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The thermalization of parametrically pumped magnons caused by nonlinear multimagnon scattering
processes and leading to the magnon Bose-Einstein condensation is investigated experimentally with high
temporal resolution. The threshold pumping power necessary for the thermalization is determined. For
pumping powers above this threshold the thermalization time has been found to decrease rapidly with
power reaching the value down to 50 ns, which is much smaller than the magnon lifetime.
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The relaxation of elementary magnetic excitations—
magnons—in magnetically ordered substances has been
intensively studied since the observation of ferromagnetic
resonance (see, e.g., [1] and chapters 12–14 in [2]). Recent
discoveries of precessional switching [3] and the spin-
torque effects of a dc current [4] initiated an additional
interest to the problem supported by possible applications
of these new effects in the magnetic information storage
technology.

Despite a large number of publications on the topic, the
main part of the experimental data on the magnon relaxa-
tion is related only to the properties of primary magnons
created in linear ferromagnetic resonance (FMR) or para-
metric pumping (see, e.g., [2]). In these experiments the
information about the primary magnon relaxation was
extracted from the FMR linewidth or from the threshold
of parametric excitation. The secondary magnons, created
as products of magnon-magnon relaxation of the primary
magnons, were either not considered at all, or were con-
sidered as a thermal bath characterized by a given tem-
perature and by the zero chemical potential [5].

The development of the space- and time-resolved
Brillouin light scattering technique for thin magnetic film
samples [6] brought an opportunity for direct studies of
multimagnon relaxation processes in a dense gas of sec-
ondary parametric magnons. In particular, recent experi-
ments [7] have demonstrated that the relaxation processes
in the system of secondary parametric magnons can change
the thermodynamic properties of the magnon gas in such a
way that the gas undergoes Bose-Einstein condensation
(BEC). For this fundamental quantum transition thermal-
ization of the secondary magnons apparently plays a criti-
cal role.

In this Letter we report on the experimental study of the
thermalization processes of parametrically excited mag-
nons, their influence on the entire gas of magnons, and the

onset of Bose-Einstein condensation. Our experiments,
being performed with the high temporal resolution, al-
lowed us to observe directly how the primary magnons
created by parametric pumping relax, and how the second-
ary magnons created in this nonlinear relaxation process
redistribute over the magnon spectrum.

Bose-Einstein condensation of quasiparticles such as
excitons, biexcitons, polaritons, phonons, and magnons
has recently attracted enormous attention (see, e.g., [7–
19]). One of the main advantages of quasiparticles (in
comparison with atoms) is their small mass, which results
in BEC of quasiparticles at relatively high temperatures.
Observation of BEC in a gas of magnons [7] has shown that
a phase transition to a condensate can even be achieved
at room temperature if the density of magnons is high
enough. At the same time, the possibility of Bose-
Einstein condensation of quasiparticles in the thermody-
namic sense is not evident [20] since quasiparticles are
characterized by a finite lifetime, which is often compa-
rable to the time a system needs to reach thermal equilib-
rium. Therefore, the study of the thermalization processes
for a gas of quasiparticles is of a special importance for the
clear understanding of the phase transition observed in [7].

In this Letter we show that the thermalization of mag-
nons represents the gradual population of magnon states
with progressively decreasing frequencies, starting from
the states close to the frequency of the primary pumped
magnons and ending with the state at the bottom of the
magnon spectrum where BEC of magnons takes place [7].
This fact clearly shows that the relaxation of primary
magnons into the magnons with smaller energies happens
through the multiple magnon-magnon scattering events,
and, therefore, the magnons reaching the bottom of the
spectrum lose the initial phase coherence, which might be
introduced by the external pumping source. In addition, we
clearly demonstrate that the speed of the thermalization
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depends on the density of the injected magnons, i.e., on the
pumping power. We show that with the increasing pumping
power the thermalization time decreases quickly and
reaches a value of about 50 ns. This gives a clear evidence
of the applicability of the approach of the thermodynamic
quasiequilibrium used in [7].

In our experiments we used a 2� 2 mm2 square sample
made of an epitaxial film of yttrium iron garnet (YIG) with
the thickness of 5 �m. The sample was placed into a
uniform in-plane static magnetic field. The parametric
pumping was realized by means of a microstrip resonator
with a width of 25 �m attached to the YIG sample along
its middle line. The pumping was performed with micro-
wave pulses of the 1 �s duration with the repetition period
of 11 �s at the carrier frequency of fP � 8:037 GHz,
causing injection of parametric primary magnons at the
frequency of fP=2 � 4:018 GHz. The peak power of the
pumping pulses was varied from 0.1 to 1.3 W. The redis-
tribution of magnons over the spectrum was studied with a
temporal resolution of 10 ns using the time-resolved
Brillouin light scattering (BLS) spectroscopy in the quasi-
backward scattering geometry [6]. This technique allows
one to measure the frequency spectrum of magnons having
wave vectors in the range of k � �2� 105 cm�1 with the
minimum frequency resolution of 50 MHz [7]. The experi-
ments were performed at room temperature.

Figure 1 shows the low-energy part of the magnon
spectrum in an in-plane magnetized ferromagnetic film
calculated for the parameters of the used YIG film and
the magnetic field of H � 700 Oe. The solid lines repre-
sent the dispersion curves for the two limiting cases of
magnons with wave vectors k oriented parallel (the so-
called backward volume waves) or perpendicularly (the so-
called surface waves) to the static magnetic field H as

indicated in the Fig. 1. Both curves merge for k � 0 at
the frequency of the uniform FMR f? � 3:66 GHz. The
magnon states for intermediate angles fill the manifold
between these two boundaries. As seen from Fig. 1, the
manifold is characterized by a nonzero minimum fre-
quency fMin corresponding to a nonzero wave vector
kMin aligned parallel to the static magnetic field. For our
experimental conditions they were fMin � 2:1 GHz and
kMin � 5� 104 cm�1, respectively. The primary magnons
created by parametric pumping at a frequency of fP=2 are
distributed over the states with different k as shown in
Fig. 1 by the dashed line.

In high-quality epitaxial YIG films the main mechanism
responsible for the energy transfer out of the magnon
system is the spin-lattice (magnon-phonon) interaction,
which determines the typical magnon lifetime of 1 �s
(see, e.g., Chap. 12 in [1]). The main processes of energy
redistribution within the magnon system are the two- and
four-magnon scattering processes (see Chap. 11 in [1]).
These magnon-magnon relaxation processes lead to the
spreading of injected magnons over the phase space, while
keeping the number of interacting magnons in the system
constant. If the magnon-magnon scattering mechanisms
preserving the number of magnons are much faster than
spin-lattice relaxation, the pumping creates a magnon gas
characterized by a quasiequilibrium distribution of mag-
nons over frequency (energy) spectrum.

The evolution of the magnon distribution under the
influence of parametric pumping for the pumping power
of 0.7 W and the static magnetic field of H � 700 Oe is
shown in Fig. 2. This figure represents the BLS spectra
accumulated for different delay times after the start of the
pumping pulse. Note here, that the BLS intensity at a given
frequency is proportional to the reduced density of mag-
nons at this frequency [21], which is equal to the product of
the occupation function and the reduced spectral density of
magnon states. The later is obtained by integration of the
magnon states over the wave vector interval accessible in
the BLS experiment (jkj< 2� 105 cm�1).

Figure 2(a) shows the reference BLS spectrum of ther-
mally excited magnons accumulated without pumping.
These magnons are at the thermal equilibrium with the
crystalline lattice. They are excited and annihilated due to
the interaction between the spin-system and the lattice, and
their total number is defined by the temperature of the later.
Consequently, this gas of magnons is described by the
statistical Bose occupation function with zero chemical
potential. As seen from Fig. 2(a), the BLS spectrum is
limited in frequency. The low-frequency limit corresponds
to the minimum magnon frequency fMin, whereas the
upper-frequency limit is due to the lack of sensitivity of
the experimental setup to the magnons with large wave-
vectors (jkj> 2� 105 cm�1).

When the pumping is turned on additional parametric
magnons are injected into the system, as illustrated by
Fig. 2(b) where the BLS spectrum corresponding to the
delay time � � 30 ns after the start of the pumping pulse is
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FIG. 1 (color online). Dispersion spectrum of magnons in an
in-plane magnetized YIG film placed into the static magnetic
field of H � 700 Oe. The two solid lines show the upper and the
lower boundaries of the spectrum corresponding to the cases of
magnons with wave vectors k being perpendicular and parallel
to the static magnetic field H. f? is the frequency of the uniform
ferromagnetic resonance, fMin is the minimum frequency of
magnons at kMin, and fP=2 is one half of the pumping frequency
corresponding to the frequency of primary injected magnons.
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shown. In the same figure the BLS spectrum of thermally
excited magnons is shown for comparison as well. As seen
from Fig. 2(b), in the early pumping stage the occupation
function of magnons in the low-frequency range is not
affected. On the contrary, the magnon density rises signifi-
cantly at a frequency of about 4 GHz corresponding to the
half of the pumping frequency and at the FMR frequency
f? � 3:4 GHz. The further evolution of the magnon dis-
tribution is presented in Fig. 2(c). The figure shows that the
magnon density close to f? grows quickly and then satu-
rates at about 60 ns after the start of the pumping pulse. In
parallel, the density of magnons at lower frequencies starts
to grow as well. Note, however, that for the lower frequen-
cies the growth of the magnon population is slower and the
saturation happens at larger delays. The observed process
can be understood as a gradual occupation of magnon
states starting from the frequency of primary magnons
towards the minimum magnon frequency. This means
that the increase in the population at the bottom of the
spectrum takes place through the multiple inelastic scat-
tering events. Thus, a very important intermediate conclu-
sion can be made at this point: since the magnons close to
the bottom of the spectrum are created through a series of

multiple scattering events not conserving the phase of
individual magnons, any coherency observed in the gas
of magnons at the bottom of the spectrum must be a
spontaneous one.

To determine the thermalization time in the system of
secondary parametric magnons we calculated the ratio of
the magnon spectra experimentally measured at different
delay times after the start of the pumping pulse to the
spectrum of thermal magnons measured without pumping.
This ratio representing the occupation function of pumped
magnons normalized by the occupation function of thermal
magnons is plotted in Fig. 3; curves presented in Fig. 3 are
normalized to unity at fMin. The figure clearly illustrates an
overpopulation of high-frequency magnon states at small
delay times, � � 30–70 ns. This overpopulation, however,
decreases with time and the ratio corresponding to � �
230 ns is almost constant. This fact means that the magnon
distribution over frequencies at � � 230 ns is described by
an equilibrium statistical occupation function with the zero
chemical potential. Therefore, the time of 230 ns can be
considered as the thermalization time at a given pumping
power of 0.7 W.

For further illustration of the magnon dynamics the
temporal dependences of the BLS intensity at two charac-
teristic frequencies are shown in Fig. 4. The Figure shows
that the occupation at the frequency of 3.4 GHz, which is
far from the bottom of the spectrum, grows quickly and
saturates at about 60 ns, whereas the growth of the occu-
pation at the frequency fMin clearly demonstrates two
stages. In the first stage lasting about 230 ns, the occupa-
tion grows relatively fast and then saturates. This stage
corresponds to the thermalization process in the magnon
gas. After the thermalization is achieved a second stage
characterized by a quasiadiabatic increase of the chemical
potential in the thermalized magnon gas due to the growth
of the total magnon density caused by the pumping starts
[7].

For pumping powers smaller than 0.7 W a stationary
nonthermalized distribution defined by the energy flow

FIG. 3 (color online). The ratio between BLS spectra of
pumped magnons to the BLS spectrum of thermally excited
magnons at different delays with respect to the start of the
pumping pulse. The experimental conditions are the same as
for Fig. 2.

FIG. 2 (color online). The redistribution of magnons over
frequencies for pumping power of 0.7 W and the static magnetic
field of H � 700 Oe measured by means of time-resolved BLS.
Shown are the frequency dependences of BLS intensity I, which
is proportional to the spectral density of magnons. (a) the BLS
spectrum measured without pumping, i.e., the spectrum of
magnons at the thermal equilibrium with the crystalline lattice.
(b)–(c) the BLS spectra measured after the pumping is turned on
at delays with respect to the start of the pumping pulse as
indicated.
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equilibrium between the pumping and the spin-lattice re-
laxation is created instead of thermalization. This is ex-
plained by the fact that the intensity of the four-magnon
scattering process, which is mainly responsible for the
magnon thermalization, depends on the magnon density.
For relatively small pumping powers (small magnon den-
sities) the thermalization time in the magnon system is
comparable to (or larger than) the magnon lifetime, and the
main part of the injected magnons annihilate before they
reach the bottom of the spectrum. The thermalization time
rapidly decreases with power for pumping powers larger
than the threshold value of 0.7 W, as illustrated by Fig. 5.
As seen from the figure, the thermalization time ap-
proaches a value of about 50 ns at the pumping power of
1.3 W, which is much smaller than the lifetime of magnons
in YIG films due to the spin-lattice interaction.

Figure 5 also shows BLS intensities at fMin and far from
it (at 3.4 GHz) versus the pumping power obtained at the
delay time of 1 �s corresponding to the end of the pump-
ing pulse. As seen from Fig. 5, the limit density of magnons
far from fMin grows with increasing pumping power and
saturates at the power of 0.7 W, which represents the onset
of the thermalization, as discussed above. On the contrary,
the limit magnon density at the bottom of the spectrum
experiences a strong increase above this power (note differ-
ent scales for both values in Fig. 5). This result gives
further support to the conclusion that as soon as the ther-
malization in the magnon gas is achieved, its chemical
potential starts to grow, and the magnon occupation
changes mainly at the frequencies that are close to the
bottom of the spectrum.

In conclusion, we report on the experimental investiga-
tions of thermalization in a parametrically driven gas of
magnons. The obtained results clearly show that the ther-
malization of magnons injected by means of parametric
pumping occurs in a series of multiple scattering events not
conserving the phase of individual magnons. Therefore,
magnons in the prepared gas are incoherent, despite the

fact that the gas is driven by a coherent external electro-
magnetic signal.
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FIG. 4 (color online). The temporal dependences of the BLS
intensity at two characteristic frequencies: the minimum magnon
frequency fMin � 2:1 GHz and the frequency of 3.4 GHz, which
is far from the bottom of the magnon spectrum.

FIG. 5 (color online). Circles—dependences of the magnon
densities at the characteristic frequencies fMin and 3.4 GHz on
the pumping power. Squares—thermalization time for pumping
powers above the thermalization threshold Pth � 0:7 W.
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