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Supercurrent in a room-temperature
Bose-Einstein magnon condensate

Dmytro A. Bozhko'?, Alexander A. Serga’, Peter Clausen’, Vitaliy I. Vasyuchka', Frank Heussner',
Gennadii A. Melkov3, Anna Pomyalov?, Victor S. L'vov* and Burkard Hillebrands'™

A supercurrent is a macroscopic effect of a phase-induced collective motion of a quantum condensate. So far,
experimentally observed supercurrent phenomena such as superconductivity and superfluidity have been restricted to
cryogenic temperatures. Here, we report on the discovery of a supercurrent in a Bose-Einstein magnon condensate prepared
in a room-temperature ferrimagnetic film. The magnon condensate is formed in a parametrically pumped magnon gas and is
subject to a thermal gradient created by local laser heating of the film. The appearance of the supercurrent, which is driven
by a thermally induced phase shift in the condensate wavefunction, is evidenced by analysis of the temporal evolution of
the magnon density measured by means of Brillouin light scattering spectroscopy. Our findings offer opportunities for the
investigation of room-temperature macroscopic quantum phenomena and their potential applications at ambient conditions.

free charge current in a superconductor or to a viscosity-free

particle current in superfluid *He or *He. More generally, this
macroscopic quantum phenomenon relates to the collective motion
of bosons (including real atoms"?, Cooper pairs of fermions™*
and bosonic quasiparticles’'?) coalescing into the same quantum
state and, thus, constituting a specific state of matter described
by a single, coherent wavefunction, a Bose-Einstein condensate
(BEC)'""™. It is remarkable that any type of supercurrent is induced
not by an external driving force but by a phase gradient in the
BEC wavefunction.

Up to now this prominent effect has been observed only at
rather low temperatures. For example, spin supercurrents®® and
such related phenomena as the spin Josephson effect'® and spin
quantum vortices'” have been discovered in a system of nuclear spins
in liquid *He (ref. 18). At the same time, it is known that a BEC
can be prepared even at room temperature by a strong increase in
the density'® of weakly interacting quasiparticles such as photons™,
plasmon-exciton polaritons® or magnons®*?. In addition, recent
theoretical studies predict the existence of Josephson and phase-
driven persistent BEC currents in a parametrically pumped
magnon gas* .

Here, we present experimental evidence for the excitation of
a supercurrent in a magnon BEC at room temperature in a
ferrimagnetic insulator. The temporal evolution of the magnon BEC
formed in a parametrically populated magnon gas was studied
by Brillouin light scattering spectroscopy (BLS)**%. It has been
found that heating in the focus of a probing laser beam locally
enhances the decay of the magnon condensate, but does not alter
the relaxation dynamics of gaseous magnons. Our understanding
of this effect is based on the temperature-induced spatial variation
in the saturation magnetization and, thus, on the variation in
the local magnon frequencies across the heated sample area.
Because the magnon condensate is coherent across the entire
heated area, a spatially varying phase shift is imprinted into

_|_ he term supercurrent is commonly assigned to a resistance-

its wavefunction. This spatial phase gradient propels a magnon
supercurrent that flows to the BEC areas surrounding the focal
spot and, thus, decreases the BEC density in the probing point.
The detailed quantitative agreement between our experiments and
a rate-equation model, which considers the temperature-induced
supercurrent jointly with a dispersion-caused magnon counter-
current, provides a compelling proof for a supercurrent in a room-
temperature Bose-Einstein magnon condensate.

We have studied the appearance of the magnon supercurrent
by observing the temporal evolution of a magnon BEC in an in-
plane magnetized single-crystal yttrium iron garnet (YIG, Y;Fe;O,,)
film (see inset in Fig. 1). YIG is a ferrimagnetic dielectric material
with unique low magnon damping®, allowing both for efficient
thermalization of externally injected magnons and for a BEC
lifetime of several hundred nanoseconds. To achieve Bose-Einstein
condensation”*’, magnons are injected into the YIG spin system
via parallel parametric pumping®, which currently is considered
to be the most efficient technique for magnon excitation over a
large wavevector range. The process can be described by a splitting
of a photon of a pumping electromagnetic wave with nearly zero
wavevector and the pumping frequency w, into two magnons
with opposite wavevectors ¢4 and frequency w,/2. This magnon
injection process is schematically illustrated by the red arrow
in Fig. 1, which shows the dipole-exchange magnon spectrum®
calculated for the given experimental conditions using a method
described in ref. 33.

The strength of the bias magnetic field H =1,690 Oe is chosen
to allow for magnon injection slightly above the ferromagnetic
resonance frequency wgyg, where the parallel pumping process has
its highest efficiency’***. When the injected magnons thermalize
through scattering processes conserving both their number and
the total energy’®”’, a BEC may be formed at the lowest energy
state of the energy-momentum spectrum (see Fig. 1) even at
room temperature”*’. Notice that, in the chosen magnetization
geometry, the strong magnetic dipole-dipole interaction results in
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Figure 1| Magnon spectrum. Magnon spectrum of a 5.6-um-thick YIG film
magnetized in plane by a bias magnetic field H=1,690 Oe, shown for the
wavevector g perpendicular (left) and parallel (right) to the applied field.
For both wavevector directions the first 31 thickness modes are shown. The
red arrow illustrates the magnon injection process by means of parallel
parametric pumping. N,, total number of parametrically excited magnons
at wp/2; N¢, number of BEC magnons at w. = wmin; Np, number of gaseous
magnons near wmin and gmin; Ng, number of magnons in the parametrically
overpopulated gas of magnons below wp /2. The inset schematically shows
the geometry of the in-plane magnon wavevector g, the bias field H, and
the pumping microwave magnetic field.

two symmetric minima in the frequency spectrum w(q) at g ==%q,,
(with ¢, || H) and, consequently, in the fact that a system of two
BECs is created®. Similar to other systems with coexisting BEC
states (see, for example, ref. 39), the physics of this BEC system is
much richer then the physics of the majority of BECs of particles
having only one spectral minimum at g =0. Currently, the study
of the two-valley BEC is still in its infancy stage (see, for example,
refs 24,38,40).

The experimental set-up, which consists of a YIG film, a
microwave circuit and a wavevector- and time-resolved BLS system
(see Methods), is schematically shown in Fig. 2a. The microwave
pumping circuit comprises a microwave source, a switch, and an

amplifier. This circuit drives a 50-um-wide microstrip resonator,
which is placed below the YIG film. The resonator concentrates the
applied microwave energy and induces a microwave Oersted field
oriented along the bias magnetic field H, thus realizing conditions
for the parallel parametric pumping mechanism. The pumping
pulses of 7, =2 us duration are applied with a repetition time of
1 ms, allowing for magnetic and temperature equilibration of the
YIG film.

In our experiment, a focused laser beam combines the role of
the magnon probe in the BLS experiment with the role of the
local sample heater. The heating time is adjusted by chopping
the probing laser beam using an acousto-optic modulator (AOM).
The laser pulse duration 7, is varied between 6 us and 80 us. By
changing 7, the set-up allows one to change the heating time
interval before the application of the microwave pumping pulse
and, consequently, to control the sample temperature in the probing
point (see Fig. 2b). The modulated probing beam is focused onto
the surface of the YIG film in the middle of the microstrip resonator
(see Fig. 2a,c), where it has a maximum peak power of 9.5 mW. The
focal spot has a radius R~ 10 pum and, thus, is approximately half
the size of the 50-um-wide parametric pumping area. The scattered
light is deflected by the beam splitter to the tandem Fabry-Pérot
interferometer, which selects the frequency-shifted components of
the scattered light. The intensity of the inelastically scattered light,
which is proportional to the magnon density in the probing point,
is detected and analysed in time (see Methods).

To understand the dynamics of the magnon BEC, one first
needs to separate the effects caused by the spatially uniform change
of the sample temperature from those caused by the formation
of a temperature gradient. Therefore, in a first experiment, we
combined BLS probing at low laser power with an uniform heating
of the YIG sample by a hot air flow. Figure 3a shows the typical
dynamics of the magnon BEC in this case. During the action
of the pump pulse the magnon density increases and saturates.
After the parametric pumping is switched off, the magnon density
jumps up due to the previously reported intensification of the
BEC formation in the freely evolving magnon gas®. Afterwards the
magnon density exponentially decreases due to the conventional
spin-lattice relaxation mechanisms. This behaviour is common for
all temperatures in our experiment. Some decrease in the steady-
state magnon density observed at higher temperatures can be related
both to higher magnon damping® and to lower efficiency of the
parametric pumping in this case. The latter effect is straightforward:
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Figure 2 | Experimental set-up. a, Schematic illustration of the experimental set-up. The upper part of the figure shows the microwave circuit, consisting of
a microwave source, a switch and an amplifier. This circuit drives a microstrip resonator, which is placed below the in-plane magnetized YIG film. Light from
a solid-state laser (1. =532nm) is chopped by an acousto-optic modulator (AOM) and guided to the YIG film. There it is scattered inelastically from
magnons, and the frequency-shifted component of the scattered light is selected by the tandem Fabry-Pérot interferometer, detected, and analysed in time.
b, Time diagram presenting the relative timing of the microwave pump pulse, the laser pulse, and the detected BLS signal. ¢, Infrared photo of the YIG
sample, showing the hot spot in the focus of the probing laser beam. d, Schematic illustration of a supercurrent flowing in the magnon BEC subject to a
thermal gradient. Red arrows—outflow of the thermally induced supercurrent J1 from the hot focal spot. Blue arrows—contraflow of the dispersive current
Jgis. wc and w?, magnon BEC phases in the hot and in the cold parts of the sample, respectively. d¢, temperature induced phase accumulation in the
magnon BEC; R, radius of the hot spot.
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Figure 3 | Temperature-dependent temporal dynamics of the magnon
BEC. a, Time-resolved BLS intensity for different uniform temperatures of
the YIG film. The sample temperature was measured by an infrared camera.
Magnons were detected near their spectral energy minimum in a frequency
band of 100 MHz spectral width. b, Influence of the YIG film temperature
on the spin-wave dispersion (same colour code for temperature as in a).

due to a lowered saturation magnetization at higher temperatures
the parametrically populated spectral magnon branch shifts towards
lower frequencies (see Fig. 3b). At constant parametric pumping
frequency this shift increases the wavenumber of the injected
magnons and, consequently, the threshold power of the parametric
generation®.

Now we focus on the temperature-gradient-dependent behaviour
of the magnon condensate. Figure 4 shows the evolution of the
magnon density at the bottom of the spin-wave spectrum for four
different heating times—that is, for four values of the temperature
gradient—at a laser power of P, = 9.5mW. For comparison,
the black curve presents the time-dependent magnon dynamics
measured using a much lower laser power of 0.4 mW. Similar to
Fig. 3a, the BLS signal rises sharply after the microwave pumping
pulse is switched off due to the intensification of the BEC formation
process®. Afterwards, the magnon density decreases. In the case of
low-power laser probing this decrease has an exponential form with
a characteristic decay time t 2~ 240 ns, which corresponds well to the
conventional values of a linear magnetic decay in YIG films® in the
vicinity of w,,;,—that is, for both the magnon BEC and the gaseous
magnons near the bottom of the spectrum.

At higher laser power the observed decrease in the magnon
density can no longer be described by a single exponential function.
Two different regimes of the magnon decay are clearly visible from
the slopes of the BLS signals presented in Fig. 4. In the first regime,
at high BLS intensities (the blue shaded area in Fig. 4), the decay
of the magnon density depends on the heating duration—that is,
on the temperature gradient in the laser focal spot. In the second
regime, at low BLS intensities (the yellow shaded area in Fig. 4), this
decay is independent of temperature and its rate coincides with that
observed in the low-laser-power experiment. It is remarkable that,
for all heating durations, the transition between these two decay
regimes occurs at approximately the same magnon density level,
which can be associated with the transition from the condensed to
the gaseous magnon phase.

It is also worth analysing the evolution of parametrically injected
magnons (see Fig. 4), which play the important role of a magnon
source for all other spectral states of the magnon gas and, thus,
can strongly influence the BEC dynamics. Initially, this dense
magnon group decays rapidly due to intense four-magnon scattering
processes (see, for example, refs 30,41). This decay closely relates to
the jump in the BEC population number shown in Fig. 4. Over the
course of time, the density of the parametrically excited magnons
decreases, four-magnon scattering decelerates and, eventually, the
magnon relaxation attains its intrinsic value, corresponding to the
decay rate of the gaseous magnons at the bottom of the magnon
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Figure 4 | Temporal dynamics of the magnon BEC under local laser
heating. The increase of the laser pulse duration, and thus the heating time,
leads to a faster decay of the magnon BEC in the measurement spot—that
is, the laser spot. The relaxation dynamics of the residual gaseous
magnons, which starts to be visible after the disappearance of the BEC, is
independent of the heating. Blue and yellow shadings mark the areas of
coherent (BEC) and non-coherent (gaseous phase) magnon dynamics,
respectively. The magnons parametrically injected at wp/2 show no
temperature-related change in their nonlinear relaxation dynamics after the
end of the pumping pulse.

spectrum. As is clearly seen in Fig. 4, this nonlinear relaxation
behaviour is independent of the laser heating and, thus, cannot be
the reason for the temperature-gradient-related BEC dynamics.

We now present a model to describe our experimental findings.
The local laser heating process locally changes the saturation
magnetization and, thus, induces a weak frequency shift dw,
between different parts of the magnon condensate. Over the course
of time this frequency shift results in an increasing phase gradient
in the magnon BEC. As a result, a phase-gradient-induced magnon
current or, in other words, a magnon supercurrent, flowing out
of the hot region of the focal spot, is excited. This efflux reduces
the density of the magnon BEC in the probing point. After some
time, the enhanced decrease in the magnon density results in the
disappearance of the condensate, and thus in the disappearance
of the supercurrent. Consequently, this leads to the recovery of
the conventional relaxation dynamics associated with a residual
incoherent gaseous magnon phase.

To quantify our interpretation, that a magnon supercurrent
is acting, recall that a BEC of magnons can be described
by the Gross-Pitaevskii equation for the complex wavefunction
C(r,t)=+/N.exp(ip), where N.(r,t) and ¢(r,t) are the magnon
number density per unit volume and the BEC phase, respectively.
This equation is the well-known equation for the envelope of a
narrow wavepacket (see, for example, refs 41,42). It conserves the
total number of condensed magnons NV, = f N.(r,t)dr and leads to
the continuity equation for the BEC density N (r,t):

aJ; N. ’w(q) ¢
Tig, J=—= —- 1
+Z ar; J 2 ; 0q;0q; 0r; W

JdN,
at

i

Here J(r,t) is a supercurrent formed by the BEC magnons. In the
(x,y)-plane of a YIG film (see Fig. 2d) it has two components
]szcDxa(p/ax) ]y=Nch3‘ﬂ/3)’ (2)

where D, = d’w(q)/(2dq¢}) and D, = dzw(q)/(qu;) are the
anisotropic dispersion coefficients. A cumbersome analysis of the
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magnon spectrum near its bottom® shows (see also Methods) that
at our experimental conditions D, ~21D, and, thus, J, > J,. This
allows us to neglect J, in the global balance of the magnon numbers
and to simplify the problem to a one-dimensional (1D) case along
the x-axis (see Fig. 2d).

There are two reasons for the x-dependence of the BEC phase ¢
in our experiment. The first is the already mentioned temperature
dependence of w.. Within the hot spot of radius R centred at
x =0 (that is, for |x| <R) the temperature T'(x) is higher than the
temperature T, of the rest of the film (see Fig. 2d). Since in an
in-plane magnetized YIG film dw.(T)/dT <0, the BEC frequency
in the spot is smaller than outside: dw. (x) = w (T (x)) — w.(T,) <O.
Correspondingly, the phase accumulation 8¢ (x) = dw.(x)t inside
of the spot is smaller than in the surrounding cold film. Therefore,
the phase gradient d8¢(x)/dx is positive for x > 0 and negative
for x <0. It means that a thermally induced supercurrent flows out
from the spot (mostly in x-direction), as is shown by the red arrows
in Fig. 2d:

]T :NCDX M (3)

0x
This outflow decreases the magnon BEC density N.(x) in the spot,
|x] <R, with respect to that in the cold film, where N (x> R) =N, CO

Spatial deviations in the density N.(x) of the magnon condensate
constitute the second reason for the variation of its phase d¢/dx #0.
It results in an additional contribution to the supercurrent, given
by equation (1), which can be named a ‘dispersive’ current Jy;.
To estimate Jy, notice that the 1D Gross-Pitaevskii equation
has the self-similar solution C(x, t) = F (&), with & = x*/(D,t),
where the function F (£) satisfies the ordinary differential equation
£dF/dg =i(dF/ds +2&d>F/dE?). Tt describes the well known
phenomenon of dispersive spreading of a wavepacket with the width
8x = /D,t permanently increasing in time. It is worth noticing
that exactly the same law is satisfied by the diffusion process with
the diffusion current Jy; =D, (dN(x)/9x). Ignoring the difference
between the self-similar profiles in the dispersion and the diffusion
processes (it is well below the resolution of our experiment), we can
estimate the dispersive current J by its diffusion counterpart:

dN.
]dis(x):_Dx Ta. (4)
0x
This current is directed to the lower N (x) region—that is, towards
the hot spot—as shown in Fig. 2d by blue arrows.

A consistent description of the evolution of a parametrically
driven magnon system towards BEC may be achieved in the
framework of the theory of weak wave turbulence®, which was
further developed in ref. 41 to describe the spin-wave turbulence
under parametric excitation. The main tool of this theory is a kinetic
equation for the occupation numbers n(q) of waves (magnons in
our case) presented, for example, in ref. 9. Here we restrict ourselves
to the analysis of a crucially simplified version of the kinetic
equations—by rate equations for the total number of magnons
in particularly chosen parts of the g-space shown in Fig. 1. The
first part is the BEC with density N, (orange dot in Fig. 1). The
second part is the magnon gas with density N, at the bottom
of the magnon spectrum in close vicinity to the BEC (blue area
R, surrounding the orange BEC point in Fig. 1). These parts are
directly coupled via four-magnon scattering processes (R, — BEC)
and are simultaneously detected due to the finite resolution of the
frequency- and wavenumber-resolved BLS set-up. The third part is
given by the magnon gas area R, above R,,. In our simplified model,
which is schematically shown in Fig. 5, the parametrically injected
magnons of density N, (magenta dot in Fig. 1) first populate the
gas area R, (N, — RR,), and afterwards move to the bottom part R,
of the magnon spectrum due to four-magnon scattering processes
between these areas (R, = Ry,).
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Figure 5 | Theoretically calculated magnon dynamics in a thermal
gradient. Theoretical dependencies (coloured lines) of the observable
magnon densities (N. + Np) calculated according to equations (5)-(7) for
different temperature-dependent shifts dw(T) of the BEC frequency w. are
shown in comparison with the corresponding experimental data (grey
curves). The upper diagram demonstrates magnon transitions between the
g-space parts defined in Fig. 1 (yellow arrows), magnon relaxation (blue
arrows) to the phonon bath and a supercurrent outflow (red arrow) from
the locally heated magnon BEC described by equations (5)-(7). The inset
shows the calculated temporal behaviour of N, Ny and N for the case of
the strongest heating of the magnon BEC.

In the rate equations for the magnon numbers N,, N, and N,
we have to account that the kinetic equations for the four-magnon
scattering processes conserve the total number of magnons and that
the leading term for the magnon flux from the j to the i sub-system is
proportional to N? and, thus, can be written as Al-ij, with Ay being
dimensional (s™') phenomenological constants.

Thus, the rate equations take the following form:

N,

9t :-FgNg-i-Fnge_Fot _Angg3+Ang[,3 (5)
% — 3_ 3_ 3_ 3 _
5 'y Ny +Angg Ay Ny — A (Ny = N2)O(N, —N,,) (6)
AN, L 3]
ot :_Fch+Abc(Nb _Ncr)®(Nb_Ncr)_£ (7)

Here I'y, ', and I'. are relaxation frequencies of corresponding
magnons in the processes that do not conserve magnon numbers
(mainly caused by spin-orbit interaction). The second term on the
right-hand side of equation (5) represents the external magnon
source, and is proportional to the number of parametrically pumped
magnons N,,. The factor exp(—I"yt) models the processes of magnon
thermalization after the end of the pump pulse. The terms ocA; in
equations (5)-(7) describe the magnon fluxes between the chosen
spectral areas, leading finally to the population of the BEC state. The
flux R, — BEC contains the Heaviside function ® (N, — N,,), which
involves N, —a critical number of magnons at which the chemical
potential ;1 of the magnon gas reaches wp,. It is ® (N, — N,,) =1 for
N, — N, > 0 and 0 otherwise. Therefore, for N, < N,, there is no flux
of magnons to the condensate. For Ny, > N, this flux appears and an
excess of magnons N, — N,, populates the condensate.
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As we have discussed above, the supercurrent J in equation (7)
consists of two parts: J = J; + Jg. Their modelling is, probably,
the most delicate issue. We adopt the simplest version, assuming a
constant temperature gradient from the centre (x =0) of the heated
spot to R:

J= _Bchéa)ct +Bdis(NC0 _Nc) (8)

Here, for the coefficients we have B;~ By~ —D,/R.

The results of the numerical solution (see Methods) of
equations (5)-(8) for different T in the centre of the hot spot and,
accordingly, for different dw.(T), are shown in Fig. 5 by solid
coloured lines together with the respective experimental data.
One clearly sees the good agreement between the theoretical and
experimental curves. The initial rise of the theoretical curves on
the time interval 0 <t < 0.2 us occurs faster than in the experiment.
This is probably due to our simplified model, with only three zones
in the g-space. We ignore here the multistage character of the
N, — R, magnon transfer.

In the comparison of our model with experiments
performed at different spot temperatures T, we used only one
T-dependent parameter Ow.(T), related to the temperature
dependence of the saturation magnetization M(T) of YIG®: at
standard ambient conditions dM(T)/dT ~ —4 G K™!, giving
dw./dT = —116 kHzK™'. For the largest frequency shift
(dw, = 550 kHz), assumed in our calculations, it requires a
rather mild heating of the spot by about 4.7 K. This value agrees
well with a numerically found temperature rise of 5.7 K in the centre
of the focal spot (see Methods).

The occurrence of the supercurrent directly confirms the
phase coherency of the observed magnon condensate and
fuels expectations of the realization of electrically controlled
phase-driven magnon transport®®®, which can be used in
future magnonic devices for low-loss information transfer and
processing™. Therefore, with this demonstration of a magnon
supercurrent in a magnon BEC we have opened the door to studies
in the general field of magnonic macroscopic quantum transport
phenomena at room temperature as a novel approach in the field of
information processing technology.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Sample. The yttrium iron garnet (YIG, Y;Fe;O,,) sample is 5mm long and 1 mm
wide. The single-crystal YIG film of 5.6 um thickness has been grown in the (111)
crystallographic plane on a gadolinium gallium garnet (GGG, Gd;GasO;,)
substrate by liquid-phase epitaxy.

Time- and wavevector-resolved Brillouin light scattering spectroscopy. The
magnon dynamics was analysed by means of time- and wavevector-resolved BLS
spectroscopy?”? in the back-scattering geometry.

Brillouin light scattering can be interpreted as the diffraction of the probing
light from a moving Bragg grating produced by a magnon mode. As a result, some
portion of the scattered light is shifted in frequency by the frequency of this mode.
In addition, the diffraction from the grating leads to a transfer of momentum
during this process. For example, the in-plane component of the wavevector g; of
the incident light is inverted by a magnon mode propagating along the projection
of a probing beam on a thin magnetic film if the magnon wavenumber g satisfies
the Bragg condition g=—24; sin(®), where @ is the angle of incidence. By
changing the angle ®, wavevector selection of in-plane magnons with wavevector q
can be implemented. In our experiment, the probing beam of 532 nm wavelength
generated by a single-mode solid-state laser is focused by a precise objective onto a
microstrip resonator placed just below the YIG film. In this case, the inelastically
scattered light with the inverted in-plane wavevector component —q; sin(®) is
reflected back to the objective and collected for further analysis. Both the sample
and the magnetic system are mounted on a rotating stage to allow the variation of
the angles ® =@, (the angle lies in the plane containing the bias magnetic field
H) and @ =©,, (the angle lies in the plane perpendicular to H), holding the
magnetization conditions constant. By varying these angles, magnons with
wavevectors parallel and perpendicular to the magnetic field H are resolved?.

The described set-up allowed us to resolve wavevector values up to
1.5x 10°radem ™. For the particular experiment the wavevector resolution
was 2 x 10°radem ™.

The light collected by the objective is directed to a multipass tandem
Fabry-Pérot interferometer®~* for frequency selection. At the output of the
interferometer, a single-photon-counting avalanche diode detector is placed. The
output of the detector is connected to a fast data acquisition module, which enables
accumulation and further analysis of the envelope of the temporal dynamics of the
scattered photons. The time resolution is based on a stroboscopic technique—the
experiment is repeated many times (the repetition rate of the experiment was 1 ms)
with the same parameters. When the pumping pulse is applied, it triggers the
internal counter in the acquisition module, which has an internal clock rate of 1 ns,
defining the temporal resolution of the experimental set-up”. Every time the
detector registers a photon, this event is recorded to a database which collects the
number of arrived photons at each clock cycle. The frequency of the
interferometer’s transmission is also recorded, thus providing frequency
information for each detected photon.

Determination of anisotropic dispersion coefficients. The dispersion coefficients
D,=d’w(q)/(2dq?) and D, =d*w(q)/(2 dqj) were found by a numerical
calculation of the dispersion curvature near the global minimum of the magnon
spectrum. The detailed procedure of the dispersion calculation can be found in

ref. 33. For our experimental conditions the obtained values are D, =7.45cm*s™"
and D, =0.355cm*s™". Thus, D, ~21D,.

Fitting model parameters. The numerical values of the parameters used in
equations (5)—(7) are presented in Table 1.

The relaxation frequencies I'y, I', and I'; are taken from the measurements of
the relaxation rate of a freely evolving BEC in the no-heating case (see the black
curve in Fig. 4) and the relaxation rate of gaseous magnons (the
magnon-gas-related curves in Fig. 4) as well. Due to the relatively small spectral
distance between the magnons participating in the condensation process, their
relaxation frequencies are practically identical and, for simplicity, are replaced by
the same mean value I" =6.1 MHz.

In a numerical solution of our model we have chosen the initial BEC value
N?=0, because it is known that the gaseous magnons do not populate the lowest
energy state in the case of pumping at higher power levels®. As a result, no magnon
condensation occurs during the pump action, and the BEC in the global energy
minimum (Wmin, Gmin) is formed after the termination of the pump pulse. In such a
case the initial value N (in units of BLS counts) can be taken from our
experimentally measured value N, + N, at t =0 (in Fig. 5). The critical density N,
is approximately determined as the magnon number, where the transition from the
BEC-dominated to the magnon-gas-dominated relaxation behaviour occurs (see
Figs 4 and 5). The magnon numbers N, and N/, as well as the scattering efficiencies
Ay, are responsible for the intensity of magnons scattering to the bottom of the
spectrum. Therefore, their values can be found from the simultaneous iterative
fitting of the two most different curves (black and purple curves in Fig. 5), taking
into account the initial increase in N, + N, at £ < 0.1 ps. All mentioned parameters
are independent of temperature, and thus they have been chosen to be the same in
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Table 1| Temperature independent parameters of
rate equations.

Parameter Value Units Physical meaning

g, Iy, Tc 61X 106 57! Magnon damping to the lattice

I'o 2.63x107 57! Magnon gas thermalization rate

N2 0 = Initial number of condensed magnons

N 135 - Initial number of bottom magnons

Ng 1,000 - Initial number of gaseous magnons

Np 18,500 - Initial number of thermalized magnons

Agb 43 Sl Scattering efficiency of gaseous
magnons to bottom magnon states
(Rg—Ryp)

Abg Abe 14,250 Sal Scattering efficiency of bottom
magnons to gaseous (Ry — ]Rg) and to
condensed (R, — BEC) magnon states

Ner 85 - A critical number of magnons at which

the chemical potential i of the magnon
gas reaches wmin

Table 2 | Material parameters for COMSOL simulation.

Material Density p  Thermal conductivity k  Heat capacity Cp
kgm~3 WmK™! Jkg=1K™!

YIG20 5,170 6 570

GGG 7,080 8 400

AIN>' 3,260 175 738

Cu?? 8,700 400 385

Air>2 1.205 0.0257 1,005

all plots. Finally, all fittings in Fig. 5 were obtained by only adjusting dw. in the
supercurrent term equation (8).

Simulation of the laser heating. The numerically found value of the temperature
increase of 5.7 K in the centre of the laser focal spot was determined by solving a
3D heat-transfer model of the experimental set-up using the COMSOL
Multiphysics software*® equipped with the Heat Transfer Module*. Hereby,

the conventional heat conduction differential equation is solved taking

into consideration the boundary conditions applied to the model, the

material parameters of the materials used (see Table 2) and the applied

heat source.

The model comprises a 0.5-mm-thick GGG substrate with a YIG film of 5.6 um
thickness, a 17-pum-thick and 50-um-wide Cu microstrip placed on a
0.64-mm-thick AIN substrate, and ambient air conditions outside. The extent of
the entire model is 2 x 2 mm? in plane and around 1.16 mm out of plane. The
temperature at all edges of the model is kept fixed to 293.15 K to simulate the stable
boundary condition far away from the heated area. The laser heating is modelled
by a cylindrical heat source placed into the YIG layer above the centre of the
microstrip antenna. Heat is deposited exponentially along the film thickness and
has a Gaussian distribution in the film plane reflecting the shape of the laser focal
spot. The experimentally determined 67% absorption of green light of 532 nm
wavelength in the 5.6-um-thick YIG layer (GGG is practically transparent for this
light) results in a total heat power of 6.3 mW.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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