
 

From Kinetic Instability to Bose-Einstein Condensation and Magnon Supercurrents
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Evolution of an overpopulated gas of magnons to a Bose-Einstein condensate and excitation of a
magnon supercurrent, propelled by a phase gradient in the condensate wave function, can be observed at
room temperature by means of the Brillouin light scattering spectroscopy in an yttrium iron garnet material.
We study these phenomena in a wide range of external magnetic fields in order to understand their
properties when externally pumped magnons are transferred towards the condensed state via two distinct
channels: a multistage Kolmogorov-Zakharov cascade of the weak-wave turbulence or a one-step kinetic
instability process. Our main result is that opening the kinetic instability channel leads to the formation of
a much denser magnon condensate and to a stronger magnon supercurrent compared to the cascade
mechanism alone.

DOI: 10.1103/PhysRevLett.121.077203

Bose-Einstein condensation (BEC) is a fascinating
quantum phenomenon that manifests itself in the formation
of a coherent macroscopic state from chaotic motions in
a thermalized many-particle system. In spite of being a
consequence of equilibrium Bose statistics [1,2], BEC
can also occur in rather nonequilibrium systems, such as
overpopulated gases of bosonic quasiparticles—excitons
[3], polaritons [4–6], photons [7], and magnons [8–10]—as
a result of local quasiequilibrium conditions near the
minima of their frequency spectra. BEC formation in
different quasiparticle systems constitutes a challenge of
fundamental importance for physics in general and for
possible applications in which BEC of quasiparticles is
used for data processing. A particularly interesting case is
given by a magnonic BEC [10,11] observed at room
temperature in the low-damping ferrimagnetic material
yttrium iron garnet (YIG, Y3Fe5O12) [12]. Such a con-
densate is created from a magnon gas, overpopulated by
intensive parametric injection of magnons [9]. The para-
metric magnons are then transferred by step-by-step cas-
cade processes [13–16] down the frequency band, followed
by a thermalization of low-energy magnons into the BEC
state [9,11,17–20]. Under certain conditions, the cascade
processes can be augmented by a direct transfer of the
parametrically injected magnons to the lowest energy states
[20,21]. In this case, referred to as a kinetic instability (KI)
process [22,23], a dense cloud of noncoherent magnons is
formed close to the BEC point. By the energy conservation
law, the same number of parametric magnons is transferred
to higher energy states and, thus, a strongly nonequilibrium
magnon gas distribution, characterized by two population
maxima, is formed.

In this Letter, we show experimentally and theoretically
that KI provides favorable conditions for a more efficient
magnon condensation and for a stronger BEC-related
supercurrent spin transport [24] compared to the cascade-
only scenario.
In our experiment, BEC formation is initiated by an

external quasihomogeneous electromagnetic field of fre-
quency ωp that parametrically excites pairs of magnons
with wave vectors �qp and frequencies ωð�qpÞ via a
three-wave decay process [25–27]

ωp ¼ ωðqpÞ þ ωð−qpÞ ⇒ ωðqpÞ ¼ ωp=2: ð1Þ

At some threshold pumping power, the parametric magnon
excitation compensates the natural magnon damping.
A magnon mode that has the lowest damping frequency
γðqpÞ and the strongest coupling to the pumping field starts
growing exponentially in time.
Figure 1 illustrates the frequency spectrum ωðqÞ of

magnons in an YIG film magnetized in plane by a bias
magnetic field H. The minimum of the spectrum is located
at some wave vector q ¼ �qmin, where qminkH. The
parametrically pumped magnons are excited with qp⊥H
and fill a part of the isofrequency “resonance” surface
[Eq. (1)] [11,19,25]. It can be shown that nonlinear magnon
scattering causes their transfer from this parametric excita-
tion (PE) zonewith the frequencyωp=2 toward the frequency
well around ωmin [28]. Afterwards, thermalization of the
magnon occupation number distribution nðqÞ, local in phase
space, can lead to the BEC of magnons at q ¼ qmin [10].
There are two possible channels of the magnon transfer

toward ωmin. The first one is a step-by-step flux of nðqÞ [13]
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(Kolmogorov-Zakharov cascade) similar to the Richardson-
Kolmogorov cascade of the turbulent kinetic energy in
classical hydrodynamic turbulence [30]. The second channel
can arise from the KI process [17,18]. Here, a fusion of
two parametrically injected magnons withωðqpÞ ≈ ωðq0

pÞ ≈
ωp=2 leads to the creation of two secondarymagnons [a low-
frequency magnon with ωðqÞ ≳ ωmin and a high-frequency
magnon with ωðq0Þ ≃ ωp − ωmin] in the 2 ⇔ 2 scattering
process determined by the conservation laws

ωp ¼ ωðqpÞ þ ωðq0
pÞ ¼ ωðqÞ þ ωðq0Þ; ð2aÞ

qp þ q0
p ¼ qþ q0: ð2bÞ

These laws define the part of the resonance surface, or
KI zone, for which the KI process is allowed.
In contrast to the dynamical process of the parametric

instability, in which the strong phase correlation between

three waves (photon and two magnons) plays a crucial role,
the phase correlation between waves, involved in Eq. (2a)
is very weak [25]. As a result, the magnon evolution in the
KI process can be described in terms of their occupation
numbers nðqÞ in the framework of a kinetic equation [13,25]
(hence the name [22]).
Parametric magnons, participating in the KI processes,

cause a negative contribution γKI ¼ −AN 2
p < 0 to the

original positive damping frequency of the bottom mag-
nons γb, modifying their total damping frequency Γp ¼
γb − AN 2

p. Here N p is the magnon number in the KI zone
and A is a dimensional constant.
When N p exceeds a critical value N cr ¼

ffiffiffiffiffiffiffiffiffiffi

γb=A
p

, the
modified damping frequency Γb becomes negative [22] and
the number of the gaseous low-frequency, or “bottom,”
magnons Nb ∝ expð−ΓbtÞ grows exponentially. This phe-
nomenon, suggested theoretically and discovered exper-
imentally in Ref. [22], is inherent to systems of nonlinear
waves to the same extent as the parametric instability and
the Bose-Einstein condensation processes.
In the following, we compare the dynamics of the bottom

magnons for different values of the external static bias
magnetic field H, which determines the magnon frequency
ωðH;qÞ in such a way that the KI channel is either allowed
or forbidden by the conservation laws (2).
In our experiments, the magnons are injected in a 5.6-μm-

thick in-plane magnetized YIG film at a frequency of
ωp=2 ¼ 2π × 6.8 GHz by pulsed parametric pumping with
a pulse length of 1 μs, repetition time 200 μs, and a peak
power of 40 W. The time evolution of the magnon density is
studied at room temperature by frequency-, time-, and wave-
vector-resolved Brillouin light scattering (BLS) spectros-
copy [11,29,31,32] (cf. Fig. 1). The detected BLS signal is
proportional to the total numberNtot ¼ Nb þ Nc of gaseous
and condensed magnons in the vicinity of (ωmin, qmin).
To illustrate the processes of magnon transfer to the

bottom of the spectrum, we plot in Figs. 2(a)–2(c) the
magnon scattering diagrams, representing the KI processes
for three different values of H: (a) 1380, (b) 1700,
and (c) 2000 Oe. Figure 2(d) shows the intensity of the
BLS signals, which were collected from bottom magnons
during the action of the parametric pumping, together with
the threshold power of the parametric instability process,
as functions of H.
Increasing the magnetic field shifts the frequency spec-

trumupward, changing the topology of the resonance surface
ωðqÞ ¼ ωp=2, as shown in Figs. 2(a)–2(c) by brown lines.
At low H, it has almost elliptical shape [Fig. 2(a)], while at
high H it is close to an “∞” shape [Fig. 2(c)]. Different
topologies are delimited by Hcr ≈ 1700 Oe, corresponding
to the minimum of the spectrum for q⊥H.
The parametric instability threshold and the distribution

of parametric magnons on the resonance surface depend
on its topology [25,33]. The magnons with q⊥H have the
largest coupling to the pumping field. Such magnons are

FIG. 1. Schematic view of the experimental setup. Magnon
spectrum of a 5.6-μm-thick YIG film magnetized in plane by a
bias magnetic field H ¼ 1700 Oe shown for the wave vector q
perpendicular (left part) and parallel (right part) to the applied
field. The red arrow illustrates the process of parametric pumping.
Np ¼ total number of parametrically excited magnons at ωp=2;
Nc ¼ number of BEC magnons at ωc ¼ ωmin; Nb ¼ number of
gaseous magnons near ωmin and qmin; Ng ¼ number of magnons
in the parametrically overpopulated gas of magnons below ωp=2.
(Inset) Sketch of the experimental setup. By using a resonance
microstrip circuit, a pumping electromagnetic wave is delivered
to the YIG sample and conditions of parallel parametric pumping
are realized. The light inelastically scattered by magnons is
analyzed by a Fabry-Perot interferometer. Wave-number-selective
probing of magnons with wave vectors qkH is realized by varying
the incidence angle Θqk between the fieldH and the probing laser
beam [29].
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present on the resonance surface forH ≤ Hcr, but disappear
for H > Hcr. Accordingly, for H ≤ Hcr, the parametric
instability threshold for magnons with q⊥H [magenta
empty circles in Fig. 2(d)] is almost constant and low.
At high pumping powers, typical for our experiments,
parametrically excited magnons are spread over the reso-
nance surface around the q⊥H line [25,33] as illustrated by
chains of small magenta dots in Figs. 2(a) and 2(b).
For H > Hcr, the frequency ωp=2 lies below the magnon

branch q⊥H (cf. Fig. 1) and the strongest coupled magnons
are no longer present on the resonance surface. Therefore, the
conditions of parametric excitation essentially change [34].
As a result, the parametric instability threshold sharply
increases by about 6 dB, and the parametric magnons are
excited on the resonance surface ωðqÞ ¼ ωp=2 apart from
q⊥ [25].
The PE and KI zones cover different parts of the

resonance surface for different H. When these two zones
overlap, the magnon number in the KI zoneN p approaches
the total number of parametric magnons Np. If the KI
zone and the PE zone are well separated, N p ≪ Np. The
comparison of the distribution of KI zones, obtained by

detailed numerical analysis of Eqs. (1) and (2), with known
PE zones [25] for different values of H, indicate the
following. (i) KI and PE zones are well overlapping for
H < 1600 Oe, denoted as the kinetic instability field range
1 in Fig. 2(d), and for H > 1650 Oe, denoted as kinetic
instability field range 2. In both cases, we expectN p ≃ Np,
leading to high efficiency of the KI channel, as observed
[two broad maxima on the curve with blue squares in
Fig. 2(d)]. (ii) For intermediate values of H ≃Hcr, the KI
and PE zones are well separated. In this case, we expect that
N p ≪ Np and KI processes are either strongly suppressed
or forbidden, as it is evident from the deep minimum of
the BLS intensity curve. Note that in both KI field ranges
the number of BLS counts, which is proportional to
NtotðHÞ, is on the order of 103, while it does not exceed
300 counts for Hcr. Thus, we conclude that the KI channel
is at least an order of magnitude more efficient in the
transfer of parametrically exited magnons to the bottom
spectral area than the step-by-step Kolmogorov-Zakharov
cascade.
The coherent condensed state, formed from the low-

frequency magnons, may be evidenced by the detection

(a)

(d)

(b) (c)

FIG. 2. (a)–(c) Diagrams describing the KI processes at different bias magnetic fields. The resonance surface ωðH; qk; q⊥Þ ¼ ωp=2 of
pumped magnons is shown in each panel by brown solid lines. The isofrequency surface ωðH; qk; q⊥Þ ¼ ωp − ωmin is shown by blue
dashed lines. The BEC’s spectral position at ðωmin;qminÞ is indicated by the orange dot. The PE zones are marked by chains of magenta
dots. The large empty magenta circles indicate spectral positions of magnons excited at the threshold of parametric instability. The parts
of KI zones with qp ¼ q0

p, which mostly contribute to γKI, are denoted by green circles. The blue and red arrows illustrate the potentially
possible scattering processes of magnons with qp ¼ q0

p in the frequency band ωp=2� 2π × 50 MHz. (d) Measured BLS intensities of
scattered magnons (blue squares) in comparison with the threshold curve of the parametric instability process (magenta empty circles).
The shaded regions, in which KI processes are allowed by conservation laws, are marked as kinetic instability field range 1 and 2.
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of a magnon supercurrent excited by a local heating of the
YIG film [24]. Given the efficiency of the KI channel in
creating the overpopulated magnon gas at the bottom
frequency area, one can expect it to affect the properties
of both the BEC and the supercurrent. To study this
influence, we compare the free evolution of a magnon
BEC after the termination of the parametric pumping pulse
under different local heating conditions. To control the
heating, we use a pulsed laser focused onto the sample.
The sample is probed by the same laser light, synchronized
with the microwave pumping pulses [24]. The temperature
of the probing BLS point is changed by adjusting the
duration and the repetition rate of probing laser pulses.
The magnon decay dynamics is shown in Fig. 3 for

H ¼ 1380 Oe, corresponding to the KI field range 1,
and for H ¼ 1700 Oe, where KI is negligible. The main
differences in the initial stages of the BLS signal evolution

between these cases is the total number of bottom magnons
observed just before the termination of the pumping pulse:
Ntot ≃ 105 BLS counts with KI in Fig. 3(a) and Ntot ≃ 104

BLS counts without KI in Fig. 3(b). However, in the latter
case, the BLS signal additionally increases in the course
of the pumping-free evolution of the magnon system.
To understand this difference, we note that the cascade

process creates a gradually decreasing distribution of the
magnons between the resonance surface and the magnon
spectrum bottom. After the pumping pulse ends, these
magnons move to the minimum energy state by means of
nonlinear four-magnon scattering and form there a pro-
nounced delayed peak of the magnon gas density [11],
clearly visible in Fig. 3(b). In contrast, the KI process
strongly populates spectral states near ωmin already during
the pumping pulse, as it is observed by BLS. The following
redistribution of these magnons between the gaseous and
BEC states does not change Ntot and thus is not reflected
in the BLS dynamics.
Nevertheless, with or without KI, the heating of the

probing point by a probing laser pulse leads to an enhanced
signal decay at high magnon densities NtotðtÞ. This phe-
nomenon, understood as a supercurrent-related outflow of
condensed magnons from the heated probing spot [24],
serves as a signature of the spontaneously established
coherent magnon phase—the magnon BEC, independent
of the magnon transfer scenario [35]. Figures 3(a) and 3(b)
show that the supercurrent is not induced in experiments
with a space-homogeneous cold film (reduced repetition
rate, short laser pulse of 4 μs duration, blue lines), become
noticeable for moderate local heating (high repetition rate,
short laser pulse, green lines), and is pronounced for strong
heating (high repetition rate, long laser pulse of 24 μs
duration, red lines). At the later stage of the decay, when
the BEC already disappeared and no phase coherency can
be assumed in the magnon gas, the supercurrent vanishes
in all cases.
To further understand the observed density evolution, we

consider three groups of magnons: the magnon BEC group
NcðtÞ, the nearby bottom magnons group NbðtÞ, and the
gaseous magnons group NgðtÞ occupying the remaining
part of the ðω; qÞ plane (see Fig. 1). The density dynamics
of these magnons may be studied using the phenomeno-
logical model developed in Ref. [24]. The model uses the
same magnon relaxation frequencies γg ¼ γb ¼ γc for all
three groups, a phenomenological parameter Ncr represent-
ing the threshold of Bose-Einstein condensation, and a
supercurrent term describing the outflow of coherent
magnons from the hot spot with temperature T to the cold
part of the film with temperature T0. It is assumed that the
supercurrent is driven by a phase difference in the BEC
wave function, created by the thermally induced change
of the saturation magnetization that leads to a frequency
shift δωcðTÞ ¼ ωminðTÞ − ωminðT0Þ between the hot and
cold parts of the magnon condensate. In the current Letter,

(a)

(c) (d)

(b)

FIG. 3. Experimental and calculated dynamics of the total
number of the bottom magnons Ntot influenced by a local heating
of the YIG film. The BLS data are collected in a 150 MHz
frequency band near the bottom of the magnon spectrum for
different heating regimes in the first field range of kinetic
instability (a) and at the critical bias field H ¼ Hc (b). The
red, green, and blue curves represent strong, medium, and
negligibly small local heating, respectively. (c),(d) Theoretical
dependencies of the magnon densities, calculated taking into
account different temperature-dependent shifts δωcðTÞ of the
BEC frequency using the model from [24] with the initial
conditions corresponding to the cases with and without KI.
Note, that the measured BLS signals are proportional to Ntot. The
calculated curves were adjusted to give the same number of BLS
counts at the end of the pump pulse (t ¼ 0) as the experimental
signals. The quantities of BLS counts in this experiment
significantly exceed the numbers shown in Fig. 2(d) due to
much longer data acquisition time.
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the presence of the KI process is taken into account by a
tenfold increase of the initial density in the bottom magnons
group NbðtÞ in accordance with the experimental BLS
data shown in Fig. 3(a). The simulation results presented
in Figs. 3(c) and 3(d) clearly reproduce two distinct stages of
the NtotðtÞ evolution in the hot spot: a fast initial decay
followed by a slower gradual decrease. Therefore, we firmly
associate the enhancement of the initial decay, observed in
our KI experiments, with the temperature-induced super-
current of the magnon BEC [24].
To summarize, parametric pumping of magnons in YIG

films creates a magnon BEC in a wide range of bias
magnetic fields. At the same time, the formation of the
magnon condensate is significantly intensified when
kinetic instability processes are allowed. A narrow intense
peak in the population of stochastic magnons, created via
this process near the bottom of the magnon spectrum,
serves as an efficient precursor for the BEC formation.
Consequently, the resulting BEC state is denser by an order
of magnitude compared to the one created under conditions
when only Kolmogorov-Zakharov cascade spectral transfer
is allowed. The existence of the magnon condensate is
evidenced by our observation of a two-stage decay of a
BEC-related BLS signal after the termination of the para-
metric pumping. Furthermore, a magnon supercurrent,
responsible for this two-stage decay, is stronger in the
KI case. We assert that the KI process, being a general
physical phenomenon inherent for the systems of nonlinear
waves, may be found in overpopulated gases of bosonic
quasiparticles of a different nature, thus opening novel
directions of research.
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