, b shows
the magnon distribution function at 1.24 us after the
pumping pulse (1.5 ps long) was applied. This ob-
servation clearly indicates the formation of a mag-
non BEC during the pumping pulse. However, at a
higher pumping power (right panel in Fig. 6, b), the
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situation drastically changes: this quasiequilibrium
spectral region is now characterized simultaneously
by a very low average magnon energy (of the order
of the energy of pumped magnons) and a very high
effective temperature (Ty, ~ 30000K). Moreover, a
strikingly unexpected dynamics of the magnon BEC
is observed: the density of the condensate sharply in-
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creases immediately after the external magnon injec-
tion is switched-off. This behavior can be explained
with a nonlinear “evaporative supercooling” mecha-
nism [136]. This mechanism, which is based on four-
magnon scattering processes, couples the low-energy
magnon area overheated by the pumping with all the
other thermal magnons. The magnons that scatter to
upper frequencies remove the excess heat and cool
down the magnon gas. As a result, the BEC forma-
tion is enhanced.

With the help of a 2D wavevector-resolved BLS
spectroscopy, one can track the magnon cloud on its
way to the condensate [133] (see Fig. 6, ¢). In this
case, the injection point of parametric magnons was
tuned to be in the dipolar area of the spin-wave spec-
trum (below the Ferromagnetic Resonance (FMR)
frequency), which is easily accessible by the wave-
vector-resolved BLS spectroscopy based on a wide-
aperture lens and the moving diaphragm approach
[137]. The subsequent panels in Fig. 6, ¢ demonstrate
snapshots of the magnon density distribution during
the thermalization process recorded at different de-
lays after the start of the pumping pulse. The dipole-
dominated magnons thermalize to the bottom of the
spin-wave spectrum rather slowly (150-200 ns) and
are distributed along the line of equal frequency. In
contrast, the exchange-dominated magnons reach the
bottom of the spectrum already in the first 40 ns after
the start of the pumping pulse and have a more com-
plicated redistribution. Finally, after =700 ns, the
magnon distribution narrows, as the BEC is formed.

Later, the contributions of both dipolar and ex-
change thermalization channels were studied in de-
tails in Ref. [134] by means of the improved wide-
wavevector-selective BLS setup. It was found that the
magnon population in these thermalization channels
strongly depends on the applied microwave pumping
power. The observed magnon redistribution between
the channels is caused by a downward frequency shift
of the magnon gas spectrum due to a decrease of the
saturation magnetization in the course of injection of
parametrically pumped magnons. Further, in order to
track the magnon cloud, while it thermalizes through
the exchange channel, the pumping pulse was signif-
icantly shortened to 100 ns [128]. This modification
allowed one to reveal that the condensation is pre-
ceded by the conversion of initially pumped magnons
into a second group of frequency-degenerated mag-
nons, which appear due to the parametrically stim-
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ulated scattering of the initial magnons to a short-
wavelength spectral region. In contrast to the origi-
nally pumped magnon group, in which the wave vec-
tors are orthogonal to the wave vectors of the mag-
nons at the lowest energy states, those secondary
magnons can effectively scatter to the bottom of the
spectrum and condense there.

The magnon spectrum is rather anisotropic, which
opens wide opportunities for various multimagnon
processes, which can enhance the BEC formation
[38, 138]. Recently, the magnon BEC formation pro-
cess was studied in the regime of strong direct popu-
lation of the bottom of the magnon spectrum [139] —
the so-called Kinetic Instability (KI) [140]. The KI
process takes place, when the initial group of para-
metric magnons is generated in the area of the spec-
trum, from where the direct four-magnon scattering
to the minimum of the spectrum is allowed by the
energy and momentum conservation laws. The study
of a magnon BEC was performed in a wide range
of external magnetic fields. The externally pumped
magnons were transferred toward the condensed state
via two distinct channels: a multistage thermalization
cascade of the weak-wave turbulence and a one-step
KI process. It has been shown that opening the KI
channel leads to the formation of a much denser mag-
non condensate.

Creating the magnon overpopulation by the para-
metric pumping is not the only way to achieve a
BEC. As follows from the fact that magnons natu-
rally decay to the phonon bath, the magnon BEC
cannot be achieved by a quasistatic lowering the tem-
perature, as the chemical potential in such a case will
be always equal to zero. However, if the temperature
is greatly reduced much faster than the characteris-
tic time scale of the magnon-magnon scattering, the
excess thermal magnons will increase the chemical po-
tential and might form a BEC. In macroscopic sam-
ples as used in the previous experiments, it is very
hard to create preconditions for the rapid cooling
due to the limited thermal conductivity of YIG and
its substrate. However, in nanostructures with a re-
duced volume of the sample, the characteristic time
scales for the cooling can be made as short as a few
nanoseconds [141]. The magnon population around
the low-frequency part of the spectrum in a nanos-
tructured waveguide was monitored by means of time-
resolved microfocused BLS. After the initial heating
of the nano-YIG layer by a dc pulse through the at-
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tached Platinum heater layer, an excess of thermal
magnons is created. After switching-off the heater,
the system rapidly cools down, and the pronounced
peak of magnon density is formed at the lowest fre-
quency in the spectrum. Fitting the observed magnon
populations with the Bose-Einstein distribution con-
firmed the formation of a magnon BEC [141].

5.4. Magnon supercurrents,
second sound, and Bogoliubov waves

By analogy to superconductivity and ultracold ato-
mic systems, quasiparticle BECs reveal the macros-
copic quantum phenomena like supercurrents, Jo-
sephson effects, second sound, and Bogoliubov waves.
In order to be observed, these effects require a coher-
ent interaction between two spatially separated BECs
or a presence of a phase gradient in the condensate’s
wavefunction. Starting from the discovery of a mag-
non BEC, the intense work is being performed to
control the magnon BEC localization and phase. One
of the first demonstrations of two separated magnon
BECs was done in Ref. [142]. By making use of dif-
ferent excitation geometries — namely, a thin wire
and a microstrip, the different spatial localization of
the condensate was achieved. Two spatially separated
condensate clouds were simultaneously created in a
magnetic film in the case of the 500 pm-wide mi-
crostrip resonator. However, no interaction between
condensates was observed that time.

In the geometry of in-plane magnetization conven-
tional for the magnon BEC observation (see Fig. 5),
the strong magnetic dipole-dipole interaction results
in two symmetric minima in the frequency spec-
trum. Consequently, a system of two BECs with op-
posite wavevectors is created. These condensates can
form a specific interference pattern, which can be re-
vealed by means of the microfocused BLS technique
[143]. The mutual coherence of two condensates leads
to the establishment of a standing wave with distinct
signatures of phase slips in the form of quantized
vortices.

In order to explore further the coherence of a mag-
non BEC and make use of it to develop novel wave-
based computing schemes, one needs a mechanism
of local control over condensate’s phase. One of such
methods is to create a localized frequency shift of the
magnon dispersion by the local heating [144]. The ex-
periment was done in a classical geometry suitable
for the observation of a magnon BEC magnetiza-
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tion in a 6.7 pm-thick YIG film (see Fig. 5, a). The
temporal evolution of the magnon BEC formed in
a parametrically populated magnon gas was stud-
ied by means of time- and wavevector-resolved BLS
spectroscopy. The thermal gradient in the conden-
sate was created by a focused probing laser beam. To
achieve the control over the heating, the laser beam
was chopped by an acousto-optical modulator. It has
been found that the local heating at the focal point
of a probing laser beam leads to the excessive decay
of a magnon BEC, which is associated with the out-
flow of condensed magnons driven by a thermal gradi-
ent. The magnon BEC flow occurs in the opposite to
a seemingly obvious direction toward a potential well
created in the hot region, which confirms the phase-
dependent nature of the observed phenomenon — mag-
non supercurrent [144].

The first observation of a magnon supercurrent
[144] was rather indirect. In the following experiment,
the heating and probing beams were separated in or-
der to directly investigate the propagation of mag-
non supercurrent pulses [145]. In that experiment, the
heating was provided by a continuous 405 nm laser,
which is well separated from the 532-nm wavelength
of a probing laser and also well absorbed by an YIG
film. By shifting the detection point across and out-
side the heated area, the spatio-temporal diagram of
the BEC propagation was measured (see Fig. 6, d).
After the formation of a BEC at the end of the pump-
ing pulse [136], a clearly visible well in the magnon
population is formed. In the same time, we observe
magnons, which are being pushed out by magnon su-
percurrents and form distinct peaks at the sides of
the heated area after ~200 ns. It is remarkable that
these peaks do not stay at the edge of the heating area
(as it is expected from the supercurrent-driven trans-
port), but start to propagate with an initial group ve-
locity of 410 m-s~!. As the condensate propagates,
its population decreases, since magnons naturally de-
cay. The group velocity of the BEC peaks also de-
creases to 361 m-s~! after ~1200 ns of the propa-
gation time. This phenomenon can be understood as
the excitation of a new type of second sound: Bogoli-
ubov waves in the magnon BEC condensate. As the
population of the BEC decreases, the group velocity
cs decreases as well, as a result of the dependence of
the dispersion of Bogoliubov waves on the conden-
sate’s population N.: c¢s o /N(t) (which follows
from the characteristics of magnon-magnon interac-
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tions [146]). Despite the decay and a decrease of the
group velocity, the propagation was detected over the
macroscopic distances up to more than 600 us. The
discovered magnon second sound differs from the sec-
ond sound in dielectrics, in which the phonons can be
described in terms of their occupation numbers only,
not taking their phases into account. It also differs
from the second sound in superfluid *He and in the
BEC of diluted atomic systems, where the wave func-
tion describes the distribution of real atoms and not
of quasiparticles, as in the case of magnons. From a
practical point of view, the three observed phenom-
ena: (i) the transition from the supercurrent-type to
the second-sound-type propagation regime, (ii) the
excitation of second-sound-pulses, and (iii) the possi-
bility of a long-distance spin-transport in the mag-
non BEC, has already paved a way for the appli-
cation of magnon macroscopic quantum states for
low-loss data transfer and information processing in
perspective magnon spintronic devices. There are no
doubts that the magnon second sound requires fur-
ther detailed experimental and theoretical investiga-
tions. For example, the excitation of a second sound
waves in a dense magnon gas was recently realized
by using local magnetic fields generated by current
pulses in microstructured wires, as has been reported
in Ref. [147].

5.5. Bottleneck accumulation
of magnetoelastic bosons

So far, considering a magnon BEC and its exci-
tations, the magnon-phonon interaction was taken
into account only as a general decay mechanism
of magnons to the lattice. However, the magnon-
phonon scattering processes can significantly mod-
ify the scenario of thermalization of a pumped mag-
non gas. The magnon dispersion curvature in a vicin-
ity of the hybridization between magnon and trans-
verse phonon modes experiences strong modifica-
tions (see Fig. 5, b) [148]. This leads to a signifi-
cant increase in the group velocity of magnons and
magnon-phonon hybrid quasiparticles. The manifes-
tations of the magneto-elastic interaction can be al-
ready marked in the left panel of Fig. 6, b — there
is a slight decrease in the detected magnon density
in the initial magnon thermalization stage around
q, ~8x 10" rad-cm™".

In an experiment similar to that earlier described
in the section devoted to the magnon BEC forma-
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tion and reported in Ref. [136], the increase in the
width of the pumping region to 500 pm leads to
drastic changes of the thermalization behavior (see
Fig. 6, ¢) [135]. After about 200 ns, first magnons
appear in the exchange part of the spectrum near
q, =10 x 10* rad - cm™!. Then the pronounced peak
at the hybridization point at ¢, = 8 x 10* rad -cm ™!
appears. Note that the observed peak is as narrow
as the wavenumber resolution of the experimental
setup, i.e., 0.2 x 10* rad-cm™!. During the fur-
ther time evolution, the magnons occupy the en-
ergy states around the global energy minimum ¢, =
= 4x10* rad -cm~! and tend to form there a BEC. It
is worth to note that the population peak is visible,
only if a sufficiently wide microstrip resonator is used
to create the pumping microwave field. The accu-
mulation occurs into the magnon-phonon hybridiza-
tion region, where quasiparticles possess rather high
group velocities. The widening of the width of the mi-
crostrip reduces their leakage losses from the pumping
area. It is worth to mention that the magneto-elastic
peak starts to be visible at pumping powers approx-
imately ten times smaller than the threshold of the
BEC formation.

Obviously, the mechanism, which is responsible for
the observed accumulation, must significantly differ
from that in the conventional BEC, as no energy min-
imum exists in this region (see the dispersion panel in
Fig. 6, ¢). To understand the observed phenomenon,
we should consider the physics of the scattering pro-
cesses leading to the thermalization of the parametri-
cally driven magnon gas. The excitation of paramet-
ric magnons (see Fig. 5, b) populates the isofrequency
surface at a half of the pumping frequency. The es-
sential part of these magnons are in the exchange
region of the spectrum, where the four-magnon scat-
tering processes dominate over other types of interac-
tions. This distributes parametric magnons over the
entire wavevector space in such a way that the mag-
non number flux is mostly directed toward lower fre-
quencies. The fastest track for the exchange magnons
toward the bottom of their spectrum is through the
lowest magnon mode with wavevectors parallel to
the external bias field [135]. During the thermaliza-
tion process, magnons reach the area of hybridiza-
tion between the lowest magnon mode and the trans-
verse phonon branch, gradually converting into hy-
brid magnon-phonon quasiparticles. As phonons are
very linear particles and does not support a nonlinear
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scattering, these quasiparticles cannot scatter further
down by frequency along the phonon branch. In the
same time, their scattering ability to the other (higher
by frequency) magnon and magnon-phonon branches
is also limited, as the scattering rate is proportional
to the populations of the interacting quasiparticle’s
spectral groups. This bottleneck in the scattering ef-
ficiency leads to building up a high population of
the hybridization region of the spectrum. It is nec-
essary to note that the bottleneck accumulation of
hybrid magnetoelastic bosons is exclusively related
to the variable scattering interaction of quasiparti-
cle hybrids and, thus, should not be mixed with a
“bottleneck” in a relaxation chain from an externally
excited quasiparticle state to the phonon bath. In our
case, the latter effect is a prerequisite for an increase
in the density of externally pumped gaseous magnons
above the thermal level. The magnon-phonon bottle-
neck accumulation phenomenon is not unique for this
particular system and can occur in any multicompo-
nent gas mixture of interacting quasiparticles with
significantly different scattering amplitudes.

6. Magnon Caloritronics

Spin caloritronics is a dynamically emerging field of
research, which investigates the interplay between
spin- and heat-based transport phenomena [149]. The
observation of the longitudinal spin Seebeck effect
(LSSE) in magnetic insulators [150, 151] demon-
strates the crucial role of collective magnetization
excitations, i.e., spin waves and their quanta, mag-
nons, in spin-caloric transport processes, and illus-
trates the conceptual distinction between this phe-
nomenon and the conventional thermoelectric gener-
ation effect. The strong impact of magnons on the
LSSE has also been reported for magnetic semicon-
ductors [152]. Contemporary theories in the field of
spin caloritronics consider magnons as one origin
of spin-dependent phenomena in magnetic insulators
[153, 154].

Nowadays, the interaction between phonon and
magnon subsystems of a magnetic insulating medium
is a hot topic of researches in modern magnon
caloritronics, which is the subfield of spin caloritron-
ics. Magnon caloritronics provides ideas of and meth-
ods about how to influence and to control magnon
currents by heat currents and vice versa. The com-
plexity of magnon spectra, their dependence on the
orientation of a bias magnetic field, and the existence
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of both bulk and surface magnon modes make the
investigations very complex and intriguing [155]. Ytt-
rium iron garnet (YIG) ferrite films epitaxially grown
on a gadolinium gallium garnet (GGG) substrate are
ideal candidates for the magnon-caloritronic studies
due to the extremely low magnetic damping [155,156].

Magnon properties, like the density, frequency,
wave-vector, and group velocity, are strongly depen-
dent on the temperature mainly due to the tempera-
ture dependence of the saturation magnetization of a
magnetic media. Therefore, these parameters can be
tuned by changing the thermal environment. Additio-
nally, the magnon damping can be manipulated us-
ing thermal gradients across the thickness of yttrium-
iron-garnet/platinum structures, as it was shown by
M.B. Jungfleisch et al. [157]. It was demonstrated
by the spin pumping and by microwave techniques
that the damping is either increased or decreased de-
pending on the sign of the applied temperature gra-
dient. Even the amplification of propagating dipolar
magnons by a thermal spin-transfer torque created
by spin currents, which are generated through the
spin Seebeck effect (SSE), was reported [158]. Recent-
ly, the role of a damping in the spin Seebeck effect in
yttrium iron garnet thin films was studied experimen-
tally [159]. It was demonstrated that a decrease in the
intrinsic damping of the magnetic material gives rise
to an increase in the SSE coefficient, and this response
also shows a quasilinear behavior.

The influence of a thermal gradient on the prop-
agation properties of externally excited dipolar spin
waves in an YIG waveguide is investigated by the rep-
resentatives of G.A. Melkov’s scientific school [160]. Tt
is shown that spin waves propagating toward a colder
region along the magnetization direction continuously
reduce their wavelength. The reflection of spin waves
was demonstrated in the case of propagation toward
a hotter region, since their existence in a region
above a critical temperature is prohibited. Based on
this, it is shown that the thermal gradient applied
to a YIG magnonic crystal along the propagation
direction leads to a frequency shift and a substan-
tial modification of the transmission characteristics
of propagating backward volume and surface magne-
tostatic spin waves [161]. These influences of the tem-
perature on spin-wave properties are mainly caused
by a change in the saturation magnetization and
yield promising opportunities for the manipulation of
spin waves in magnon-caloritronic applications. For
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instance, an approach for producing fully tunable,
two-dimensionally structured magnetic materials is
proposed and realized [162]. Thermal landscapes in
a magnetic insulator were created using a laser that
results in modulations of the saturation magnetiza-
tion and in the control over spin-wave characteris-
tics. This method is demonstrated by the realization
of fully reconfigurable one- and two-dimensional mag-
nonic crystals [162].

Together with the angular momentum, magnons
also carry the energy. Thus, the magnon-mediated
heat transport in magnetic insulators constitutes an-
other topic of magnon-caloritronic researches. A few
promising achievements attained by the representa-
tives of G.A. Melkov’s scientific school in this di-
rection are mentioned below. The magnetically con-
trolled heat flow carried by a magnon current in a
magnetic insulator was observed, and the magnon-
induced heat conveyer effect has been explored [163].
The direction of the flow can be switched by changing
an applied magnetic field. This phenomenon is under-
stood as the unidirectional energy transfer by the ex-
citation of nonreciprocal spin-wave modes. It can be
applied potentially to the construction of a microwave
heat transport system for manipulating the heat over
length scales of several millimeters in solids, thereby
opening the door to a heat technology based on spin
currents.

The discovery of the spin Seebeck effect (SSE)
in ferromagnet/nonmagnetic-metal bilayers [164]
opened the key direction of investigations in spin ca-
loritronics. The further observation of the longitudi-
nal spin Seebeck effect in magnetic insulators demon-
strated the essential role of magnons in this pro-
cess [150, 151]. Up to now, the LSSE was found in a
large variety of magnetic insulating materials covered
with the different nonmagnetic metals [165]. They are
promising candidates for the basic research in mag-
non caloritronics and for the development of efficient
thermoelectric conversion devices.

In order to understand the underlying physics of
the SSE in magnetic insulators, the coupling be-
tween magnons and phonons was experimentally ex-
amined in the transverse geometry, when the ther-
mal gradient is applied in the plane of a magnetic
film. A new experimental method based on the Bril-
louin light scattering technique was developed, which
allows for the local measurement of the magnetization
and, thus, of the magnon temperature by measuring
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the temperature-dependent frequency shift of a par-
ticular spatially localized magnon mode [166]. Simul-
taneously, the phonon temperature was monitored us-
ing an infrared camera. An unexpectedly close cor-
respondence between the spatial dependences of the
exchange magnon and phonon temperatures was re-
vealed [166]. This result indicates that if the trans-
verse spin Seebeck effect is caused by a temperature
difference between the magnon and phonon baths, it
must be the case that the magnon temperature is
spectrally nonuniform, and that the effect is driven
by the sparsely populated dipolar region of the mag-
non spectrum. Afterward, D. Meier et al. attributed
the measured voltages in the platinum (Pt) layer in
the geometry of the transverse SSE to the LSSE con-
tribution generated by a contact-tip-induced parasitic
out-of-plane temperature gradient [167].

Shortly after the discovery of the longitudinal spin
Seebeck effect, many investigations were concentrated
on the temporal behavior of the LSSE in ferromag-
netic-insulator /normal-metal systems. In the first ar-
ticles on this topic, the representatives of G.A. Mel-
kov’s scientific school proposed and proved the cru-
cial role of the bulk-magnon transport in the tem-
poral evolution of the longitudinal spin Seebeck ef-
fect [168]. It was revealed that the LSSE is a sub-
microsecond fast phenomenon [168-170] governed by
the thermal-magnon diffusion along the thermal gra-
dient inside a magnetic material. The effective ther-
mal-magnon diffusion length for the YIG/Pt system
was estimated to be around 500 nm [168, 170] that
was supported by the obtained similar results in a
different group [171]. The further investigations de-
tected the LSSE evolution on the nanosecond time
scale [172] for relatively thick magnetic films, after-
ward even on the picosecond [173] and femtosecond
[174] time scales for nanometer thicknesses of a mag-
netic film.

The proposed method of estimation of the magnon
propagation length by fitting the transient LSSE re-
sponse [168] was also applied to the bulk YIG samples
covered with a Pt layer [175]. Moreover, the prop-
agation time of thermally diffusing magnons to the
YIG/Pt interface and their movement through a spa-
tially varying temperature gradient were taken into
account to improve the original model. The propaga-
tion length for a bulk sample was estimated in the
range of a few micrometers [175], and it shows a
strong dependence on the applied magnetic field.
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The improved method was applied recently to the
transient behavior of the spin current generated by
the LSSE in a set of platinum-coated YIG films of
different thicknesses [176]. It was confirmed that that
the time evolution of the LSSE is determined by the
evolution of the thermal gradient triggering the flux
of thermal magnons in a vicinity of the YIG /Pt inter-
face. Moreover, it was suggested that these magnons
move ballistically within the YIG film with a constant
group velocity, while their number decays exponen-
tially within an effective propagation length. The bal-
listic flight of the magnons with energies above 20 K
is a result of their almost linear dispersion law simi-
lar to that of acoustic phonons. By fitting the time-
dependent LSSE signal for different film thicknesses
varying by almost an order of magnitude, it was
found that the effective magnon propagation length
of 435 nm is practically independent of the YIG film
thickness [176]. This fact was considered as a strong
support of a ballistic transport scenario of quasiacous-
tic magnons in YIG at room temperature.

In contrast to the presented above local LSSE
experiments, nonlocal electric measurements of the
thermal-magnon transport in a magnetic insulator re-
sult in much larger values of the magnon relaxation
length of the order of micrometers [177] even at room
temperature. The performed comprehensive investi-
gation of the nonlocal SSE signals in wide distance
and temperature ranges reveals different regimes for
the nonlocal transport of thermally generated mag-
nons [178,179]. The observed discrepancy in the mag-
non relaxation length for local and nonlocal measure-
ments indicates the necessity of the further magnon-
caloritronic investigations for a better understanding
of the underlying physics.

7. Spintronics

Spintronics, which studies the spin-charge coupling
in condensed matter and searches for ways of the ap-
plication of spin-charge coupling phenomena in elec-
tronics [180], is another emergent field of modern
magnetism. An explosive growth of interest in spin-
tronics was caused by the discovery of the giant
magnetoresistance effect in magnetic valves, which
later became the basis of read-head in all magnetic
hard drives. The second renewal of the scientific in-
terest in spintronics happened after the experimen-
tal confirmation of the spin-transfer-torque (STT) ef-
fect [181, 182], which is an “inverse” effect to giant
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or tunnel magnetoresistance. The STT effect allows
a manipulation of the magnetization by a dc electric
current, making possible, in particular, the excita-
tion of a coherent magnetization precession by a dc
current [181,182]. This phenomenon was used for the
creation of spin-torque oscillators (STOs) — nanoscale
microwave auto-oscillators, which became intensively
studied in relation to potential applications as com-
pact microwave sources [183], sources of propagating
spin waves for purposes of magnonics [184], basic el-
ements for neuromorphic computing [185], etc.

Although there are many different designs of STOs,
the basic operation principle of all of them is the
same. The spin current, injected into a ferromagnetic
layer, exerts STT on the layer magnetization, which,
under certain conditions, acts as the “anti-damping”
torque. Consequently, if the injected current over-
comes a certain threshold, it could completely com-
pensate losses and, eventually, lead to the excitation
of self-sustained magnetization oscillations at a mi-
crowave frequency. The spin current can be created
by the spin filtering of an electric current in the ad-
jacent ferromagnetic layer, spin Hall effect in a heavy
metal layer, etc.

G.A. Melkov and representatives of his scientific
school also became interested in novel phenomena of
STT and started to investigate the microwave mag-
netization dynamics of various spin-torque oscillators
(see Fig. 7). The major breakthrough was made in
the understanding of the STO dynamics with a con-
tinuous free layer (nanocontact STO, Fig. 7, a). It
was theoretically suggested [105, 186] and then con-
firmed by micromagnetic simulations [187] that, un-
der certain conditions, the excited mode in an STO
is not a common linear spin-wave mode, but a non-
linear self-localized spin-wave bullet. The appearance
of the bullet mode is related to a negative nonlinear
shift of the spin-wave frequency in ferromagnetic films
magnetized in-plane or at a small angle to the film
plane. Due to a negative nonlinear shift, the bullet
frequency decreases with increasing its amplitude and
goes below the spectrum of propagating spin waves,
resulting in the nonpropagating evanescent charac-
ter of the bullet mode. These researches explained
a significant difference of the measured and calcu-
lated (within the linear theory) thresholds of STO
excitation in preceding experiments. In the following,
the self-localized nature of the bullet mode was con-
firmed in many experiments using the direct imag-
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ing (see, e.g., Ref. [188] for review). Later, peculiari-
ties of the bullet formation in a one-dimensional STO
(nanowire spin-Hall oscillators, Fig. 7, ¢) were inves-
tigated [189]. Comparing to the two-dimensional case
(free layer in the form of a film), the role of the mag-
netodipolar interaction was shown to drastically in-
crease, allowing the stabilization of a large, micron-
size bullet (in contrast to 100-200 nm in films).

Another series of important results on STOs was
summarized in the review [190]. This work concerns
nanopillar STOs (Fig. 7, b) or nanocontact STOs
characterized by a positive nonlinear frequency shift
(e.g., magnetized out-of-plane). A general analytic
approach to the theory of microwave generation in
STOs, based on the universal model of an auto-
oscillator, was developed. The model describes the
power and frequency of a generated microwave signal
as functions of the bias current and the magnetic field
and allows one to predict the magnitude and proper-
ties of the generation linewidth. It also explains the
behavior of an STO under the influence of periodic
and stochastic external signals such as the frequency
modulation, phase-locking to external signals, mutual
phase-locking in an array of STOs, broadening of the
generation linewidth near the generation threshold,
etc. Being simultaneously simple and general, this
model became widely used in studies of STOs, in par-
ticular, in the characterization of fabricated STOs,
precise determination of the generation threshold, de-
signing of STOs for specific applications, etc. Later,
the developed model was generalized to the case of
vortex STOs [191].

Significant disadvantages of conventional ferromag-
net-based STOs are their rather low operation fre-
quencies (~1-20 GHz) and output microwave powers
(~1 nW for STOs utilizing the giant magnetoresis-
tance effect and up to ~1 W for STOs based on
magnetic tunnel junction structures). To eliminate
these disadvantages, a novel method of extraction
of the generated signal power from STOs was con-
sidered in [192], where the generated power was re-
ceived as the direct electromagnetic emission of two
effective magnetic dipoles. It was shown that this
mechanism of signal extraction might have an advan-
tage for sufficiently large arrays (10>-10% elements) of
coupled high-frequency (~10-100 GHz) STOs. The
developed model was later modified and used for
terahertz-frequency antiferromagnetic spin Hall oscil-
lators [193]. Another approach to improve the output
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Fig. 7. Sketches of the discussed spintronic devices: nanocon-
tact STO (a), nanopillar STO (b), nanowire spin-Hall oscillator

(¢), AFM STO (d), and VCMA-based device (e). Images are
adopted from Refs. [189, 190, 206, 212|

signal frequency and power of the generating STO
was considered in [194-196]. It was shown that the
proposed dual-free-layer STO can provide the dou-
bling of the output signal frequency and power, but
the operation of such an STO is strongly hysteretic
as a function of the bias dc current. This hysteresis
is caused by the dipolar coupling between the free
layers; it implies the possibility of application of a
strong initial pulse of the bias current (greater than
the upper threshold of the stable dynamics) and the
subsequent reduction of the bias current to a working
point (lying between the low and upper thresholds)
corresponding to the required output STO frequency.

In STOs, the dc electric current excites the mi-
crowave magnetization dynamics. Simultaneously, an
inverse effect, which was called the spin-torque diode
effect, is also possible [197]. The spin-torque diode
effect is a rectification effect of the input microwave
current in a magnetoresistive junction. In this case,
the resonance oscillations of the junction resistance
can mix with the oscillations of the input microwave
current and produce a large enough output dc volt-
age. The devices based on this effect became called
the spin-torque microwave detectors (STMDs). It was
demonstrated that STMDs could operate in two dis-
tinct regimes, one of which is characterized by a
small-angle in-plane magnetization precession (IP-
regime) [197], while the other one — by a large-
angle out-of-plane magnetization precession (OOP-
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regime) [198]. The switching between these regimes
occurs under an applied bias magnetic field and/or
dc current. In the IP-regime, STMD works as a stan-
dard resonance quadratic detector, performance of
which is limited by the Johnson—-Nyquist or mag-
netic noise depending on the input microwave power
[199,200]. In contrast, in the OOP-regime, STMD op-
erates as a threshold detector of low-frequency mi-
crowave signals, which might also be interesting for
the energy harvesting applications [198]. The theory
of STMD operation in both regimes is summarized in
[201, 202]. Also a promising novel type of frequency-
tunable STMD based on a rapidly-tuned STO has
been recently proposed in [203].

The STT effect is present not only in ferro-
magnetic materials. Antiferromagnets (AFMs) also
demonstrates STT [204, 205]. However, the tradi-
tional method of the STT-induced damping compen-
sation, used in ferromagnetic STOs, does not work
for AFMs. Since AFMs have two magnetic sublattices
with opposite magnetizations (or several sublattices
with zero net magnetization), the STT, by decreas-
ing the damping in one of the sublattices, increases
it in the other sublattice, thus resulting in the zero
net effect. The rotation of sublattice magnetizations
with frequencies in the THz range can be induced by
a different polarization of the spin current — perpen-
dicularly to the easy plane of AFM. Unfortunately,
this rotation does not lead to the appearance of any
detectable THz signal. Three possibilities of a real-
ization of THz AFM-STO were proposed in theoret-
ical works [193, 206, 207]. The first one uses an in-
homogeneity of the antiferrmagnetic vector preces-
sion in AFM with biaxial anisotropy, like NiO [206]
(Fig. 7, d); the second possibility is based on the ap-
plication of canted AFM having a small net magnetic
moment due to the influence of the Dzyaloshinskii—
Moriya interaction [193]. In the third one, the
generated ac signal is extracted through a varia-
tion of the tunneling anisotropic magnetoresistance
in a dc-biased antiferromagnetic tunnel junction
Pt/AFM/MgO/Pt [207]. AFM-STOs are promising
not only as a compact sources of THz signals, but
also as artificial “neurons” [208] and ultrafast logic
elements for the processing of digital signals [209].

The last spintronic effect, intensively investi-
gated by representatives of G.A. Melkov’s scientific
school, is the voltage-controlled magnetic anisotropy
(VCMA). Although VCMA is not often considered as
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a spintronics effect, in fact, it is. The nature of VCMA
is the spin-dependent screening of conduction elec-
trons at the interface of a ferromagnetic metal, and
their interaction with localized magnetic moments in
a metal. As a result, the application of an electric
field to the ferromagnetic metal surface (ferromag-
netic metal — dielectric interface) leads to a variation
of the surface perpendicular anisotropy of a ferromag-
net [210, 211]. Applications of VCMA benefit from
the simplicity of a fabrication of nanoscale structures
and ultralow power losses in VCMA transducers due
to the zero Joule heating. In particular, it could be
used in spin-wave processing devices for the excita-
tion, controllable reflection, amplification, and sta-
bilization of the amplitude and phase of propagat-
ing spin waves, as was proposed and demonstrated in
[212—-214]. Interestingly, that the external drive by a
microwave voltage via VCMA could be not equiva-
lent to the drive by a microwave magnetic field. For
example, features of the VCMA drive allow one to
realize the efficient parametric coupling to spin waves
of arbitrary wavelengths, including short exchange-
dominated spin waves. In contrast to the common
parallel pumping, the efficiency of which becomes
negligible for short spin waves due to vanishing the
ellipticity, the VCMA parametric coupling efficiency
in the case of in-plane magnetized ferromagnet is pro-
portional to the out-of-plane dynamic magnetization
component, which is always nonvanishing [212].

Spintronics effects and devices, described in this
section, could find various applications starting from
the microwave and THz signal generation and detec-
tion, to the application in spin-wave signal processing
and all-magnonic logic circuits.

8. Magnonic Crystals

Magnonic crystals (MCs) are artificial magnetic me-
dia with periodic variation of their magnetic proper-
ties in space. Their name is related to a magnon —
the quasiparticle associated with a spin wave (SW) —
a propagating disturbance in the local magnetic or-
der. Similarly to photonic crystals operating with
light, the Bragg scattering affects the SW spectrum in
such a periodic structure and leads to the formation
of band gaps — frequencies, at which the SW propaga-
tion is prohibited. MCs use the wave nature of mag-
nons to obtain magnon propagation characteristics
that are inaccessible by any other means (see reviews
[155,215-217]). This allows one to combine one- and
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Fig. 8. Sketches and photographs of some magnonic crystals discussed in the article. Images in panels (a)—(f) are
adopted from Refs. [162,223, 228, 231, 234, 237], respectively

two-dimensional magnon waveguidings with the mag-
non-based data processing [218]. Furthermore, the re-
configurable [217] and dynamic [219] MCs demon-
strate a potential for the realization of universal data
processing units, which can perform different opera-
tions with data on demand [220].

Figure 8 shows the main classes of MCs that have
been developed, fabricated, and studied by the repre-
sentatives of G.A. Melkov’s scientific school. Yttrium
Iron Garnet (Y3Fe5012, YIG) ferrite films, grown by
the liquid phase epitaxy on a Gadolinium Gallium
Garnet (GGG) substrate, were chosen as the prin-
cipal magnetic material for these studies so as to
capitalize on YIG’s uniquely low magnetic damping
[155, 156]. At the same time, thin metal ferromag-
netic films prepared, e.g., from Permalloy (Nig;Fejo,
Py) were utilized for the fabrication of microstruc-
tured MCs.

Different methods of MC fabrication have been
developed, tested, and used: (i) periodic variation
of the thickness of a YIG-based magnon waveguide
[161, 221-227] (Fig. 8, a); (ii) variation of the width
of magnon waveguides made of YIG or Py [228-230]
(Fig. 8, b); (iii) change of the saturation magneti-
zation of a Py waveguide by the ion implantation
[231,232] (Fig. 8, ¢); (iv) spatial modulation of a bias
magnetic field via current-carrying wires [219, 233—
235] (Fig. 8, d); (v) thermally induced variations of
the saturation magnetization by the laser-light illumi-
nation [162] (Fig. 8, €); (vi) variation of the effective
magnetization of a magnetic medium by mechanically
induced surface acoustic waves [236], and (vii) two-
dimensional variations of a local magnetic field by a
lattice of superconducting flux-lines [237] (Fig. 8, ).
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In-depth preliminary studies of the SW propaga-
tion through magnetic nonuniformities and inhomo-
geneities of different physical nature underpin the de-
veloped designs of MCs [232, 238-241]. For example,
the investigations of the SW transfer through me-
chanical gaps in longitudinally magnetized YIG film
waveguides [238] determined that only slight varia-
tions in the YIG film thickness (instead of an ap-
proach of “interacting magnetic stripes” separated by
air gaps [215,217]) should be employed for the crystal
design shown in Fig. 8, a. The extensive research of
the SW scattering on magnetic inhomogeneities cre-
ated by a current conducting wire was done both in
the quasistatic [239] and in dynamic modes of op-
eration [240] prior to the fabrication of a current-
controlled MC shown in Fig. 8d. Different scatter-
ing regimes corresponding to the formation of a mag-
netic well or a magnetic barrier — diffractive scattering
and SW tunneling — were analyzed. In Ref. [241], the
trapping of a SW packet between two dynamically
controlled current conducting wires was studied by
means of the time- and space-resolved Brillouin Light
Scattering (BLS) spectroscopy and analyzed theoret-
ically. The obtained knowledge enabled us to deter-
mine the appropriate value of the applied current re-
quired to achieve good band gap rejection efficiency
in a current-controlled MC [233].

8.1. Groove-array-based magnonic crystals

The geometric structuring of a uniform SW waveg-
uide by the fabrication of an array of grooves on
its surface is a simple highly efficient means of
MC fabrication [221-223] (see Fig. 8, a). The photo-
lithographic patterning followed by the hot phospho-
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ric acid etching is a reliable tool of forming the re-
quired grooves in YIG. The spectra of transmitted
SWs in such structures were studied experimentally
and theoretically for the backward volume [219, 220]
and surface SW modes [223]. A special attention was
paid to the study of MC microwave characteristics
as functions of the groove depth [221-223]. Rejection
frequency bands have been clearly observed, and it
has been shown that their depth and the frequency
width increase with the groove depth.

The detailed studies of these MCs and their op-
timization have been performed in Ref. [223]. It has
been found that the rejection efficiency for the SW
volume mode (wavevector and internal magnetic field
are collinear as shown in Fig. 8, a) is dramati-
cally (600 times) higher than that of the surface
one (wavevector and the internal field form 90°angle)
[223]. This experimental finding can be related to
the protection of magnetostatic surface waves against
their backscattering from surface defects [242]. The
protection is caused by the chirality of the mode
profiles of two counterpropagating waves. This phe-
nomenon is predicted for magnetic films of nanoscale
thickness analytically and is confirmed by means of
micromagnetic simulation [242].

Due to the predictability and robustness of the
grooved MCs, they were utilized in fundamental
experiments on the nonlinear SW dynamics [226],
caloritronic studies [161], for wavevector-dependent
mode selection in a self-exciting positive-feedback SW
oscillator [224,225] and for the creation of a magnon
transistor [227].

8.2. Microstructured magnonic crystals

In order to satisfy the demand of modern signal pro-
cessing applications for microscopic MCs, a nano-
scaled MC was fabricated by engineering periodic
variations in the width of a Permalloy waveguide
(see Fig. 8, b). The SW propagation through such a
structure was measured by means of the microfocused
BLS spectroscopy [228]. A SW band gap was clearly
observed, and the ability to shift its frequency via
the applied bias magnetic field was demonstrated. It
was the first experimental realization of the propa-
gation of artificially excited SWs through a micro-
structured MC.

The transmission characteristics of the Py-based
width-modulated crystals were also investigated by
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numerical simulations [229]. By choosing a step-like
or sinusoidal variation of the width, the MC revealed
multiple or single band gaps, respectively.

Alternatively, a micromagnetic analysis of the SW
propagation in a MC realized as a Py SW waveguide
with a spatial periodical variation of its saturation
magnetization has been performed [232]. Frequency
band gaps were clearly observed in the SW transmis-
sion spectra, and their origin is traced back to an
overlap of individual band gaps of the fundamental
and higher-order SW width modes. This superposi-
tion can be controlled by the width of an MC waveg-
uide. Furthermore, the depths of the rejection bands
depend strongly on both the level of the magnetiza-
tion variation and the size of the area with a reduced
magnetization: a reduction of the saturation mag-
netization over a larger area leads to the formation
of more pronounced band gaps. In addition, it was
shown that the MC could act as a selective filter of
SW modes, if specific excitation frequencies are used.

As a proof of the concept, a microstructured Py-
based MC was fabricated by the localized ion implan-
tation (see Fig. 8, ¢) and was investigated in compari-
son with a reference Py waveguide using the microfo-
cused BLS spectroscopy [231]. The irradiation caused
a periodic variation in the saturation magnetization
along the waveguide. It has been found that a rela-
tively weak modification of the saturation magneti-
zation by 7% is sufficient to decrease the SW trans-
mission in the band gaps by a factor of 10. Since the
waveguide consisted of a single topographically un-
changed material, SWs with frequencies in the trans-
mission bands were nearly unaffected.

8.3. Dynamic magnonic crystals

Magnonic crystals with properties varying on a
time scale faster than the SW propagation time
through the crystalline structure are named dynamic
MCs (DMCs). Disciples of the scientific school of
G.A. Melkov have pioneered the field of DMCs, pro-
posed and realized crystal designs, and developed
and tested signal processing algorithms. A DMC em-
ploying a ferrite waveguide placed in a spatially pe-
riodic dynamically controllable magnetic field pro-
vided by a current-carrying metallic meander struc-
ture (Fig. 8, d) was fabricated and studied [233]. The
current-carrying structure was spaced at a distance
of 100 pym above the YIG surface in order to avoid
the undesirable interaction between SWs and the con-
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ductor. As the lateral variations of the bias magnetic
field are almost sinusoidal, the spectrum of the crystal
contains only one space component, and a single re-
jection band appears solely. Its width and depth can
be tuned by the applied current [233]. Furthermore,
such a crystal can be switched from a full transmis-
sion to a full rejection state in a period ten times
smaller than the SW relaxation time providing great
opportunities to explore new physical effects.

The first experimental realization of the linear time
reversal of a propagating wave packet using such a
DMC has been reported in Ref. [234]. A brief acti-
vation of the DMC by a short current pulse Io(t)
whilst a SW packet Ag(t) is inside the results on
the generation of a reflected wave packet Ag(t) hav-
ing an inverted spectrum and a reversed time profile
(see Fig. 8, d). It allows the frequency inversion of
monochromatic signals and the time reversal of com-
plex waveforms [234, 235]. The reversal mechanism is
entirely general and applicable to waves of any na-
ture. Therefore, this work is not only significant in the
context of the magnetic dynamics. It demonstrates
far more generally that the dynamic phenomena in
artificial crystals can provide a substitute for the non-
linear mechanisms traditionally used to perform com-
plex spectral transformations such as the time rever-
sal [39,45,49].

Another kind of a DMC, where electric currents
control the effective geometry of a magnetic film
waveguide for SWs propagating therein, was proposed
in Ref. [230]. The device utilizes a static MC pre-
pared as a SW waveguide with periodically varying
width. The MC was fabricated from a YIG film, and
two conducting wires were attached to the film sur-
face along the waveguide edges. A spatially uniform
bias magnetic field is directed across the YIG waveg-
uide. Electric currents applied to the wires induce
Oersted fields that reduce the bias magnetic field
near the edges. Such created magnetic wells screen
the modulated waveguide’s edges from SWs and sup-
press, thus, the MC band gap. By the use of the
control currents as logic inputs and the transmit-
ted microwave signal as a logic output, the func-
tionality of this DMC as an AND logic gate has
been demonstrated [230]. Advantages of the width-
modulated DMC in comparison to the ones utilizing
the meander wiring [233-235] are: the potentially fast
performance caused by its small inductance and the
possibility for the miniaturization by the use of nanos-
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tructured width-modulated waveguides made of Py
films (Fig. 8, b), as in Ref. [228].

8.4. Reconfigurable magnonic crystals

A nanoscale MC with time-variable characteristics
can also be created using the voltage-controlled per-
pendicular magnetic anisotropy (PMA) in ferromag-
netic-dielectric heterostructures [243]. In such a crys-
tal, a periodic array of gate metallic strips is placed
on the top of a MgO/Co structure in order to ap-
ply a periodic electric field and to modify the PMA
in a 1.5-nm-thick Co film. It was numerically shown
that the introduction of PMA leads to the forma-
tion of band gaps, which can be switched-on and -off
within a few tens of nanoseconds. The SW propaga-
tion time through the modeled MC is approximately
0.8 ns and is, thus, smaller than the on/off switch-
ing times. Therefore, this crystal is termed repro-
grammable [217,244], rather than dynamic [219]. Ne-
vertheless, the proposed concept can still be used
for a realization of DMCs after the optimization of
the on/off switching times, SW group velocity, and
lengths of the periodic structure. Furthermore, the
proposed MC opens a way to low-power magnonic
applications.

It has also been demonstrated that a variety of
magnetization patterns can be created in a recon-
figurable fashion by the laser heating of a magnetic
film [162]. A magnon waveguide was produced from
a 5 pm-thick YIG film, which absorbs 40% of the
incident green light. In order to increase the heat-
ing efficiency, the YIG film was coated with a black
absorber (Fig. 8, e). The formation of band gaps in
the SW transmission characteristic was observed for
a number of one- and two-dimensional light patterns
formed by a spatial light modulator. The positions of
the band gaps were tuned by the lattice constant of
the MC, while their widths were controlled by the
light intensity.

8.5. Moving magnonic crystals

Moving MCs represent a special type of dynamically
tunable crystals utilizing moving Bragg grates. Apart
from the interesting physics shown by such systems
[245], they possess a potential for sensors and sig-
nal processing applications [246]. A moving MC cre-
ated via a periodic strain induced by a surface acous-
tic wave traveling together with a SW along a lon-
gitudinally magnetized YIG-film stripe is described
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in Ref.[236]. The experiment was performed using
backward volume SWs having a negative group ve-
locity. As a result, the wave scattered from an ap-
proaching grating was shifted down in frequency,
demonstrating the reverse Doppler effect [236]. As
opposed to Ref. [247], the reflection occurs from a
crystal lattice, rather than from a single reflecting
surface. Thus, the wavenumber of the scattered SW
is strictly determined by a momentum conservation
law. Due to this fact, the frequency-shifted wave ap-
pears as a single narrow peak in the transmission
characteristic of a MC.

Recently, a novel class of moving MCs utilizing a
two-dimensional lattice of magnetic flux quanta (flux-
ons) in ferromagnet/superconductor Py/Nb bilayers
has been established [237]. Each fluxon represents a
whirl of the electric supercurrent shielding the super-
conductor from the magnetic field emanating from
and attaining a maximum at the vortex core. Being
able to scatter SWs 248, 249], this vortex lattice con-
stitutes a tunable Bragg grating for SWs externally
excited in a Py layer (see Fig. 8, f), resulting in char-
acteristic dips in the SW transmission. As the dis-
tance between vortices is inversely proportional to the
square root of the magnetic field value, this allows
a tuning of the transmission bands and gaps in the
magnon spectrum on demand. Furthermore, Doppler
shifts in the frequency spectra of SWs scattered on
a flux lattice moving under the action of a trans-
port electric current in the superconductor have been
observed. This suggests magnonic devices, where the
fluxonic system allows the externally tunable fast con-
trol of magnons by ultra-low electric currents in the
superconductor.

8.6. Storage-recovery phenomenon
and nonlinear spin waves in magnonic
crystals

Investigations of parametric interactions between
SWs and the electromagnetic pumping in MCs have
delivered the extremely interesting insight into non-
linear wave physics. In such systems, parametri-
cally coupled waves propagating in opposite direc-
tions are simultaneously coupled by the Bragg re-
flection law. As a result, the parametric instability
in MCs exhibits a strongly phase-dependent behavior
[226]. Being interesting by its fundamental physics,
this interaction can be used to trap the SW energy
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and, thus, may find applications in the storage of mi-
crowave signals.

It has been shown that, unlike the conventional
scheme used in photonics, this trapping occurs not
due to the deceleration of the incident wave when it
enters the periodic structure [250], but due to the
excitation of quasinormal modes of an artificial crys-
tal [226]. The first quasinormal mode, whose eigenfre-
quency coincides with the minima of the SW group
velocity at the edges of the MCs band gaps, has the
longest lifetime among all other modes and, thus, con-
serves the signal energy and phase information for
a long time after the propagating wave has left the
MC. Such a “trapped” SW signal can subsequently be
restored to the traveling form by means of the double-
frequency parametric amplification. The restoration
and, thus, the storage occurs only at the edges of the
MC band gap. The appearance time and the duration
of the restored signal are determined by the pumping
power. The restoration mechanism is based on a com-
petitive nonlinear amplification process developed in
Refs. [50-52,251-253] in the case of featureless thin
magnetic films. The main difference in the case of a
MC is that the Bragg reflection condition exerts a
strong influence on the parametric interaction. This
leads to a pronounced dependence of the amplitude of
the restored signal on the relative phase of the input
and pumping waves.

In general, the development of nonlinear pro-
cesses such as the frequency multiplication, rectifica-
tion, parametric amplification/generation, paramet-
ric wave front reversal, etc., can be strongly modi-
fied by the artificial structuring of a magnetic ma-
terial. For example, the discretization of the magnon
spectrum in a two-dimensional array of cylindrical Py
nanodots removes the frequency degeneracy between
the externally excited mode (spatially quasiuniform
ferromagnetic resonance (FMR) mode) of a nanopar-
ticle and the higher magnon modes with the lowest
magnetic damping and reduces, thus, the strength
of multimagnon relaxation processes [254-256]. This
significantly increases the amplitude and lifetime (up
to 3 orders of magnitude) of the FMR mode and in-
tensifies all nonlinear processes with its participation.

9. Spin-Wave Processing of Binary Data

One of the main attractive features of magnonics
lies in the benefits provided by the wave nature
of magnons for the data processing and computa-
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Fig. 9. Spin-wave XNOR logic gate [264, 265] (a). The gate is based on a Mach—Zehnder interferometer with electric current-
controlled phase shifters embedded in the two magnon conduits. The bottom panel shows the output pulsed spin-wave signals
measured for different combinations of the input dc signals applied to the phase shifters. Schematic of the operational principle
of a magnon transistor [227]: The source-to-drain magnon current (shown with blue spheres) is nonlinearly scattered by gate
magnons (red spheres) injected into the gate region. In the bottom panel, the measured drain magnon density is presented as
a function of the gate magnon density (b). First integrated magnonic circuit: All-magnon half-adder based on the usage of
two spin-wave directional couplers, one operating in a linear regime, and another coupler in a nonlinear one [267]. Logic data
are coded into the spin-wave amplitude (shown with colours). Two examples of different logic inputs are shown (c). Spin-wave
majority gate. Upper panel: photograph of the majority gate prototype under testing in Ref. [274]. Spin waves are excited
with microstrip antennas (I;, Iz, and I3) in the input YIG waveguides (width 1.5 mm) and propagate through the spin-wave
combiner into the output waveguide for the detection with the output antenna (O). Lower panel: Output signal observed with
an oscilloscope for different phases of the input signals. The dependence of the output phase on the majority of the input phases
corresponds to the truth table (d)

tion. In the past, the application area of spin waves
was mostly related to the analog signal processing
in the microwave frequency range. In those applica-
tions, microwave filters, delay lines, phase conjuga-
tors, power limiters, and amplifiers are just a few
examples [155, 257, 258]. Nowadays, new technolo-
gies allowing, e.g., the fabrication of nanometer-sized
structures or the operation in the THz frequency
range give, in combination with novel physical phe-
nomena, a new impetus to this field and make the
above-discussed advantages accessible for both analog
and digital data signal processing. Moreover, mag-
nons also possess the potential to be used in the im-
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plementation of alternate computing concepts such
as factorization units [259], artificial neural networks
[260], and the projecting of optical computing con-
cepts onto the nanometer scale [261]. In the following
section, the basic ideas behind the standard Boolean
logic operations with digital binary data, which are
currently the subject of intense theoretical and exper-
imental studies [218], are addressed.

9.1. Original concepts of the spin-wave logic

The idea of coding the binary data into a spin-wave
amplitude was first stated by Hertel et al. in 2004
[262]. Micromagnetic simulations revealed that mag-
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netostatic spin waves change their phase, as they pass
through domain walls. It was suggested to split spin
waves in different branches of a ring (spin-wave inter-
ferometer). After being merged in the output, their
interference depends on the presence of domain walls
in the branches. In such a way, a controlled manip-
ulation of phases of spin waves was proposed to be
utilized for the realization of spin-wave logical opera-
tions. The first experimental studies of the spin-wave
logic were reported by Kostylev et al. in [263]. It was
proposed that a Mach—Zehnder spin-wave interferom-
eter equipped with current-controlled phase shifters
embedded in the interferometer arms can be used to
construct logic gates. Following this idea, Schneider
et al. realized a proof-of-principle XNOR logic gate
shown in Fig. 9, a [264, 265]. The currents applied
to Input 1 and Input 2 represent logic inputs: The
current-on state, which results in w-phase shift of a
spin-wave in the interferometer arm, corresponds to
logic “1”; the current-off state corresponds to logic
“0”. The logic output is defined by the interference of
microwave currents induced by the spin waves in the
output microstrip antennas: A low amplitude (de-
structive interference) corresponds to logic “0”, and
a high amplitude (constructive interference) defines
logic “1”. The change in the magnitude of the output
pulsed signal for different combinations of the logic
inputs (see Fig. 9, a) corresponds to the XNOR logic
functionality. It was also shown that an electric cur-
rent can create a magnetic barrier reducing or even
stopping the spin-wave transmission. Using this ef-
fect, a universal NAND logic gate was demonstrated
[264]. Lee at al. [266] has proposed an alternative de-
sign of a nano-sized logic gate. In that device, the
spin-wave phases are controlled by means of an elec-
tric current flowing through a vertical wire placed be-
tween the arms of an interferometer. This current de-
fines the logic input, while the amplitude of the out-
put spin-wave after the interference defines the logic
output. The ability to create NOT, NOR, and NAND
logic gates was demonstrated using numerical simu-
lations.

9.2. Magnon transistor

The drawback of the discussed logic gates consists in
that it is impossible to combine two logic gates with-
out additional magnonto-current and current-to-mag-
non converters. This fact stimulated the search by
the representatives of G.A. Melkov’s scientific school
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for the means to control a magnon current by an-
other magnon current. It has been demonstrated that
such control is possible due to nonlinear magnon-
magnon scattering, and a magnon transistor was real-
ized [227] — see Fig. 9, b. In this three-terminal device,
the density of the magnon current flowing from the
Source to the Drain (see blue spheres in the figure)
is controlled by the magnons injected into the Gate
of the transistor (red spheres). A magnonic crystal in
the form of an array of surface grooves [221] is used
to increase the density of the gate magnons and, con-
sequently, to enhance the efficiency of the nonlinear
four-magnon scattering process used to suppress the
Source-to-Drain magnon current. It was shown that
the Source-to-Drain current can be decreased by up
to three orders of magnitude (see the bottom panel
in Fig. 9, b). The potentialities for the miniaturiza-
tion of this transistor, realization of an integrated
magnonic circuit (using the example of an XOR logic
gate), increase of its operation speed, and decrease in
the energy consumption were discussed in [227].

9.3. Toward an integrated magnonic circuit

Although the operational characteristics of a magnon
transistor in its proof-of-principle form [227] did not
overcome those of semiconductor devices, it played
an important role for a future all-magnon technology,
in which information will be carried and processed
solely by magnons. The main advantage of the all-
magnon approach is that it does not require conver-
tors between magnons and charge currents in each
unit. The naturally strong nonlinearity of spin waves
is assumed to be used to perform operations with
data. A first integrated magnonic circuit was recently
demonstrated in Ref.[267] on the example of a half-
adder built from two logic gates by means of micro-
magnetic simulations.

The main building block of the half-adder is a spin-
wave directional coupler, which was first investigated
by Sadovnikov et al. in Ref. [268] on the macroscale
and, further, numerically by Wang et al. on the
nanoscale [269]. This device consists of two spin-wave
waveguides separated by a little gap in order to pro-
vide their dipolar coupling. As a result, a spin-wave
excited in one waveguide will periodically pump all its
energy to the neighboring waveguide after the prop-
agation of a certain distance and back. It was shown
numerically [269] and very recently experimentally
on the nanoscale [270] that the information coded
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into the spin-wave amplitude can be guided toward
one of the two outputs of a directional coupler de-
pending on the signal frequency and magnitude and
on the magnetic field. By controlling these degrees
of freedom, the multifunctionality and reconfigura-
bility of a directional coupler are achieved. The oper-
ation of the directional coupler as a microwave filter,
frequency separator, multiplexer, fan-out, AND, and
XOR logic gates was demonstrated [267,269]. Moreo-
ver, the magnonic half-adder [267] has a strikingly
simple design consisting of two directional couplers
only — see Fig. 3, ¢: The first one works in a linear
regime and acts as a symmetric power splitter for each
of the two inputs. The second coupler operates in a
nonlinear regime and simultaneously performs XOR
and AND logic operations. It was shown that the
proposed magnonic half-adder in combination with a
spin-wave amplifier can elegantly replace the needed
14 transistors in the modern complementary metal—
oxide—semiconductor (CMOS) technology.

9.4. Spin-wave majority gate

In the approaches discussed above, logic data was
coded into a spin-wave amplitude (a certain spin-
wave amplitude defines logic “1”, zero amplitude cor-
respond to logic “0”). Alternatively, Khitun et al. pro-
posed [271] to use the spin-wave phase for digitiz-
ing information instead of the amplitude. A wave
with some chosen phase ¢ corresponds to a logic “0”
while a logic “1” is represented by a wave with phase
¢o+m. Such an approach allows the trivial embedding
of a NOT logic element (which requires two transis-
tors in the modern CMOS technology) in magnonic
circuits by simply changing the position of a read-out
device by a A\/2 distance. Moreover, it opens the ac-
cess to the realization of a majority gate in the form
of a multiinput spin-wave combiner [271]|. The spin-
wave majority gate consists of three input waveguides
(generally speaking, of any odd number of inputs
larger than one), in which spin waves are excited and
merged afterward in a spin-wave combiner. Thus, the
majority logic function can be realized due to a sim-
ple interference between the three input waves - see
the truth table on the right in Fig. 9, d. The major-
ity gate can perform not only the majority operation,
but also AND and OR operations (as well as NAND
and NOR operations, if to use a half-wavelength long
inverter), if one of its inputs is used as a control in-
put [272].
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The first fully functioning design of the majority
gate employing a spin-wave combiner was demon-
strated using micromagnetic simulations by Klin-
gler et al. in Ref. [272]. The improved design of
the majority gate operating with isotropic forward
volume magnetostatic spin waves in an out-of-plane
magnetized spin-wave majority gate was reported in
[273]. In both designs, the phases of the output spin-
wave clearly satisfied the majority function proving
the functionality of the gate. An experimental proto-
type of a majority gate utilizing a macroscopic YIG
structure was shown by Fischer et al. [274]. The re-
spective device comprises three input lines, as well as
one output line and has been structured from a YIG
film — see the top panel in Fig. 9, d. In this geometry,
inductively excited spin waves propagate coherently
along the three input waveguides and are eventually
superimposed, when they leave the spin-wave com-
biner, at which point the input lines merge. The re-
sultant spin-wave induces an electrical signal in a cop-
per stripline at the output, which is directly mapped
by a fast oscilloscope [274] — see Fig. 9, d. The phase
of the output spin-wave corresponds to the majority
phase of the input lines, according to the truth table
of a majority gate.

Despite recent advances, the field of spin-wave
logic has many challenges remaining both in physical
and technological aspects. In particular, low-energy
means of the localized magnon excitation, manipula-
tion, and detection on a scale of 10 nm, operations
with spin waves of nm-wavelengths and THz frequen-
cies and the development of efficient spin-wave am-
plifiers belong to the most actual tasks of the modern
magnonics. Nevertheless, the fast growth of the field
of beyong-CMOS data processing, the recent break-
through in the miniaturization of lateral sizes of mag-
nonic structures down to 50 nm [275|, the decrease in
wavelengths down to the same value [276], as well as
the progress in the understanding and usage of non-
linear spin-wave physics in nano-sized magnonic cir-
cuits [267,270] look very promising. The field of the
spin-wave logic is therefore an active, emergent field
that could deliver a number of breakthrough develop-
ments toward applications in data processing in the
middle-term future.

10. Conclusions

We have reviewed several important directions of the
development of modern microwave magnetism and
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superconductivity. Although the studies of supercon-
ductivity and microwave magnetism started many
decades ago, these fields are developed in many mod-
ern relevant trends, which concern both with new fun-
damental phenomena, as well as with various promis-
ing applications in modern technique. Ferromagnetic
materials become a nice test bed for the investiga-
tion of quantum cooperative phenomena and various
nonlinear and chaotic dynamics, as they demonstrate
the Bose—Einstein condensation of magnons at room
temperature, and many different parametric and non-
linear processes at a moderate drive power. The pre-
sented results on HT'S resonators and magnonic crys-
tals are directly applicable to the development of
microwave devices such as pass-band microwave fil-
ters, delay lines, signal sources and detectors includ-
ing devices that utilize the Josephson effects, and
narrow-frequency amplifiers. Important and promis-
ing results are achieved in different approaches of
the spin-wave computing and binary logic, although
many challenges in physics and the technological as-
pect should be resolved in future. The recent progress
in the development of high-temperature superconduc-
tors and new magnetic materials, as well as in the
high-quality patterning of nanoscale magnetic struc-
tures, opens new horizons of possible practical appli-
cations and outlines new areas for further researches.
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CYYACHI TEHJIEHIIII
PO3BUTKY MIKPOXBUJILOBOT'O
MATHETU3MY TA HAJIIPOBIIHOCTI

Peszmowme

VY crarTi po3rIAnalOThCA TEHIEHII] PO3BUTKY MiKPOXBHIILOBO-
ro MarHeTusMy Ta HAaJIPOBIIHOCTI IPOTSrOM OCTAHHIX IT'SATH
necAaTuiThb. OTUIsi MICTUTB KJIIOYOBI pe3y/IbTaTh OCTAHHIX J10-
CJIJPKEHB, 10 CTOCYIOTHCH MIEPCIEKTUBHUX 00JIaCTel CydacHO-
ro MarHeTu3My Ta MPUKJIaIHOI (DI3UKK — CIIHTPOHIKH, MArHo-
HIKHM, MArHOHHO! KaJIODUTPOHIKH, (PI3UKM MArHOHHUX KPHCTa-
JIiB, CIIIH-XBHJILOBOI JIOTiKM TOIIO, & TAKOXK PO3POOKH HOBITHIX
MIKpO- Ta HaHOPO3MIipHHX MarHiTHuX npuctpoiB. OCHOBHI mo-
CSATHEHHS B IUX rajy3sx (pi3uKy mifcyMoBaHi Ta y3arajbHEHi.
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