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Parameters of the transition from classical dynamics of spin waves to the formation of a coherent magnon
Bose—Einstein condensate have been obtained experimentally for the first time. The studies are performed
on an yttrium iron garnet film beyond the radio frequency excitation region; thus, the coherent state of mag-
nons is an eigenstate rather than a state induced by an external radio frequency field. The critical magnon
density at the formation of the Bose—Einstein condensate is in good agreement with a theoretically predicted
value. The transition is obtained at room temperature, which is possible owing to a small mass of magnons

and their high density.
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The formation of the coherent quantum state of
matter, which is a new aggregate state, is mainly deter-
mined by Bose—Einstein condensation. This state
manifests itself in quantum phenomena such as super-
conductivity of electrons and superfluidity of atoms.
Bose—Einstein condensation was directly observed in
a rarefied gas of atoms [1, 2] and photons [3—5]. In
addition to particles themselves, quasiparticles such as
magnons [6], phonons [7], rotons [8], excitons [9],
polaritons [10], and coupled exciton—polariton states
[11] can also form macroscopic quantum states.
Under conditions of Bose—Einstein condensation, a
macroscopic number of quasiparticles are in a single
quantum state. It arises if a sufficient number of non-
equilibrium quasiparticles are excited, and its charac-
teristics are determined by the well-known Bose—Ein-
stein condensation formula

w2 (N on
Tope = Kg—| — , Kg=——"——
BEC OkB (Vsj 0 3 2/3
CE

where Ty is the critical temperature of Bose—Ein-
stein condensation; m and N/V, are the mass and
number density of quasiparticles, respectively; 7 is the
reduced Planck constant; kg is the Boltzmann con-
stant; and ( is the Riemann zeta function.

The formation of the Bose—Einstein condensate
(BEC) of magnons (mBEC), which are excitation
quasiparticles in a magnetically ordered system, was
first discovered in 1984 in antiferromagnetic super-

~ 3.31, (1)

fluid 3He-B [6, 12—14]. It was revealed by the sponta-
neous restoration of the coherence of magnons after
their pulsed excitation and initial dephasing in an
inhomogeneous magnetic field [15, 16]. A specific
feature of the formation of the magnon coherent state
in 3He-B is a peculiar mechanism of spatial redistribu-
tion of spins due to the superfluid counterflow of
superfluid components with opposite magnetization.
Specifically this mechanism led to the formation of a
domain with uniform precession [17, 18].

However, this mechanism is absent in most other
cases of the formation of the Bose—Einstein conden-
sate when condition (1) is satisfied (in particular, the
mBEC in solids under consideration). In this case, the
coherent state of magnons is provided by their interac-
tion with each other. In this paper, we consider the for-
mation of the BEC of stationary magnons with k£ = 0,
which is similar in many respects to the formation of
an atomic BEC. Under some experimental conditions,
propagating magnons with nonzero k have a lower
energy than magnons at rest. Here, coherent effects
are also observed [19] but they are beyond the scope of
this study because of the specificity of this case.

The magnon BEC at £ = 0 was found in systems
with coupled nuclear—electron precession in some
antiferromagnets [20—22]. In particular, the suppres-
sion of spin—spin relaxation 72 during the formation
of the magnon Bose—Einstein condensate was found
in these systems. It was revealed that the duration of
the induction signal from the magnon BEC is an order
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of magnitude longer than that expected from the 77
value obtained by the spin-echo method. This effect
also explains the results presented in this paper below.

A real breakthrough was achieved with the discov-
ery of the mBEC in yttrium iron garnet (YIG) films at
room temperature [23, 24]. Magnons in YIG films
magnetized perpendicular to the sample plane have
the minimum energy at zero wave vector k and are
characterized by repulsive interactions, as in *He-B.
Therefore, the mBEC is formed by steady-state mag-
nons, as in the atomic BEC. Further on, we refer to it
as the atomic-type mBEC.

Since magnons are quasiparticles in magnetically
ordered systems, their equilibrium density is deter-
mined by the temperature of the system. Note that this
density is always lower than the magnon density
required for Bose—Einstein condensation. However,
the magnon density can be increased significantly by
the excitation of nonequilibrium magnons. The criti-
cal magnon density for magnon Bose—Einstein con-
densation in different systems can be calculated from
the parameters of the magnon spectrum. For example,
for the system under consideration (the YIG film
magnetized perpendicular to the surface), the critical
magnon density corresponds to the dynamic deviation
of the magnetization by an angle of 2.5° [25].

In a system of nonequilibrium magnons, a change

in the projection &, of the total spin on the direction
of the external magnetic field plays the role of the par-
ticle density N'. The excitation of nonequilibrium
magnons leads to a decrease in the longitudinal mag-
netization ¥, of the system by a value proportional to
1 — cosf, where B is the angle of dynamic deviation of
the equilibrium magnetization [26, 27]. The interac-
tion between magnons shifts the precession frequency
away from the Larmor frequency by Am, which deter-
mines the coherence length and the critical velocity of
the superfluid magnon flow [26, 27].

A significant advantage of magnon superfluidity is
that the superfluid state with the deviated and precess-
ing magnetization is the ground state of the system at
a given magnon density. Therefore, it can be steadily
kept by replacing the evaporating magnons using
external pump. Note that new excited magnons are
created in the state of the existing Bose—Einstein con-
densate [28]. Moreover, the pump radio frequency
determines the chemical potential and the corre-
sponding density of nonequilibrium magnons [6, 29].
As a result, the magnon density is determined by the
difference between the Larmor frequency and the
pump radio frequency and independent of the radio-
frequency field amplitude, which directly contradicts
the intuitive approach of some researchers [30, 31].
The magnon density in the condensate can be changed
by varying the frequency (or magnetic field) at a fixed
radio frequency pump [32].
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The distribution and dynamics of magnons in YIG
films are generally investigated using the effect of Bril-
louin scattering. It is widely applied to study the Bose—
Einstein condensation of magnons in in-plane mag-
netized films [19, 33]. In this case, parametrically
excited spin waves are concentrated at the minimum
energy corresponding to magnons with nonzero wave
vector k. Note also that the magnon Bose—Einstein
condensation was also found in this geometry for mag-
nons at k£ = 0 at resonant excitation [34].

However, the method of Brillouin scattering is not
applicable to study magnons with zero k. An optical
setup developed at the Russian Quantum Center
makes it possible to investigate the spatial distribution
of the density and phase of the magnetization preces-
sion for magnons with zero k. This setup uses the Far-
aday rotation of the polarization of light interacting
with the transverse component of the precessing mag-
netization. This setup was designed to study the pro-
cesses of magnon Bose—Einstein condensation in per-
pendicularly magnetized YIG films. The setup and its
characteristics were described in detail in [35, 36].

Using this setup, we thoroughly studied the spatial
distribution of the precessing magnetization at weak
and strong excitations of magnons as a function of the
external magnetic field [37]. Two modes of the mag-
non distribution were experimentally obtained: the
spin wave mode and the coherent precession mode
corresponding to magnon Bose—Einstein condensa-
tion. The experiments were carried out on a 6-um-
thick YIG film in the form of a 4.5 X 1.5 mm ellipse
magnetized perpendicular to the plane. The magnetic
resonance was excited using a strip line 0.2 mm wide
oriented perpendicular to the major axis of the sample.
It was demonstrated that the precessing magnetization
at a relatively low pump power deviates significantly
only in the excitation region corresponding to the
position of the strip line. Spin waves transmitting the
excitation beyond this region were also observed.

The distribution of the precessing magnetization
changed radically with an increase in the pump power
to 6 mW. In a wide range of fields, we obtained the
spatially uniform amplitude and phase of the preces-
sion throughout the sample, except for the excitation
region where the signal is characterized by a larger
amplitude and a deviated phase. This state can be
identified as the magnon Bose—Einstein condensate.

We also performed a computer simulation of the
experimental conditions using the MuMax® micro-
magnetic simulation package [38], which yielded a
close fit to the experimental results at a pump power of
0.05 mW, when spin waves propagating from the exci-
tation region are formed. However, within the semi-
classical calculation based on the Landau—Lifshitz—
Gilbert equations, we could not obtain the coherent
precession state beyond the excitation region under
varying both the pump power and the physical param-
eters of the YIG film in wide ranges [37]. Thus, we
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Fig. 1. (Color online) Amplitude distribution of the mag-
netization precession signal over the sample under varying
the pump power in the excitation strip located in the mid-
dle of the sample.

may conclude that the observed coherent state of mag-
nons is beyond the applicability limits of the semiclas-
sical approximation in this case.

The discussion of the results obtained in [37] raises
the question of the conditions for the transition from
the spin-wave dynamics to the formation of the mag-
non Bose—Einstein condensate. In this paper, we
report the results of the related experiment. We per-
formed these investigations using the same sample as
in [37]. The excitation strip was placed at the center of
the sample (an ordinate of 2.5 in Figs. 1 and 2). The
experiment was carried out at a fixed field strength
reduced by 3 Oe from the Larmor resonance field at
this frequency. Figure 1 shows the amplitude of devia-
tion of the precessing magnetization in a magnetic disk
with a change in the pump power. In the weak-exci-
tation limit, one can see that the magnetization devi-
ates significantly only in the excitation region. Beyond
the excitation region, the deviation is about 2° or less
(except for a small local region near the excitation
strip). With an increase in the pump power to 1.6 mW,
the amplitude of the magnetization precession
increases in a threshold manner in the region above
the excitation region; at a power of 2.5 mW, it also
increases below the excitation region. In both regions,
the precession angle exceeds 5° in a threshold way. We
may conclude that mBEC regions were formed at this
power. Note that magnon dissipation processes were
significantly weakened (as previously shown for anti-
ferromagnets), which leads to a stepwise increase in
the precession amplitude. The precession deviation
angle barely changes with an increase in the pump
power because the magnon density in the BEC is
determined by the frequency difference rather than by
the pump power. This effect is another evidence of the
mBEC formation.

The most interesting results are shown in Fig. 2,
which presents the precession phase distribution upon

Fig. 2. (Color online) Phase distribution of the magnetiza-
tion precession signal over the sample under varying the
pump power. The formation of spin waves at low pump
powers and coherent precession at high pump powers can
be seen.

variation in the pump power. The formation of spin
waves at a low pump power can be clearly seen. When
the pump power exceeds 1.6 mW, spin waves disappear
above the excitation region, and the magnetization
precession becomes coherent. In this case, the magne-
tization deviation angle and, thereby, the magnon
density increase to a value above 3°. The same process
occurs in the lower part of the sample with an increase
in the pump power above 2.5 mW. Thus, one can
directly observe the formation of the coherent state of
the magnetization precession corresponding to the
magnon Bose—Einstein condensate.

Note that the precession phase changes sharply
from about 90° in the excitation region to —90°
beyond this region. In addition, the phase rotation
direction beyond the excitation region becomes asym-
metric. This effect requires further investigation.

Thus, we experimentally observed the transition of
the magnetization precession beyond the excitation
region from the spin wave mode to the coherent pre-
cession mode, when the magnon density exceeded the
critical value for the formation of the magnon BEC
(theoretically predicted at a magnetization deviation
angle of 2.5°). A natural condition for the mBEC for-
mation is the establishment of the necessary magnon
density along the whole distance from the excitation
region to the sample edge. A small difference between
the transitions in the upper and lower parts of the sam-
ple is likely due to the inhomogeneity of local relax-
ation processes in it.

To study the spatial coherence of the precession of
magnons, we analyzed excited magnons at different
pump powers. To this end, we applied the inverse dis-
crete Fourier transform (IDFT) to the signal with
respect to the spatial position along the sample (verti-
cal axis, in millimeters). Then, the Fourier transform
amplitude was normalized to unity for each pump
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Fig. 3. (Color online) (Pump power, spatial frequency)
map of the amplitude of the inverse fast Fourier transform
(IFFT).

power. The inverse discrete Fourier transform was
performed using the radix-2 Cooley—Tukey algo-
rithm, for which one can write a centrosymmetric
relation for the reconstruction of the right half from
N/2 to N of the inverse fast Fourier transform (IFFT)
from its left half from 1 to N/2:

f(N—i)zfi>l< i=1,2,...

where f'is the spatial frequency in inverse millimeters
and LN / 2, denotes the floor function, i.e., integer
part of N/2. The normalized Fourier transform ampli-
tudes obtained depending on the spatial frequency
were combined into a single matrix, and the (spatial
frequency, power) maps of the normalized amplitude
of the inverse fast Fourier transform were plotted. Fig-
ure 3 shows the results of the inverse fast Fourier trans-
form for the entire sample from 0 to 4.5 mm, depend-
ing on the pump power. One can see a significant nar-
rowing of the line at 1.25 and 2 mW, which is due to the
formation of the Bose—Einstein condensate in the
upper and lower parts of the sample, respectively.
However, the analysis region contains not only the
BEC regions but also the excitation region, which nat-
urally has different characteristics because the contin-
uous excitation of magnons occurs in this region with
a phase determined by the pump field. To investigate
the spectrum of the Bose—FEinstein condensate more
thoroughly, we performed a similar analysis for only
the upper part of the sample from 3.2 to 4.5 mm, dis-
regarding the excitation region. The result is shown in
Fig. 4. The central line of the spectrum became much
narrower, which indicates the formation of a simply
connected region of magnon Bose—Einstein conden-
sation. Note also that, in view of the Fourier transform
properties, the linewidth is determined by the sample
size. If the sample were infinite and the pump power

,LN /2, 2)
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Fig. 4. (Color online) (Pump power, spatial frequency)
map of the amplitude of the inverse fast Fourier transform
(IFFT) for the upper part of the sample with the magnon
excitation region excluded. The spatial coherence of mag-
nons at a sufficiently high pump power can be clearly seen.

were sufficient for magnon condensation, the formed
spectral line would be described by a delta function.

To summarize, we have experimentally observed
the transition from spin-wave dynamics, described by
the Landau—Lifshitz—Hilbert equations, to the for-
mation of the magnon Bose—Einstein condensate. In
this study, the transition of magnons from the gas state
to the state of the magnon Bose—Einstein condensate
for magnons with £ = 0 in a perpendicularly magne-
tized YIG film has been directly detected. The critical
magnon density at the transition is in agreement with
the previously predicted value corresponding to the
angles of dynamic deviation of the precessing magne-
tization above 3°. This study has shown that the prop-
erties of the formed magnon Bose—Einstein conden-
sate are very close to those of the atomic Bose—Ein-
stein condensate. We may also conclude that the
magnon Bose—Einstein condensate due to the acous-
tic excitation of magnons was observed in [39].
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