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Evolution of room-temperature magnon gas: Toward a coherent Bose-Einstein condensate
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The appearance of spontaneous coherence is a fundamental feature of a Bose-Einstein condensate and an
essential requirement for possible applications of the condensates for data processing and quantum computing.
In the case of a magnon condensate in a magnetic crystal, such computing can be performed even at room
temperature. We study the process of the formation of a coherent magnon condensate by direct detection of
microwave radiation emitted by magnons in a parametrically driven yttrium iron garnet bulk sample of a special
shape. We show that after switching off the parametric pumping, the overpopulated magnon gas evolves to a
state, whose coherence is only limited by the natural magnon relaxation into the crystal lattice.
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The Bose-Einstein condensate (BEC) is a state of matter
encompassing a macroscopically large number of bosons that
occupy the lowest quantum state, demonstrating coherence
at macroscopic scales [1–5]. This phenomenon was observed
and investigated in atomic systems such as 4He, 3He (where
the role of bosons is played by Cooper pairs of fermionic
3He atoms), and in ultracold trapped atoms [6,7]. BECs were
also found in systems of bosonic quasiparticles such as po-
laritons [8] and excitons [9] in semiconductors, photons in
microcavities [10], as well as magnons in superfluid 3He [11]
and magnetic crystals [12–14].

The presence of macroscopic coherence is of fundamen-
tal importance for understanding the physical properties of
BECs, including exciting phenomena such as superconduc-
tivity and superfluidity. Furthermore, there is a range of
novel effects and applications that exploit the coherence
of macroscopic BEC wave functions [15–20], especially in
the rapidly developing field of quantum computing [17–20].
Unlike already demonstrated superconductor-based quantum
computers, which operate at temperatures around 20 μK [21],
BEC-based qubits can be implemented at significantly higher
temperatures. For instance, in ferrimagnetic yttrium iron gar-
net (Y3Fe5O12, YIG) crystals [22], a magnon BEC [12] and
supercurrents [23] are formed even at room temperature.

The magnon condensate is usually created in YIG by the
parametric pumping of magnons in an external microwave
electromagnetic field. In this process [24,25], external mi-
crowave photons of frequency ωp and wave number qp � 0
split into two magnons with the frequency ωm = ωp/2 and
wave vectors ±qm. They populate a gaseous magnon distri-
bution with internal interactions provided by the four-magnon
scattering processes 2⇔2. Eventually, the magnon gas ther-
malizes to the bottom of the frequency spectrum [26,27] and if
the applied pumping power exceeds a certain threshold, a BEC
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forms there [12]. In in-plane magnetized YIG films, magnons
condense at two equivalent frequency minima ωmin(±qBEC ).

The magnon BEC is conveniently studied by means of Bril-
louin light scattering (BLS) spectroscopy [12,13], delivering
information about the magnon spectral density distribution.
Unfortunately, due to the limited frequency resolution of the
optical Fabry-Pérot interferometers used in BLS facilities,
the coherence of a magnon BEC cannot be proven directly.
Due to the phase insensitivity of the BLS process, studies of
the BEC relaxation dynamics employing time-resolved BLS
spectroscopy fail to account for BEC dephasing. The insuf-
ficient frequency resolution makes it impossible to separate
the relaxation dynamics of condensed and thermal magnons.
Moreover, the possible outflow of the condensate from a
spatially localized probing light spot complicates the interpre-
tation of the obtained experimental results (see Ref. [28] and
the corresponding discussion in Ref. [29]).

Alternatively, magnon BEC coherence can be tested in-
directly by the observation of phenomena such as quantized
vorticity [30], supercurrents [23], Bogoliubov waves [31],
or Josephson oscillations [32], which are canonical features
of both atomic and quasiparticle quantum BECs. Our stud-
ies of some of these phenomena [23,31–34] have shown
that they occur only in a freely evolving magnon gas after
pumping is turned off. This takes place probably because the
intense pumping process prevents condensation by heating the
magnon gas [13] and mixing the magnon frequencies near the
bottom of their spectra [29]. The observation of these effects
indicates the presence of a time-dependent BEC coherence,
but leaves open the question about the degree of coherence.

Previous studies for the qualitative characterization of
BEC coherence were made using a novel high-resolution
magneto-optical Kerr-effect spectroscopy technique [35,36],
microwave spectroscopy of electromagnetic signals emitted at
the ferromagnetic resonance frequency due to the confluence
of bottom magnons with opposite wave vectors [37,38], and
by BLS observations of the interference of ±qBEC magnon
condensates [30]. They demonstrate a low modulation depth
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of the interference patterns [30], a rather broad frequency
spectral BEC line [37], and an increase in the BEC linewidth
when the pumping power exceeds the threshold of BEC
formation [36]. These results themselves are certainly
interesting and important. However, without additional data
on the temporal evolution of coherence, their interpretation is
difficult. In addition, in many previous works, both the pump-
ing of magnons and the observation and analysis of the BEC
state were performed during the pumping action. Although
this approach is, generally speaking, acceptable, one cannot
rule out perturbation of the BEC state by the pumping field. In
the scenario demonstrated here, the critical magnon density
required for the BEC formation is achieved by the application
of strong pumping pulses, which clearly perturb the BEC
state and, as a consequence, lead to a strong broadening
of its linewidth during pumping. In this case, the BEC is
formed after the pump pulse is turned off at the time of its
unperturbed decay.

The main goal of this Letter is to understand the time
evolution of the magnon gas toward a coherent BEC state.
By the direct measurement of microwave radiation from a
bulk YIG sample, we show that the frequency-broadband
emission spectrum, detected during the pumping action, trans-
forms after the end of pumping into a sharp spectral peak at
the lowest frequency of the magnon spectrum. This peak is
formed earlier and gets pronounced with increasing pumping
power and, consequently, with the density of parametrically
pumped magnons. This spontaneously arising state becomes
Lorentz shaped, and its width is consistent with the mag-
netic relaxation frequency into the YIG crystal lattice. The
appearance of this peak is associated with the formation of
the magnon BEC, whose coherence is, therefore, limited only
by the natural magnon decay.

The low-temperature magnon BEC and related effects
in helium were discovered and investigated employing the
inductive detection technique [11,39–45]. Also, a similar tech-
nique was utilized in recent studies of induction signals in
perpendicularly magnetized YIG films [46]. This is possible
because, in these cases, a homogeneous precession of the
magnetization is registered, which is strongly coupled with
the high-frequency electromagnetic field and, therefore, can
be easily detected by inductive antennas. In in-plane mag-
netized YIG films used in the previous room-temperature
BEC studies, the condensed magnons have a wavelength of
about a few micrometers and are thus weakly coupled to
the electromagnetic field, making them difficult to detect via
directly emitted radiation. The main idea of our experiment
is to use a YIG cuboid bulk sample to enhance this cou-
pling. The experimental setup is shown in Fig. 1(a). The YIG
sample sized 0.3 × 0.3 × 0.6 mm3 is magnetized along its
long side, which is oriented along the x coordinate axis. Due
to the demagnetization effect, the static magnetic field H (x)
inside such a sample [blue line in Fig. 1(b)] is smaller at its
edges than in the middle. For a slowly spatially varying mag-
netic field H (x), the magnon frequency may be considered as
an adiabatic invariant: ω[q(x), H (x)] = const, while the wave
vector becomes position dependent q → q(x) [47,48].

For the BEC magnons, this frequency is equal to the
frequency of the spectrum minimum ωmin in the central
part of the sample [marked by point A in Fig. 1(b)]:
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FIG. 1. (a) The experimental setup for microwave detection of
magnon dynamics. Different parts of the setup are color coded:
Orange denotes the pumping circuit, blue highlights the receiving
circuit, and red marks the test circuit. (b) Schematic representation
of the bulk BEC mode and one of the edge magnon modes in a
cuboid YIG sample. The monotonic blue line shows the profile of the
static magnetic field H within the YIG sample. Color points denote
three field values: A, deeply inside the sample; B, at the point near
the sample edge, where the bulk BEC mode becomes evanescent
with purely imaginary wave number; and C, at the sample edge.
(c) Schematic representation of magnon dispersion curves in the
middle of the sample (at point A) and near the edge (at point B). The
green, blue, and red signal intensity lines represent the microwave
power spectra from the YIG sample registered during 1 μs interval
before the end of pumping, and 2 and 4 μs after the pump pulse is
turned off, respectively.

ω[q(x), H (x)] = ωmin = ω(qmin, HA), providing a relation
between q(x) and H (x).

The bulk frequency spectrum ω(q, HA) is schematically
shown by the red line in the upper part of Fig. 1(c). As
one moves from point A to some point B near the sample
edge, the magnetic field decreases and the spectrum branch
ω[q(x), H (x)] is continuously shifted down. The spectrum
ω(q, HB) for the lower magnetic field at point B is schemati-
cally shown by the orange line in the lower part of Fig. 1(c).
Therefore, according to the equation for ωmin, the wave num-
ber q(x) of the BEC magnons with ω[q(x), H (x)] = ωmin

decreases towards the edges of the sample, reaching zero
value for x = xB as is indicated by the black dashed arrow in
Fig. 1(c). For x < xB, the bulk mode becomes evanescent with
a purely imaginary wave number. In the near-edge region,
between points B and C, only localized edge modes exist. A
small value of q(x) near point B, and, correspondingly, a large
wavelength of magnons, enhances the coupling of the magnon
BEC with the electromagnetic field.

The large volume of the sample and its cuboidal shape
make it possible to achieve the desired detection sensitiv-
ity using a simple inductive loop antenna placed around
the sample and connecting to the receiving circuit marked
in blue in Fig. 1(a). The fast microwave switch is used
to measure power-frequency radiation spectra Jrad(ω, t ) in
1-μs-long time windows shifted by 0.5 μs steps. The low-
pass filter protects the spectrum analyzer from a strong
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FIG. 2. Magnon radiation spectra Jrad(ω, t ) for two pumping powers Pp and μ0H = 115 mT. (a)–(c) The spectra are taken at consequent
moments of time before [green line in (a) and (c)] and after switching off the pumping power. The yellow and blue shading in (a)–(c) denotes
the frequency range: Yellow shading in (a) corresponds to the spectra shown in (b), and blue shading corresponds to the spectrum shown in the
inset in (b). The absorption spectrum Jabs(ω, t ) measured without pumping is shown in (a) and (c) by the red lines. The linewidth of bulk modes
near the bottom of the spectrum is slightly below 1 MHz. The inset in (c) shows the BEC’s spectral line normalized by its maximum value. A
Lorentz fit is shown by the black dashed line. (d) Time evolution of the signal bandwidth for different pumping powers Pp. The black dashed
line in (d) marks the mean value of the linewidth δωfin/(2π ) ≈ 0.85 MHz in the later stage of the BEC evolution. The inset demonstrates the
narrowing of the radiation spectrum of the freely evolving magnon gas with an increase of the pumping power Pp. The different delay times
are chosen to have approximately the same maximum magnitude for the three spectra shown.

pumping signal. Magnons are pumped by 6-μs-long pulses of
the electromagnetic field of frequency ωp = 2π · 7.68 GHz,
whose amplitude is enhanced by a dielectric resonator [see
Fig. 1(a), where the orange circuitry illustrates the pumping
circuit].

Consider first the structure of the eigenmodes of the cuboid
sample. Their absorption spectrum Jabs(ω, t ), measured by a
vector network analyzer and colored in red in Fig. 1(a), is
shown by the red line in Fig. 2(a). In the same figure, the
green line denotes the radiation spectrum Jrad(ω, t ) of the
sample measured during the last microsecond of pumping.
Above ω/(2π ) > 3.414 GHz, one can see a set of discrete
peaks, whose frequencies coincide [49] in both spectra [see
the thin vertical dashed lines in Fig. 1(a)]. They originate from
the bulk magnon modes, schematically shown on the magnon
dispersion branch A in Fig. 1(c). In an infinite sample, the
spectrum of such modes is continuous. However, in the finite
sample, only a discrete set of wave numbers qn is allowed. In
the simple case of a longitudinally magnetized bar of length L,
the periodic boundary conditions dictate qn = 2πn/L. They
are illustrated in Fig. 1(c) by gray dotted vertical lines.
The corresponding “allowed” values of ω = ωn = ω(qn) are
shown by open dots and horizontal gray lines. Larger values
of ω(qn) correspond to smaller qn, which are better coupled
with the inductive loop. This explains why the peaks at higher
frequencies are more pronounced in Fig. 2(a). Furthermore,
the peak positions become closer as ω approaches ωmin from

above. This behavior is well reproduced by the spectra in
Fig. 2(a), where ωmin/(2π ) = 3.414 GHz.

The part of the spectra at ω < ωmin originates from the
modes localized near the sample edges. Indeed, the decreasing
intrinsic magnetic field [blue line in Fig. 1(b)] between B and
the edge of the sample serves as a potential well. In this well,
there exists a discrete set of magnon states having a relatively
large characteristic scale. These edge modes are well coupled
with the electromagnetic field around the sample and there-
fore are affected by additional radiation damping. Since the
additional damping results in a low quality factor of these
modes, their discrete structure is hardly visible in the radiation
spectrum. For the same reason, these modes practically do
not contribute to the absorption spectrum. Note also that the
actual positions of the peaks in Fig. 2(a) are not so regular as
expected from the one-dimensional model. In a finite sample
of a general shape, the role of “allowed” ωn is played by the
frequencies of so-called Walker modes in a cuboid, which may
be not equidistant [50,51].

Consider now the evolution of the radiation spectrum
Jrad(ω, t ) at a sufficiently strong pump power Pp = 26.0 dB
above the threshold of the parametric instability. During the
pumping, it extends from 2.8 to 4 GHz as is indicated by the
green line in Fig. 2(a). The main radiation power is located in
the 80 MHz band around ωmin. Such a large width is caused
by intensive shaking of the entire magnon frequency spectra
by a powerful microwave pumping field. For instance, for
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Pp = 26.0 dB, the amplitude of the microwave pumping field
hp applied parallel to the bias magnetic field H is estimated to
be about 23 Oe. As a result, the magnon frequency spectrum
moves up and down in the range of ±65 MHz, which is close
to the radiation spectrum width.

After switching off the pumping power, the shaking of the
magnon frequencies ceases and the spectrum width quickly
decreases as seen in Figs. 2(a) and 2(b). The edge modes with
ω < ωmin uniformly decay within the first 2 μs, likely due to
effective radiation damping. The evolution of the bulk modes
with ω � ωmin is more complicated. The most intense peaks
in the initial spectrum are strongly decreased already within
a time interval of 0.5 μs, especially at frequencies, for which
the radiation damping is most efficient. Another reason for the
spectrum narrowing is the redistribution of magnons towards
modes with ω � ωmin during the BEC formation.

In Fig. 2(b), we show details of the further evolution of
Jrad(ω, t ). Here, we plot the spectra for more narrow frequency
intervals, colored in Fig. 2(a) by yellow and blue shading, re-
spectively. The width of the spectra measured with time delays
td = (2–4) μs decreases further [see Fig. 2(b)], confirming
the process of gathering the magnons toward the BEC state at
ω = ωmin. Over time, the spectra evolve into a single spectral
line of Lorentzian shape, as shown in the inset in Fig. 2(b).

The situation develops differently at lower pumping pow-
ers [see Fig. 2(c) for Pp = 20.5 dB]. The shown spectra have
the same structure of the bulk and edge modes as in Fig. 2(a).
However, no BEC formation occurs at the bottom of the bulk
modes’ frequency spectrum within the interval indicated by
the blue shading.

To quantify the radiation spectra, we investigate their band-
width δω [52]. Its evolution for different Pp from 20.5 to
26.5 dB is shown in Fig. 2(d). After the pumping is turned
off, δω decreases monotonically due to the Bose-Einstein con-
densation process. This process is dominated by four-magnon
scattering processes with a rate proportional to N2 [25,27],
where N is the number of bottom magnons. Increasing N at
larger Pp leads to more efficient magnon gathering toward
ωmin and a faster decrease in δω. This narrowing has a thresh-
old character and occurs when the pumping power increases
from 22.5 to 24 dB. We consider this as evidence of magnon
condensate formation at Pp � 24 dB.

The inset in Fig. 2(d) presents Jrad(ω, t ) spectra measured
near the detection limit of the experimental setup for two low
pumping powers of Pp = 23.0 and 23.5 dB, and for the highest
value of Pp = 26.5 dB. Being rather weak, they correspond
to the final stages of the evolution of the magnon system at
the bottom of their spectrum, when no nonlinear scattering is
expected and both condensed and gaseous magnons linearly
decay to the thermal phonon bath. However, the structure of
these residual spectra is determined by the previous processes
of nonlinear four-magnon scattering and BEC formation. For
weaker pumping, the spectral line at ωmin is surrounded by a
distribution of relatively strongly populated magnon modes,
which demonstrate a clear comblike structure at frequencies
above ωmin. Increasing pumping power leads to the depop-
ulation of all these modes due to magnon gathering toward
the dense BEC. As a result, only the spectral line related to
the magnon condensate remains in the spectrum. A similar

long-living BEC on the ground energy level was reported in
3He [42] and understood as a magnon time crystal [45].

Probably the most important evidence for full coherency, as
shown in Fig. 2, is that at later times (say, for td > 2.5 μs) the
exponentially decaying residual spectra for Pp � 24 dB have
a Lorentzian shape with the bandwidth δω approaching the
value of about δωfin/(2π ) � 0.85 MHz, almost independent
of Pp.

Concluding the discussion of Fig. 2(d), we note that one
has to distinguish between (i) the moment when the coherent
component appears in the magnon gas and (ii) the state in
which most of the magnons near the bottom of the spin-
wave spectrum are already condensed. We interpret the sharp
narrowing of the magnon spectrum immediately after the
pumping termination [see, e.g., the red line corresponding to
26.5 dB in Fig. 2(d)] as evidence that the first stage occurs
in a time interval noticeably shorter than 1 μs. The second
stage is reached in the time interval from 1.0 to 2.5 μs, as seen
from the BEC linewidth’s approximate saturation for times td
after this characteristic time interval. The further narrowing
is caused by a decrease in the gaseous magnons’ density in
the BEC vicinity, which leads to a smaller disturbance in the
lowest energy level bandwidth.

Thus, the magnon system evolving toward BEC reaches
full coherence, with the width of the magnon radiation spec-
trum decreasing by more than two orders of magnitude. The
residual bandwidth is mainly determined by the lifetime of
magnons, as expected for a fully coherent BEC consisting of
a single magnon state. We believe that this thorough analysis
of the temporal evolution of the overpopulated magnon gas
toward a fully coherent magnon BEC in its unperturbed state
represents an important step forward in understanding the
behavior of the magnon condensate. Moreover, our results
show that further increasing the applied power does not lead
to a loss of coherence of the BEC state, demonstrating the
stability of this state at higher pumping levels. This allows
high densities of this coherent state, resulting in easily de-
tectable high amplitude signals, bringing the realization of
room-temperature BEC-based computations closer.

Moreover, we show that the magnon BEC coupling with
dynamic stray fields outside the sample is enabled by a proper
choice of the sample shape giving direct spectroscopic access
to the BEC. Such an approach can function as a convenient
tool for integrating magnetic quantum systems into electrical
environments. It opens a way to control the magnon conden-
sate’s characteristics by the resonant excitation of neighboring
magnon modes, particularly to obtain a long-lived condensate
after the pumping pulse. This control should also help to better
elucidate the fundamental problem of the smooth fusion of
classical physics with quantum mechanics by investigating the
limitations and decay of quantum coherence in mesoscopic
condensed systems.
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