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ABSTRACT The adaptation of systems to external influences is of broad interest. We study the influence
of microwave signals of different shapes on the magnetoacoustic wave system with a giant nonlinearity in
canted antiferromagnet FeBO3 at room temperature, which is close to its phase transition to the paramagnetic
state. The classical nonlinear system obeys external deterministic signals; the modulation response describes
the shape of these signals. In response to a noisy spectrum, the system shows self-organization, and mode
competition selects one excited mode while suppressing others. With an increase in the power of the external
signal, another self-organization is observed in the form of a narrow peak at the frequency of the fundamental
minimum. This represents the first observation of the macroscopic quantum statistical phenomenon, Bose-
Einstein condensation of magnetoacoustic wave quanta in a wave system with a high level of thermal
fluctuations. The resulting picture of adaptation can analogously be transferred to many other adaptive wave
systems, including large scale adaptive wave systems in the natural environment.

INDEX TERMS Adaptation, Bose-Einstein condensation, fluctuations, magnetoacoustic, microwave signal,
self-organization.

I. INTRODUCTION
Adaptive systems encompass phenomena across many
diverse environments and a wide range of sciences [1]–[3].
A general adaptive system model utilizes one or more
levels of feedback, exhibits emergent properties and self-
organization, and produces nonlinear dynamic behavior.
Finding and studying different adaptation models increases
the likelihood that similar fundamental principles can work
in multiple areas of study, such as electronics, hydrodynam-
ics, biology, etc. Here we study the adaptation of a sys-
tem of magnetoacoustic waves (MAWs) in antiferromagnetic
iron borate (FeBO3) to external alternating magnetic fields
as an extremely convenient and simple model with math-
ematical analogies in many other nonlinear wave systems.
MAWs describe normal modes of coupled sound waves and
spin waves in magnetoordered materials. Iron borate has
a giant acoustic nonlinearity [4], and the magnetoacoustic
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wavelengths therein extend from the sample size to a fraction
of a micron. Another important feature of our study is the
proximity to phase transition to the paramagnetic state (TN =
348 K), which creates a high level of fluctuations at room
temperature; the averagemagnetic moments of the sublattices
were about 40% of their values at zero temperature [5].

Two types of alternating fields were applied to the system,
which we divide into microwave control signals and RF test
signals. The amplitudes of the control signals were suffi-
cient to induce nonlinear responses and system adaptation
to external conditions. Weak test signals were used to probe
the properties of the adapted system. We divided the control
signals into types: a) deterministic field oscillations with a
definite time sequence and b) noisy oscillation which can
only be described statistically. The adaptation of the system is
fundamentally different for each of these external conditions.
When deterministic field oscillations were applied, the non-
linear system completely obeyed the deterministic action;
the output waveform followed the input waveform. In con-
trast, when noisy oscillations were applied, the nonlinear
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system self-organized leading to competition of modes and
the excitation of only one mode. All these phenomena can
be described within the framework of the classical wave
formalism [6], [7].

With an increase in control signal power, the excitation
of a nonlinear system enhances, and more complex adap-
tation was expected. However, we found that weak wave
turbulence leads to energy flux down the spectrum and exci-
tation of coherent vibrations at the lowest eigenfrequency
of the sample. This is a quantum statistical effect known
as quasi-equilibrium Bose-Einstein condensation (BEC) of
MAW quanta at the fundamental minimum of the spectrum.
Note that in contrast with the BEC of other quasiparti-
cles [8]–[11], this represents the first observation in a wave
system with a high level of thermal fluctuations near phase
transition. Thus, we show that a macroscopic quantum phe-
nomenon is observed in a system that appears to be classical
in terms of both the excitation level and fluctuations.

II. EXPERIMENT AND RESULTS
A. SPECTRUM
The crystal FeBO3 consists of two sublattices with magnetic
moments oriented in opposite directions, almost compen-
sating the total magnetic moment inside the material [5],
[12], [13]. Iron borate has easy-plane anisotropy and a
rhombohedral symmetry which is responsible for preserv-
ing the magnetic ordering in the material, leading to
its high sensitivity to low-intensity signal variations. Due
to Dzyaloshinskiı̆-Moriya interactions originating in iron
borate [14], it exhibits weak ferromagnetic behavior.

The spectrum of MAWs can be written as [4]:

ωk ≈ csk[1− (γH1/ωsw,k )2]
1/2
, (1)

where cs is the sound velocity, H1 describes the efficiency of
linear interaction betweenmagnetic and acoustic subsystems,

ωsw,k ≈ γ [Hs (Hs + HDM )+ H2
1 + (αk)2]

1/2

is the frequency of the spin wave, Hs is the static magnetic
field, HDM is the Dzyaloshinskiı̆-Moriya field, and α is the
non-uniform exchange constant.

The crystal sample of FeBO3 was grown from the melted
solution of iron borate [13]. The preferential orientation of the
grown crystals is (111) which is also themagnetic plane of the
crystal. The sample used in the study was of rhombus form
with length of the side ∼1.1 mm and thickness of ∼0.1 mm
(Figure 1A). The transverse sound speed is cs ≈ 4.8 ×
105 cm/s. The parameters HDM ≈ 65 kOe, H2

1 ≈ 0.7 kOe2

were obtained using FMR at room temperature.

B. SAMPLE
The single crystal nature of the sample over the large scale has
been additionally confirmed using Electron Backscattered
Diffraction (EBSD) mode in FEI Nova 200 NanoLab Scan-
ning ElectronMicroscopy (SEM). The images were collected
in several places and compared for alignment of the lattice
planes (Figure 1B).

FIGURE 1. A. The sample used in experiments is single crystal iron borate,
having rhombohedral crystalline structure. B. EBSD analysis confirms
single crystal nature of the samples.

C. INSTALLATION
We consider a simple and elegant system for observing a
whole class of nonlinear wave phenomena (Figure 2A). The
sample is placed inside a Teflon pocket and then inserted into
the copper coil of the helical resonator (5 mm in diameter,
6-8 turns). Additionally, the sample was inside the RF signal
generating coil (5 cm in diameter, 20 turns). The open helical
resonator, which is a half-wavelength dipole, was excited by
the microwave control signal Hp(t). This signal was detected
by the receiving antenna after absorption by the sample.

The coupling with an alternating magnetic field for MAWs
in the sample of an easy-plane antiferromagnet FeBO3 is
large: ∂ωk /∂H ∼ 10γ . For comparison, such a coupling for
spin waves in a ferromagnet is∼γ . The microwave magnetic
field Hp cos(ωpt) (control signal) parametrically excites [7],
[15] a pair of waves with half of the pumping frequency
ωp/2 = ωk = ω−k , and oppositely oriented wave vectors k
and - k. Pairs of MAWswere excited by the field of frequency
ωp/2π = 600 − 1000 MHz at magnetic fields Hs = 2 − 20
Oe at room temperature.

The microwave signal (Figure 2C) is transmitted through
the resonator, and when the sample is placed in the res-
onator the output is Figure 2D, which is nearly identical
because the fraction absorbed by the small sample cross-
section is negligible. Then an additional weak RF test field
Hm cos(ωmt) was applied to the sample to modulate the
MAW-based microwave absorption [16]. Below the pumping
threshold, no changes in the spectrumwere observed from the
RF modulation. However, once the microwave field reaches
the critical threshold value, parametric resonance initiated in
the system results in MAWs at the mixed-signal frequencies
which reradiate, leading to the appearance of satellites ωp ±
ωm in the spectrum (Figure 2E). The satellites disappear if
the external static magnetic field is increased to the value
when the microwave field power cannot excite parametric
resonance of MAWs due to their smaller coupling with the
alternating field.

Signal mixing initiated via MAW parametric excitation
by control signal was observed when additional modulation
of the microwave field was applied. Figures 2F, G show
a complex frequency-modulated microwave signal passed
through the resonator and sample with the RF modulation
field (test signal) turned off. In this case, the pump con-
trol frequency has a certain dependence on time ωp(t) and
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FIGURE 2. Control (microwave pump) signals transmitted through sample without RF modulation, and transmitted signals mixed with the
RF test signal (RF modulation). A. Schematic showing the applied magnetic fields. B. Band diagram describing parametric excitation of
magnetoacoustic waves (Hs = 6 Oe). C. Coherent pump at ωp/2π = 927.4 MHz as generated, D. transmitted through the sample, and E.
after RF modulation ωm/2π = 2.6 MHz. F. Complex coherent pump with finite bandwidth (representing e.g. a radio station), centered at
ωp/2π = 636.2 MHz as generated, G. transmitted through the sample, and H. after RF modulation ωm/2π = 2.5 MHz. I. Pump with phase
noise to destroy coherence, centered at ωp/2π = 927.5 MHz as generated, J. transmitted through the sample, and K. after RF modulation
ωm/2π = 2.0 MHz, time-averaged to make satellites visible. In all cases, absorption in the sample is negligible due to the small volume of
the sample.

the transmitted signal describes the corresponding frequency
band. Figure 2H shows the same signal with the RF test
field turned on. In this case, the modulation response (left
and right satellites) follows the form of the main signal
ωp(t) ± ωm. A similar pattern is observed with other deter-
ministic microwave waveforms. Thus, the parametrically
excited system of MAWs completely obeys the conditions
of the microwave field experiencing no mode competition.
We applied many different deterministic control signals to the

system, and each time the modulation response reflected the
shape of these signals.

The behavior of the system changed completely in the case
of a non-deterministic microwave signal obtained as a result
of the frequency noise modulation of the monochromatic
microwave field. The transmitted noisy signal (Figures 2I, J)
once the RF modulation is applied (Figure 2K) shows no
scatter of the satellite frequencies; the observed satellites
demonstrate a well-defined shape as if absorption occurs at
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FIGURE 3. Coexistence of modes proved by satellites. Independent
pumps (control signals) with satellites as they overlap. Dotted lines
indicate center frequencies of pumps, and arrows show satellite positions
at ± 0.1 MHz from the centers. Colors are a visualization aid. A. Two
independent pumps P1 = −4.8 dBm, P2 = −2.06 dBm with close
frequencies (parallel pumping) ωp1/2π = 660.95 MHz,
ωp2/2π = 660.70 MHz mixed with the test RF signal ωm/2π = 0.1 MHz.
B. Two pumps with frequencies ωp1/2π = 660.81 MHz,
ωp2/2π = 660.70 MHz mixed with ωm/2π = 0.1 MHz. C. Two pumps with
frequencies ωp1/2π = 660.72 MHz, ωp2/2π = 660.70 MHz mixed with
ωm/2π = 0.1 MHz. The difference 20 kHz between pump frequencies is
observable by the difference between modulation responses.

only one microwave frequency as in the case of monochro-
matic signal. This fact agrees with the result of [17] that
radiation from a sample after a pulse of noise pumping
is similar to specific radiation after a pulse of monochro-
matic pumping, in which only one group of waves is
excited.
In the case of the noisy signal, the system chooses only

one mode, indicating the presence of mode competition in the
system. Similarly to noise-pumped laser systems [18], where
competition arises from the fact that the dominant mode
creates nonlinear damping thus suppressing othermodes [19],
a pair of MAWs parametrically excited in the resonator also
creates nonlinear damping [20].

D. MODE COMPETITION
To further explore the mode competition in the system of
MAWs, using the test signal we analyzed the coexistence of
two monochromatic microwave signals with similar frequen-
cies and pumping powers. For this, two independent fields
with a small difference in frequency values were introduced
to the system. The frequency difference was further decreased
while monitoring the mixed signals (Figures 3A, B, C).
Despite the fact that each signal creates nonlinear damping
that prevents the opponent to grow, both signals coexist
and have RF satellites. The picture does not change with
the convergence of frequencies (from A to B). Strikingly,
in the case when the central lines almost merge completely
(Figure 3C, the difference in frequency is ∼20 kHz), we see
distinct satellites, indicating the coexistence of two indepen-
dent signals. In other words, nonlinear mode attenuation is
not a determining factor in mode competition when dealing

with monochromatic signals. We observed the coexistence of
up to 12 signals and their satellites.
Thus, we see that microwave signals with deterministic

sources of different frequencies cause MAWs to coexist
within the width of the resonator line. At the same time,
with a noisy signal, the system of MAWs exhibits a self-
organization by the mode competition. This adaptation of the
magnetoacoustic system to external conditions manifested
itself in a very wide range of microwave pumping power from
−20 dBm to 15 dBm.

E. BOSE-EINSTEIN CONDENSATION
For higher control signal power, we observed another effect of
self-organization in the system, which we interpret as Bose-
Einstein condensation of quanta of MAWs at the minimum
frequency of the spectrum. This effect was most conve-
niently observed when the resonator and sample were rotated
together at 45 degrees relative to the orientation of the static
magnetic field (Figure 4A). Thus, the perpendicular ac field
projection causes the formation of the instability onset lead-
ing to the momentary increase in the intensity needed for the
condensate to form.
With increasing monochromatic power P > Pc ≈
−20 dBm, stable absorption by MAW pairs was observed in
the system until power reached Pme ≈ 16 dBm. At still higher
powers, sharply narrow satellites (quality factor Q ≈ 2.4 ×
108) appearedwith frequenciesωp±ωVM , whereωVM/2π ≈
3 MHz is a vibration mode (see Figure 4B: Satellite width
here is limited to 100 kHz which is the resolution bandwidth
of the measurement). The zoomed-in Figure 4C, taken with
resolution bandwidth 10 Hz, shows the narrow linewidth
(∼6 Hz) of the satellite. This measured width is limited by
the instrument and may be even narrower. The most reli-
able data for this case was obtained at Hs = 6.2 – 15 Oe
(Figure 4D). At the same time, the appearance of the lowest
magnetoacoustic eigenmode line of the sample vibration with
a frequency ωVM was observed (Figure 4B). Note that the
quality factor of the excited magnetoacoustic eigenmode line
has increased by approximately 30-100 times compared to its
value without pumping. Thus, we can suggest the observed
phenomenon as BEC of MAW quanta, accumulated on the
bottom of their spectrum. Despite the high level of thermal
fluctuations, the system exhibits collective quantum statisti-
cal wave properties.
We observed a slow drift in ωVM with a period of
∼1 minute, which can be explained by overheating. The ωVM
vibration and narrow satellites ωp ± ωVM existed up to our
highest pumping power 30 dBm, after which overheating of
the sample suppressed the condensate formation.
Figure 4D shows the dependence of the BEC frequency

on the static magnetic field. The solid curve represents the
theoretical field dependence of the magnetoacoustic eigen-
mode frequency. Note that the frequency of this oscillation
ωVM/2π ≈ 3 MHz is more than two orders of magnitude
less than the pumping control signal frequency ωp/2π ≈
900 MHz. This means that the energy of parametrically
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FIGURE 4. Room temperature Bose-Einstein condensation of
magnetoacoustic quanta under conditions of strong fluctuations.
A. Schematic showing the microwave pump control magnetic field and
static magnetic field for suppressing the effects of external magnetic
fields. Magnetoacoustic excitation occurs as a vibration in the easy
magnetic plane of the sample. B. Control signal observed at
ωp/2π = 967.3 MHz. BEC signal is observed at ωVM/2π = 3.086 MHz, and
also produces satellites at ωp ± ωVM . Blue curves are experimental data
and the red curve is a Gaussian fit. Peaks at ωVM and ωp ± ωVM appear to
have width of ∼100 kHz, which is the resolution bandwidth of the
measurement. C. Satellite at ωp − ωVM remeasured with narrower
resolution bandwidth 10 Hz, showing Q = 2.4 × 108 (compared to
Q = 7400 for the pump control signal at ωp). D. Frequency of the vibration
mode as a function of the applied static magnetic field. The red curve is
theoretical dependence.

excited MAWs goes down the spectrum to a minimum until
the critical accumulation leads to a macroscopic BEC in the
form of a high-Q magnetoacoustic eigenfrequency vibration
of the sample. The stability of this BEC is confirmed by the
fact that the frequency ωVM increases with increasing the
pump power, i.e. the nonlinear MAW scattering amplitude is
positive.

We further apply BEC to modulate complex microwave
pumping signals (Figure 5). As expected, in Figures 5D and
E, the modulation response describes the shapes of determin-
istic complex signals. It is interesting to note that if we add an
RF modulation test field with ωm/2π ≈ 0.5 MHz, then the

FIGURE 5. Bose-Einstein condensation-induced modulation of complex
microwave control signals. Complex signals centered at
ωp/2π = 927.6 MHz with no sample in place, with A. P = 20.2 dBm,
Hs = 9.8 Oe, modulated via meander FM, B. P = 19.9 dBm, Hs = 9.2 Oe,
modulated via sine FM, and C. P = 20.5 dBm, Hs = 9.2 Oe, with noise
modulation. D, E, F. The same signals with the sample in place.

satellites from this field arise in the vicinity of the BEC fre-
quency ωVM ± ωm and in the vicinity of BEC satellites (ωp ±
ωVM )± ωm. This means that all these states are condensates:
macroscopic coherent states. In the case of noisy pumping,
similar to the case for RF modulation, Figure 5F shows the
response from a single signal of the winning mode as a result
of mode competition with non-deterministic pumping on the
wave system.

III. DISCUSSION
Our research demonstrates very general adaptation properties
of a nonlinear system of magnetoacoustic waves under con-
ditions of strong fluctuations. The system obeys an external
deterministic control signal, and with a noisy control signal it
demonstrates self-organization by choosing only one excited
mode. At a high level of excitation, self-organization occurs
in the system by dumping excess energy to the bottom of
the spectrum, where a macroscopic coherent state is excited:
Bose-Einstein condensation of quanta of magnetoacoustic
waves.

The high level of fluctuations in the system is an impor-
tant feature in a broad array of disciplines. In one example,
the characterization and control of ocean waves as a source
of renewable energy is a recent topic of interest in the field
of climate change [2]. Ocean waves are an abundant and
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energy-dense renewable resource which can be represented as
a Fourier series or a broad spectrum. Their turbulent dynamics
are modeled analytically and verified using buoy data with
limited availability, and nonlinearity becomes increasingly
relevant [21].

We also assume that there are analogies between the
rogue or freak ocean wave generation [22] and the emergence
of macroscopic quantum BEC of magnetoacoustic quanta in
our system. Such large-scale systems of natural phenomena
are challenging to study in situ, and therefore stand to benefit
from having a simple tabletop analog in the convenience of
a laboratory setting. With only a few simple off-the-shelf
instruments, a wide variety of adaptive wave dynamics can
be produced and rigorously examined, leading to improved
control and understanding.
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