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Magnon condensation
definition

They are collective excitations of the electron spin system in ferromagnetic 
metals and insulators. 
A disturbance in local magnetic ordering can propagate in a magnetic material in 
the form of a wave.

magnetic moments

Magnons are elementary particles of a spin-wave. 

one complete precession distributed over a chain of spins

Wave of deflected magnetic moments propagate through the crystal

images: Patryk Nowik-Boltyk, Westfalische Wilhelms-Universitat Munster

Existence of magnons 
predicted by F. Bloch in 1929



Wave of deflected magnetic moments propagate through the crystal

Magnon condensation
definition

Magnons are elementary particles of a spin-wave. 

Deflected spins precess about the direction of external magnetic field.
Precession is transferred to vibration of atoms. Decay of the spin-waves is 
perceived as a heat.

images: Patryk Nowik-Boltyk, Westfalische Wilhelms-Universitat Munster

Existence of magnons 
predicted by F. Bloch in 1929

They are collective excitations of the electron spin system in ferromagnetic 
metals and insulators. 
A disturbance in local magnetic ordering can propagate in a magnetic material in 
the form of a wave.

magnetic moments

one complete precession distributed over a chain of spins
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Take Home Message Magnon condensation
definition

Existence of magnons 
predicted by F. Bloch in 1929

Simple picture of a ferromagnet. 
(a) Ground state of the magnet: All spin are aligned.
(b) Excited state of the magnet: one spin is flipped. 
(c) Magnon excited state with a lower energy than in (b): Instead of flipping one spin, the net spin 

reduction is distributed over the whole system. The spins are rotating (precessing) around their 
equilibrium, forming a magnon.

Magnon spintronics, Zernike et al. Univ. of Groningen



Magnon condensation
definition

They carry energy

Wave of deflected magnetic moments propagate through the crystal

wave - particle (quasi-particle) duality

The velocity of magnons depends on the angle between propagation direction 
and external magnetic field and on precession frequencies of the individual 
spins building up the magnon.

precession frequency 
of the individual spins 
in a spin wave

MAGNONS

Examples: 
polycrystalline metallic films of Permalloy (Py, Ni81 Fe19 ) 
single-crystal films of yttrium–iron–garnet (YIG, Y3 Fe5 O12 )



Magnon condensation
Bose - Einstein condensation

They are integer spin quasiparticles, which act as bosons

Necessary conditions for magnon BEC

the lifetime of magnons must be much longer than the relaxation time

 ! important: number of magnons is not conserved !

• due to short lifetime
• it is easy to create them (~µeV)

microseconds time scale nanoseconds time scale

The main mechanism of magnon thermalization is four-magnon scattering, which 
corresponds to particle–particle collision processes 

The chemical potential of a magnon gas in thermodynamic equilibrium with the 
lattice is zero, as the number of magnons is not conserved, mainly owing to the 
energy exchange between the magnons and the lattice. 



Magnon condensation
example

Yttrium Iron Garnet (YIG): Y3Fe2(FeO3)3

a thin (~5µm) ferromagnetic and electrically isolating 
crystal placed in a magnetic field

alternating magnetic field with GHz frequency

Creation of magnons:
spin lattice will follow external magnetic field

spin waves in YIG-film have frequencies ~ GHz

microwaves

Destruction of magnons:
excitation is transferred to atomic lattice through 
vibrations
vibrations are dissipated as a heat

microseconds time scale

Patryk Nowik-Boltyk, Westfalische 
Wilhelms-Universitat Munster and 
O. Dzyapko et al., New Journal of Physics, 
Volume 9, March 2007



Thermal distribution of magnon gas:
magnons scatter to distribute the kinetic energy over 
the whole gas

number of scattering events depends on magnon 
density

at high magnon densities the „thermalization” time is 
of nanoseconds

Magnon condensation
example

thermal energy distribution

Magnon gas is in quasi-equilibrium.
Constant microwave field is maintaing magnons in quasi-equilibrium. 

Patryk Nowik-Boltyk, Westfalische 
Wilhelms-Universitat Munster and 
O. Dzyapko et al., New Journal of Physics, 
Volume 9, March 2007



Magnon condensation
signatures of mBEC

At t=0, GHz pulse creates 
population of magnons

Magnons are created at 
high density at 4GHz

Magnons scatter and lower 
their energy

f ~ magnon energy

Over long time magnons 
occupy lowest energy state 
of 2.9 GHz (depends on 
external magnetic field)

mBEC in quasi-equilibrium

k ~ magnon 
wavelength and 

propagation direction

k perpendicular to 
external m

agnetic field

k parallel to external 
magnetic field

mBEC - accumulation of 
magnons with narrow 

wavevector distribution

thermalization 
process starts

images: Patryk Nowik-Boltyk, Westfalische Wilhelms-Universitat Munster



Precession of two spins belonging to 
different magnons must not be 
connected to each other, but:

• the magnons in a BEC are not 
individual anymore

• their precessions are synchronized

• spins from different magnons in a 
condensate precess parallel to each 
other

Magnon condensation
coherence of mBEC

coherent precession is inducing macroscopic polarization 

Precessing spins create a strong electromagnetic 
wave at microwave frequencies.

The alternating magnetic fields originating from the 
precessing spins interfere constructively and we get an 
alternating magnetic field with large amplitude and with the 
same frequency as the precession frequency of the spins.

images: Patryk Nowik-Boltyk, Westfalische Wilhelms-Universitat Munster



Bose–Einstein condensation (BEC)1 is achieved either by
decreasing the temperature of an ideal gas of bosons2, or by
increasing its density3,4. These two methods are valid

for real atoms and molecules5,6 as well as for gases of quasi-
particles (QPs) such as, excitons7, polaritons8–10, magnons11–13

and spatially confined photons14.
In a gas in thermal equilibrium containing a fixed number of

real atoms, the reduction of temperature leads to both the
reduction of the average energy kBT of atoms and to the increase
of the fraction of low-energy atoms in the energy distribution (see
Fig. 1a). In contrast, a QP gas most often does not have a fixed
number of particles due to interaction with other subsystems, and
thus cooling of an equilibrium QP gas results in the reduction of
low-energy QP populations. A large concentration of low-energy
QPs can be achieved artificially by external injection of QPs in a
localized region of the spectrum where the QP energy is low (see
Fig. 1b). The resulting distributions in the energy of the particles
and QPs (Fig. 1a,b) look remarkably similar, and the experiments
show that BEC is possible in both above-described cases5,6,11,14.

Of course, the first case corresponds to an equilibrium state of
non-interacting bosons, while in the second case the QP
distribution in energy is strongly non-equilibrium, and QPs are
strongly interacting through scattering on each other. The
strength and type of interactions between QPs can depend on
the QP parameters, such as wavenumber (for magnons see, for
example, refs 15,16), but this very interaction leads to a fast
thermalization of the injected QPs (timescale of the order of
100 ns)17. Once a certain critical concentration of QP is reached, a
BEC is established at the lowest energy state of the spectrum17–19.
For magnons—the QPs of magnetic excitations (spin waves) of
magnetically ordered media—injection of low-energy QPs is
readily achieved via parametric microwave pumping20,21, making
magnon systems valuable model environments for the study of
general QP BEC dynamics.

Until now, all the studies of QP BECs have implicitly assumed
that the injected particles thermalize over the entire QP spectrum
and that the sole role of the pumping is to increase the QP
density, and thus the chemical potential of the QP gas. Here, we
show that such a viewpoint is a crude oversimplification. Our
observations of the transitional dynamics of gaseous and
condensed (BEC) components of a pumped magnon gas are
qualitatively incompatible with a uniform thermalization model.
We show that, instead, the pumped magnons must thermalize
and create a quasi-equilibrium state mainly in a narrow spectrally
localized low-energy part of the magnon spectrum. This quasi-
equilibrium spectral region can be characterized simultaneously
by a very low average magnon energy (of the order of the energy
of pumped magnons) and a very high effective temperature
(defined as a temperature of the equilibrium gas of QPs having
the same number of QPs in the narrow spectral region where the
pumped quasi-equilibrium state is established (see Fig. 1b)), and
that this quasi-equilibrium spectral region is coupled to the
room-temperature magnon bath via a nonlinear supercooling
mechanism.

Results
Dynamics of parametrically populated magnon gas. Our
experiments were performed on a magnon QP BEC system. Our
sample comprised an in-plane magnetized Y3Fe5O12 (YIG
(yttrium-iron garnet)) film of 5 mm thickness grown on a
Gd3Ga5O12 (GGG) substrate (surface normal parallel to the
o1114 crystallographic axis). The scattering processes, which
are responsible for magnon thermalization in YIG (a ferromag-
netic insulator22,23), take place on a timescale of 10–100 ns. This
is significantly faster than the characteristic spin–lattice relaxation

time, which is typically 400 ns. YIG’s uniquely long relaxation
time makes it an exceptional model system for the investigation
of general QP BECs. In our experiments, high magnon densities
were created using the well-established technique of parallel
parametric pumping20,21. The pumping process involves the
splitting of microwave photons from the pumping field (oriented
parallel to the static magnetization of the sample) into pairs of
magnons having one-half of the pump frequency and oppositely
oriented wavevectors.

Figure 2a shows a sketch of our experimental set-up. A
continuous wave generated by a microwave source at a frequency
of fp¼ 14 GHz is chopped by a fast microwave switch into a
sequence of rectangular shaped pump pulses of 2 ms duration
having sharp edges of 3 ns width. The switch itself is driven by a
pulse generator. After amplification up to 25 W, the pulses are
sent to the YIG film (see Fig. 2b). The pumping field is applied to
the YIG film via a 50 mm-wide microstrip resonator directly
processed onto the surface of a high thermal conductivity
aluminium-nitride dielectric plate. On account of this design, a
repetition time of 100 ms is sufficiently low to reduce the average
pumping power to a level at which the influence of microwave
heating on the experimental data can be excluded. The temporal
dynamics of the magnon gas was investigated with a resolution of
about 1 ns by means of time-resolved Brillouin light scattering
(BLS) spectroscopy24. The YIG sample was probed by a coherent
optical beam of wavelength 532 nm and power B0.5 mW. The
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Figure 1 | Schematic energy distribution. (a) For an equilibrium system,
containing a fixed number of real bosonic particles (atoms) and having
chemical potential dependent on the temperature, at two different
temperatures T1oT2; (b) for an equilibrium system of bosonic QPs with
zero chemical potential at two different temperatures T1oT2 (black curves).
The red curve shows the non-equilibrium energy distribution of QPs in the
case of external pumping in a low-energy part of the spectrum. It is clear,
that the low-temperature distribution of atoms (black dashed curve
corresponding to T1 in Fig. 1a) is qualitatively similar to the non-equilibrium
distribution of QPs in the case of pumping in the low-energy part of the QP
spectrum (red curve in Fig. 1b).
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A. A. Serga, et al. Nature Commun. 5, 3452 (2014). 



described by the Rayleigh–Jeans distribution:

nðeÞ¼kBT= e$mð Þ: ð1Þ
Time traces of magnon populations at intermediate energies

ein4e4emin (Fig. 3b) allow us to estimate the effective
temperature T. Using equation (1), the increase in the driven
magnon population when the BEC is formed (m¼ emin) relative to
its room-temperature density (T¼ 300 K, m¼ 0) can be written as
follows:

nðeÞ
n0ðeÞ

¼ e
e$ emin

T
300 K

; ð2Þ

where e/(e—emin) describes the increase in the density of the
gaseous magnon phase due to an increase in the chemical
potential m alone. For the data of Fig. 3b (e/h¼ 6 GHz,
emin/h¼ 5 GHz) e/(e—emin)B6 and equation (2) gives

nðeÞ
n0ðeÞ

¼ T
50 K

: ð3Þ

In our experiments, the room-temperature population n0 (e)
was close to the background noise level (n0(e)¼ 0.0015 on the
scale used in Fig. 3b). Accordingly, the density of the gaseous
magnon phase is seen to increase 666 times during the pumping
pulse, implying that the effective temperature of the pumped
magnon gas is TE30,000 K. This estimate might at first seem
unreasonably high, however, it is important to realize that the
high effective temperature exists only in a very small region
(emax4e4emin) of the magnon gas’ phase space, and, as such, has

very little influence on its aggregate parameters (such as, for
example, the total number of magnons). Thus, the magnon BEC
evolves in a very narrow spectral region, which is strongly
overheated by the pumping.

Evaporative supercooling. Besides the parametric injection and
thermalization processes, the dynamics of the overheated pumped
region are influenced by spin–lattice relaxation (which reduces the
number of magnons with an energy-independent frequency G),
and the scattering of magnons into higher energy states (which
provides coupling between the overheated quasi-equilibrium low-
energy magnons and the rest of the magnon spectrum). The latter
process is analogous to the evaporative cooling process of a real
gas27: magnons with highest energies leave the quasi-equilibrium
region, thus reducing the average magnon energy from the
injection energy hfin to a lower value hfgohfin (see Fig. 4a). In the
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Figure 4 | Supercooling of the magnon gas and transitional dynamics of
the BEC. (a) A schematic illustration of the evaporative supercooling
process. The purple arrow shows the incoming flow of parametrically
injected magnons with frequency fin¼ fp/2 to the region of the magnon gas
spectrum (shaded in yellow) corresponding to the pumped overheated
equilibrium. The small dashed arrows indicate nonlinear scattering
(‘evaporation’) of high-energy magnons having frequencies near the upper
edge of the ‘pumped’ region fmax to undisturbed states in the ‘room-
temperature’ region of the magnon spectrum. The downward black arrow
represents the decrease of the average energy hfg of the pumped gaseous
phase (‘supercooling’) as a result of this evaporation. h is Planck’s constant.
The red dot marks the position of the BEC. (b,c) Calculated transitional
dynamics of the gaseous magnons from the pumped area and the
condensed magnons. ng is the density of the gaseous magnon phase in the
‘pumped’ region, nc the density of the BEC. The purple shaded area
indicates the time over which the pump is active. ng and nc are normalized
to their steady-state values during pumping.

TBEC    = 400 nsB
LS

 in
te

ns
ity

 fo
r 

pa
ra

m
et

ric
, g

as
eo

us
an

d 
B

E
C

 m
ag

no
ns

 (
a.

u.
)

1

0

1

2

3

0

4

0

1

2

3

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (µs)

Parametrically
injected

magnons

Gaseous
magnon phase

Decay time
of the BEC 

Bose-Einstein
condensate 

Tfall = 75 ns

Tfall = 10 ns

Rise time
of the BEC-peak

TBEC = 70 nsrise

decay

Figure 3 | Time evolution of the magnon density. The BLS intensity is
proportional to the magnon density. BLS measurements were performed in
frequency windows of 150 MHz around 7, 6 and 5 GHz. The purple area
indicates the time over which the pump is active. (a) Parametrically injected
magnons at 7 GHz. The sharp peak at the front of the pulse is due to
transient processes in the system of parametrically excited magnons21,25.
(b) Gaseous magnon phase lying between the region of parametrically
injected magnons and the bottom of the magnon spectrum (6 GHz).
(c) BEC at the bottom of the magnon spectrum (5 GHz). The decay of the
parametrically injected (primary) and gaseous magnons after the end of the
pumping pulse is non-exponential. The indicated fall times correspond to
50% decay. Note that the rise time of the dramatic jump in the density of
the condensed magnons is well correlated with the decay of the gaseous
magnons.
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described by the Rayleigh–Jeans distribution:

nðeÞ¼kBT= e$mð Þ: ð1Þ
Time traces of magnon populations at intermediate energies

ein4e4emin (Fig. 3b) allow us to estimate the effective
temperature T. Using equation (1), the increase in the driven
magnon population when the BEC is formed (m¼ emin) relative to
its room-temperature density (T¼ 300 K, m¼ 0) can be written as
follows:

nðeÞ
n0ðeÞ

¼ e
e$ emin

T
300 K

; ð2Þ

where e/(e—emin) describes the increase in the density of the
gaseous magnon phase due to an increase in the chemical
potential m alone. For the data of Fig. 3b (e/h¼ 6 GHz,
emin/h¼ 5 GHz) e/(e—emin)B6 and equation (2) gives

nðeÞ
n0ðeÞ

¼ T
50 K

: ð3Þ

In our experiments, the room-temperature population n0 (e)
was close to the background noise level (n0(e)¼ 0.0015 on the
scale used in Fig. 3b). Accordingly, the density of the gaseous
magnon phase is seen to increase 666 times during the pumping
pulse, implying that the effective temperature of the pumped
magnon gas is TE30,000 K. This estimate might at first seem
unreasonably high, however, it is important to realize that the
high effective temperature exists only in a very small region
(emax4e4emin) of the magnon gas’ phase space, and, as such, has

very little influence on its aggregate parameters (such as, for
example, the total number of magnons). Thus, the magnon BEC
evolves in a very narrow spectral region, which is strongly
overheated by the pumping.

Evaporative supercooling. Besides the parametric injection and
thermalization processes, the dynamics of the overheated pumped
region are influenced by spin–lattice relaxation (which reduces the
number of magnons with an energy-independent frequency G),
and the scattering of magnons into higher energy states (which
provides coupling between the overheated quasi-equilibrium low-
energy magnons and the rest of the magnon spectrum). The latter
process is analogous to the evaporative cooling process of a real
gas27: magnons with highest energies leave the quasi-equilibrium
region, thus reducing the average magnon energy from the
injection energy hfin to a lower value hfgohfin (see Fig. 4a). In the
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Figure 4 | Supercooling of the magnon gas and transitional dynamics of
the BEC. (a) A schematic illustration of the evaporative supercooling
process. The purple arrow shows the incoming flow of parametrically
injected magnons with frequency fin¼ fp/2 to the region of the magnon gas
spectrum (shaded in yellow) corresponding to the pumped overheated
equilibrium. The small dashed arrows indicate nonlinear scattering
(‘evaporation’) of high-energy magnons having frequencies near the upper
edge of the ‘pumped’ region fmax to undisturbed states in the ‘room-
temperature’ region of the magnon spectrum. The downward black arrow
represents the decrease of the average energy hfg of the pumped gaseous
phase (‘supercooling’) as a result of this evaporation. h is Planck’s constant.
The red dot marks the position of the BEC. (b,c) Calculated transitional
dynamics of the gaseous magnons from the pumped area and the
condensed magnons. ng is the density of the gaseous magnon phase in the
‘pumped’ region, nc the density of the BEC. The purple shaded area
indicates the time over which the pump is active. ng and nc are normalized
to their steady-state values during pumping.
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Figure 3 | Time evolution of the magnon density. The BLS intensity is
proportional to the magnon density. BLS measurements were performed in
frequency windows of 150 MHz around 7, 6 and 5 GHz. The purple area
indicates the time over which the pump is active. (a) Parametrically injected
magnons at 7 GHz. The sharp peak at the front of the pulse is due to
transient processes in the system of parametrically excited magnons21,25.
(b) Gaseous magnon phase lying between the region of parametrically
injected magnons and the bottom of the magnon spectrum (6 GHz).
(c) BEC at the bottom of the magnon spectrum (5 GHz). The decay of the
parametrically injected (primary) and gaseous magnons after the end of the
pumping pulse is non-exponential. The indicated fall times correspond to
50% decay. Note that the rise time of the dramatic jump in the density of
the condensed magnons is well correlated with the decay of the gaseous
magnons.
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Magnon spintronics = magnonics
Magnon spintronics is the field of spintronics concerned with structures, devices and 
circuits that use spin currents carried by magnons. 

REVIEW ARTICLE
PUBLISHED ONLINE: 2 JUNE 2015 | DOI: 10.1038/NPHYS3347

Magnon spintronics
A. V. Chumak*, V. I. Vasyuchka, A. A. Serga and B. Hillebrands

Magnon spintronics is the field of spintronics concerned with structures, devices and circuits that use spin currents carried by
magnons. Magnons are the quanta of spin waves: the dynamic eigen-excitations of a magnetically ordered body. Analogous to
electric currents, magnon-based currents can be used to carry, transport and process information. The use of magnons allows
the implementation of novel wave-based computing technologies free from the drawbacks inherent to modern electronics,
such as dissipation of energy due to Ohmic losses. Logic circuits based on wave interference and nonlinear wave interaction
can be designed with much smaller footprints compared with conventional electron-based logic circuits. In this review,
after an introduction into the basic properties of magnons and their handling, we discuss the inter-conversion between
magnon currents and electron-carried spin and charge currents; and concepts and experimental studies of magnon-based
computing circuits.

Adisturbance in local magnetic ordering can propagate in
a magnetic material in the form of a wave. Such a wave
was first predicted by F. Bloch in 1929 (ref. 1) and was

named a spin wave as it is related to the collective excitations of the
electron spin system in ferromagnetic metals and insulators2,3. The
wide variety of linear and nonlinear spin-wave phenomena boosted
interest into the fundamental properties2–4, while spin waves in
the GHz frequency range were of great interest for applications in
telecommunication systems and radars5,6. Nowadays, spin waves
are considered as potential data carriers for computing devices, as
they have nanometre wavelengths, can be in the low-THz frequency
range, provide Joule-heat-free transfer of spin information over
macroscopic distances, and access to wave-based computing
concepts (see Box 1)7–44.

The field of science that refers to information transport and
processing by spin waves is known as magnonics22,45,46. This name
relates to the magnon—the spin-wave quantum associated with
the flip of a single spin. The usage of magnonic approaches in
the field of spintronics, hitherto dealing with electron-carried spin
currents, gave birth to the emerging field of magnon spintronics47.
The scheme of magnon spintronics in Fig. 1 shows that, besides
magnon-based elements operating with analogous and digital data,
this field comprises also converters between the magnon subsystem
and the electron-carried spin and charge currents. These converters
interface the magnonic circuitry with spintronic and electronic
environments. The main building blocks of magnon spintronics
shown in Fig. 1 are discussed here in the light of their advantages,
challenges and perspectives.

Spin-wave basics and toolbox
Two general types of interactions couple electron spins and thus
define the spin-wave characteristics: strong but short-distance
exchange interactions and relatively weak long-range dipole–dipole
interactions. Thewaveswith short wavelength � (roughly, �<1µm),
whose properties are mostly governed by the exchange interaction,
are named exchange spin waves. Correspondingly, the long-
wavelength waves are named dipolar or magnetostatic waves
(MSWs; refs 2,3). Owing to the inherent anisotropy of the
dipolar interaction, the MSWs are classified depending on the
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Figure 1 | The concept of magnon spintronics. Information coded into
charge or spin currents is converted into magnon currents, processed
within the magnonic system and converted back47.

angle between the spin-wave wavevector k and the saturation
magnetization M. In an in-plane magnetized magnetic film, waves
propagating along and transverse toM are named backward volume
magnetostatic waves (BVMSWs) and magnetostatic surface waves
(MSSWs, also known as Damon–Eshbach waves), respectively.
Dipolar waves in a normally magnetized film are named forward
volume magnetostatic waves (FVMSWs). Historically, most of the
magnon-based devices for microwave signals processing5,6 operate
with dipolar spin waves, which can be excited and detected rather
conveniently by inductive antennas. Nowadays, attention is more
focused on the exchange waves that allow usage in nanometre-
sized structures and devices. All these types of waves have di�erent
dispersion characteristics (dependencies of the spin-wave frequency
f on the wavenumber k)48 and nonlinear properties, and thus o�er
specific advantages for data processing22,45,46.

Spin waves are usually excited in thin films and conduits
fabricated in the form of narrow strips of a magnetic material.
The most commonly used materials are polycrystalline metallic
films of Permalloy (Py, Ni81Fe19) (refs 45,46), which combine a
relatively low magnetic damping with good suitability for micro-
sized patterning; and single-crystal films of yttrium–iron–garnet
(YIG, Y3Fe5O12) (refs 21,22), which possess extremely low damping.

Fachbereich Physik and Landesforschungszentrum OPTIMAS, Technische Universität Kaiserslautern, 67663 Kaiserslautern, Germany.
*e-mail: chumak@physik.uni-kl.de
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Figure 4 | Magnon-based processing of binary data. a, Spin-wave XNOR logic gate based on a Mach–Zehnder interferometer with electric
current-controlled phase shifters10,47. The bottom panel shows the output pulsed spin-wave signals measured for di�erent combinations of the input d.c.
signals. b, Nanosized Mach–Zehnder spin-wave interferometer designed in the form of a bifurcated Py conduit girdling a vertical conducting wire (adapted
from ref. 11). The simulation of a NOT logic operation is shown below for two di�erent d.c. currents, which correspond to the logic ‘0’ and ‘1’ inputs,
respectively. c, Operational principle of a magnon transistor7: the source-to-drain magnon current (blue spheres) is nonlinearly scattered by gate magnons
(red spheres) injected into the gate region. The spatial localization and, as a consequence, a high density of the gate magnons is provided by a magnonic
crystal. The measured drain magnon density is presented in the bottom panel. d, All-magnon chip proposed for XOR logic operation. The magnon densities
sent to the transistor sources S1 and S2 are controlled by the input magnon signals I1 and I2 applied to the gates zG1 and G2. In the case when both input
signals are ‘0’, the output signal is also ‘0’ owing to destructive interference. The application of the magnon signal to only one of the gates switches o� one
of the source-to-drain currents and results in the ‘1’ output. Finally, switching o� both currents results in the output ‘0’—see the truth table. e, Majority gate
operating with data coded into the spin-wave phase17. The colour map represents the spin-wave amplitude for the case of equal input phases. The majority
gate can perform OR and AND logic operations (also NOR and NAND if the read-out position is shifted by �/2) if one of its inputs is used as a control input
IC—see the truth table.

the voltage polarity106—see the figure. In the same experiment,
it was also demonstrated that the spin-pumping e�ciency does
not depend on the spin-wave wavelength70. d’Allivy Kelly et al.
have used a similar experimental set-up to demonstrate the
ISHE detection of propagating magnons in a nanometre-thick
YIG film53.

Recently, the combined SP-ISHE mechanism has opened doors
for access to short-wavelength exchange magnons69. The short-
wavelength regime is of particular interest for nanosize magnonic
applications. To excite exchange magnons, a parallel parametric
pumping technique can be used22,57,69—see Fig. 3b. By variation
of the bias magnetic field, the magnon spectrum is shifted up or
down to tune the magnon wavelength (see inner panel in Fig. 3b).
The spin-pumping-induced ISHE voltage is shown in the bottom
panel of Fig. 3b. One can see that magnons e�ectively contribute
to the spin pumping in a wide range of wavelengths (down to
100 nm in ref. 69). Follow-up studies by Kurebayashi et al.107, where
parallel and perpendicular parametric pumping techniques were
used for the magnon injection, have evidenced that the spin-
pumping e�ciency is independent of the magnon wavelength
within experimental error.

Magnetostatic surface spin waves show nonreciprocal behaviour
(see Box 1). The propagation direction of these waves can be
reversed by a change in the polarity of the bias magnetic field30. As
a result, the ISHE voltage induced by the MSSWs depends on the
field orientation108. Results of experimental studies where an electric

probe was used to measure the ISHE voltage at di�erent points of a
sample are shown in Fig. 3c.

To summarize, the combined SP-ISHE mechanism allows
simple conversion of magnon currents into charge currents. It
was demonstrated that magnons, independently of their nature
(exchange or dipolar) and characteristics (wavelengths, frequencies,
velocities, and so on), e�ciently contribute to spin pumping.
Moreover, the SP-ISHE detection technique is of crucial importance
for the miniaturization of magnonic devices as it is sensitive to
magnons of very small wavelengths that cannot be detected by
microwave and optical methods69. The conversion e�ciency is large
enough for the realization of first demonstrators, but needs to be
improved for device applications.

Magnon-based data processing
In the previous sections, we discussed interconnections between
magnon-based units and electronic circuits. However, the main
strength of magnon spintronics lies in the benefits provided by
the wave nature of magnons for data processing and computation.
In the past, the application area of spin waves was mostly related
to analogue signal processing in the microwave frequency range.
Microwave filters, delay lines, phase conjugators, power limiters and
amplifiers are just a few examples5,6. Nowadays, new technologies,
allowing, for example, the fabrication of nanometre-sized structures
or operation in the THz frequency range, in combination with novel
physical phenomena, provide newmomentum to the field andmake
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Magnon spintronics = magnonics
Conversion of magnon currents into electron currents: strip antenna or a coplanar antenna, in which spin 
waves induce an a.c. current /magnetization precession in a magnetic film will generate a spin-polarized 
electric current in an attached non-magnetic metallic layer 



Bose–Einstein condensation of quasi-equilibrium magnons at room 
temperature under pumping 

S. O. Demokritov et al., Nature 443, 430-433 (28 September 2006)

Magnon condensation
further reading

Direct observation of Bose–Einstein condensation in a 
parametrically driven gas of magnons
O Dzyapko et al., New Journal of Physics, Volume 9, March 2007

MAGNON BOSE EINSTEIN CONDENSATION, Patryk Nowik-
Boltyk, https://www.uni-muenster.de/Physik.AP/Demokritov/ 

A. A. Serga, et al. Bose–Einstein condensation in an ultra-hot 
gas of pumped magnons. Nature Commun. 5, 3452 (2014). 


