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ABSTRACT

Under suitable experimental conditions, collective spin-wave excitations, magnons, form a Bose-Einstein condensate (BEC), where the spins
precess with a globally coherent phase. Bose-Einstein condensation of magnons has been reported in a few systems, including superfluid
phases of *He, solid state systems, such as yttrium-iron-garnet films, and cold atomic gases. The superfluid phases of *He provide a nearly
ideal test bench for coherent magnon physics owing to experimentally proven spin superfluidity, the long lifetime of the magnon condensate,
and the versatility of the accessible phenomena. We first briefly recap the properties of the different magnon BEC systems, with focus on
superfluid *He. The main body of this review summarizes recent advances in the application of magnon BEC as a laboratory to study basic
physical phenomena connecting to diverse areas from particle physics and cosmology to vortex dynamics and new phases of condensed mat-
ter. This line of research complements the ongoing efforts to utilize magnon BECs as probes and components for potentially room-
temperature quantum devices. In conclusion, we provide a roadmap for future directions in the field of applications of magnon BEC to fun-
damental research.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189649

I. INTRODUCTION

Spin waves are a general feature of magnetic materials. Their

resonance (NMR) experiments in the superfluid B phase of *He half a

century ago.”' ' These observations were originally explained using

#G:01:G0 ¥20T Uo1eN GL

quanta are called magnons, non-conserved spin-1 quasiparticles that
obey bosonic statistics. At sufficiently large number density and low
temperature, magnons form a Bose-Einstein condensate (BEC), akin
to neutral atoms in superfluid “He or ultracold gases. BECs of other
non-conserved quasiparticles are also ubiquitous in nature, and similar
phenomenology is used to describe systems consisting of, e.g., pho-
nons,’ rotons,” photons,3 excitons,” and exciton—polaritons.5 In this
review, we concentrate on magnon BECs, manifested as spontaneous
coherence of spin precession across a macroscopic ensemble in both
frequency and phase. To date, BECs consisting of magnons have been
reported in various superfluid phases of *He,”” in cold atomic
gases,'”'" and in a few solid-state systems.'”"”

Spontaneous magnon coherence, in the form of a homogeneously
precessing domain (HPD), was first observed in nuclear magnetic

the terminology of spin superfluidity that acts as the mechanism estab-
lishing spontaneous coherence, but experiments came to discover
many signature phenomena of BECs, such as collective modes, 7
effects of confinement,”'® spin vortices,"” and the Josephson effect.”’
Treating the coherent spin precession as a Bose-Einstein conden-
sate of magnons allows one for a simplified description of the system,
universal between different underlying media that facilitate magnon
physics: The condensate wave function amplitude describes the num-
ber density of magnons and the phase corresponds to the precession of
magnetization. The magnon BEC differs from the atomic BECs in one
important respect: magnons are quasparticles and, thus, their number
is not conserved. In a thermodynamic equilibrium, magnon chemical
potential is always zero, i, =0, and thus, no equilibrium BEC of
magnons can exist. If the lifetime of magnons 7y is much larger than
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the thermalization time tg within the magnon subsystem, i.e.,
TN > Tg, or if magnons are continuously pumped into the system, the
magnon chemical potential becomes nonzero and a condensate analo-
gous to a BEC is formed, as illustrated in Fig. 1. These conditions are
well met, e.g., in 3He-B, where the thermalization time is a fraction of
a second while the lifetime of the free coherent precession and the cor-
responding magnon BEC can reach tens of minutes at the lowest tem-
peratures.”’ The continuous pumping can be aligned with a higher
level in a confining trap, and it can be incoherent parametnc pumping
targeting a higher momentum state'” or even noise.”

Magnon condensation in the lowest energy level(s) occurs when
a critical magnon density #. is reached, with the inter-magnon separa-
tion becoming comparable to the thermal de Broglie wavelength
Jap, nTY/3 ~ Jgp. At this point, the chemical potential of the magnon
system u approaches the ground state energy €, and the ground state
population

_ 1
B e(fo*ﬂ)/kBT —1

1o (1)
diverges. Here, kg is the Boltzmann constant and T is the temperature.
That is, the ground state becomes populated by a macroscopic number
of constituent particles that spontaneously form a macroscopically
coherent state that is stable against decohering perturbations.

The technical nature the magnon BEC varies widely between dif-
ferent underlying experimental systems. In 'H, the magnon BEC is
created at high magnetic field of multiple tesla by initially preparing a
dense cloud of cold gas in a higher-energy low-field-seeking spin state.
The magnon BEC is then created by pumping atoms to a lower-
energy, high-field-seeking state,'’ where a single spin-flip is carried
through multiple atom-atom collisions.”” ** In the *Rb F=1 spinor
condensate, the magnon (quasi-) BEC results from spin-exchange col-
lisions between different internal spin states in the same hyperfine
manifold at low magnetic fields."" In superfluid phases of *He,

3 Magnon
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Y W Y
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§7

\ /1!
AN O A
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FIG. 1. Creation of the magnon BEC. In a typical scheme, quanta of spin-wave
excitations (magnons) are pumped into a high energy level (band) by a radio fre-
quency pulse or parametric pumping. The magnons then thermalize with time con-
stant g, falling to the ground level (band). Magnon decay from the ground state is
characterized by the decay time ty. Under sufficiently strong pumping or if the mag-
non decay time is much longer than the thermalization time, =y > g, @ macro-
scopic number of magnons occupy the ground state of the system, forming a BEC.
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magnons are Nambu-Goldstone collective excitations of the underly-
ing order parameter.”® Out of the solid state systems where magnon
BEC has been realized, perhaps the most versatile is yttrium-iron-
garnet (YIG) films, where the magnon condensate is created either by
parametric pumping,' laser-induced spin currents,”” or direct radio
frequency pumping.28 These experiments are carried out at room tem-
perature, which makes solid state coherent magnonics™"’ a potential
technological platform for applying the fundamental phenomena dis-
cussed in this Perspective. We note that while the concept of magnon
BEC is also useful for describing the onset of magnetic-field-induced
magnetic order in spin-dimer compounds,”’’ such as TICuCls, the exci-
tations in such systems are in thermal equilibrium and therefore the
chemical potential is always zero, i.e., 4 = 0. While the phenomenology
is similar,”” such systems are outside the scope of this Perspective.

The spontaneously formed coherent precession of magnetization
has many faces: spin superfluidity, off-diagonal long-range order
(ODLRO), the Bose-Einstein condensation of nonequilibrium
(pumped) quasiparticles and, notably, time crystals. In Sec. II, we
briefly describe the basic properties of the magnon BEC. In the main
body of this Perspective, we summarize a selection of fundamental
phenomena that arise and can be accessed using the magnon BEC, in
principle, regardless of the underlying physical system: Section III
focuses on magnon-BEC time crystals. Magnon BECs can be utilized
to simulate different processes and objects in particle physics, such as
spherical charge solitons (Sec. IV), the light Higgs particle (Sec. V),
and analog event horizons (Sec. VI). Section VII concentrates on prob-
ing topological defects using magnon BEC and, finally, Sec. VIII con-
tains an outlook on future prospects of magnon BECs in various
systems.

Il. COHERENT PRECESSION AND SPIN SUPERFLUIDITY

The phenomenon of Bose-Einstein condensation was originally
suggested by Einstein for stable particles with integer spin. This process
gives rise to macroscopic phase coherence and superfluidity, first
observed in liquid *He. This is a consequence of the spontaneous
breaking of the global U(1) gauge symmetry related to the conservation
of the particle number N, e.g., of “He atoms.

As distinct from many other systems with spontaneously broken
symmetry, such as crystals, liquid crystals, ferro- and antiferromagnets,
the order parameter in superfluids and superconductors is manifested
in the form known as the off-diagonal long-range order (ODLRO). In
bosonic superfluids (such as liquid *He), the manifestation of the
ODLRO is that the average values of the creation and annihilation
operators for the particle number are nonzero in the superfluid state,
ie,

Y= (), v = (). @
In conventional (i.e., not superfluid or superconducting) states, the cre-
ation or annihilation operators have only the off-diagonal matrix ele-

ments, such as (N \‘i‘T|N + 1), describing the transitions between
states with different number of particles. In the thermodynamic limit
N — o0, the states with different numbers of particles in the Bose con-
densate are not distinguished, and the creation or annihilation opera-
tors acquire the nonzero average values. In superconductors and
fermionic superfluids, such as superfluid *He, the ODLRO is repre-
sented by the average value of the product of two creation (aja'’, ) or

two annihilation (axa_x) operators, which reflects the Cooper pairing
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in fermionic systems. In a quantum theory, states with nonzero values
of the creation or annihilation operators are called squeezed coherent
states.

A. ODLRO and coherent precession

The magnetic ODLRO can be represented in terms of magnon
condensation, applying the Holstein—-Primakoft transformation. The
spin operators are expressed in terms of the magnon creation and
annihilation operators

anao hagao it S
1- ==
28 ﬂo ,_287:! I ( )
. S-8,
=aja, = - (4)

Equation (4) relates the number of magnons N to the deviation
of spin S, from its equilibrium value S cquiibrium) _ g — 5y HV /7y,
where y and y are spin susceptibility and gyro-magnetic ratlo, respec-
tively. Pumping A/ magnons into the system (e.g., by a RF pulse)
reduces the total spin projection by AN, ie, S, =S — hN. The
ODLRO in magnon BEC is given by

(ao) :Nl/Zeia)t+iac _ /%S sin g einiat7 (5)

where f is the tipping angle of precession. The role of the chemical
potential u is played by the global frequency of the coherent precession
, ie, pt = how and the phase of precession « plays the role of the
phase of the condensate, ie, ® = o. A typical experimental signal
showing an exciting pulse, the formation of the BEC, and the slow
decay is shown and analyzed in Fig. 2. The experimental setup used in
this particular experiment is shown in Fig. 3. Note that the analogy
with atomic BEC:s is valid only for the dynamic states of the magnetic
subsystem and not, e.g,, for static magnets with = =0.

B. Gross-Pitaevskii and Ginzburg-Landau description

As for atomic Bose condensates, the magnon BEC is described by
the Gross-Pitaevskii equation. The local order parameter is obtained
by extension of Eq. (5) to the inhomogeneous case, a9 — W (r, t) and
is determined as the vacuum expectation value of the magnon field
operator:

Ve = (Hen) o= 9E N = [ EreE o)
where # is the magnon density.

If the dissipation and pumping of magnons are ignored, the cor-
responding Gross-Pitaevskii equation has the conventional form:

oY OF
- RE S (7)
where F{W} is the free energy functional forming the effective
Hamiltonian of the spin subsystem. In the coherent precession, the
global frequency is constant in space and time

W(r,t) = ¥(r)e™ (8)
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FIG. 2. Observing magnon Bose-Einstein condensation: (a) Magnons are pumped
to the system with a radio frequency pulse at zero time, seen as the sharp peak in
the data. As illustrated in the central panel on a colored background, the pumping is
followed by dephasing of the precession. If the magnon density is high enough, a
BEC emerges after 7¢, manifest in coherent precession of magnetization
My +iM, o< (S7) = V/2S(ag) = S, €. This is picked up by the NMR coils and
measured as an oscillating voltage. Magnetic relaxation in superfluid *He is very
slow, and the number of magnons N decreases with time constant zy (here, t
~10's), seen as a slow decrease in the signal amplitude, shown in panel (b). Panel
(c) shows a further zoom-in into the band indicated by the green line. Here, the
sinusoidal pickup signal generated by the precession of magnetization is clearly
seen. Data shown in this figure were measured at Obar pressure and 131 uK
temperature.”

and the Gross-Pitaevskii equation transforms into the Ginzburg-
Landau equation with Aw = p,

oF
oP*
The free energy functional reads

—u¥ =0. )

F—uN = J ( &V VW + Ry (r) — w)l‘P\2+Fso(|‘I‘lz))y
(10)

where @y is the local Larmor frequency i (r) =yH(r) and ¢*
describes rigidity of the magnon system. The spin-orbit interaction
energy F,, is a sum of contributions proportional to |¥|* and ¥/,
see, e.g., Ref. 34. Thus, the free energy functional can be compared
with the conventional Ginzburg-Landau free energy of an atomic
BEC:
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FIG. 3. Magnon BEC in magneto-textural trap in superfluid *He. The magnetization
M of the condensate is deflected by an angle /3 from the direction of magnetic field
H and precesses coherently around the field direction with the frequency .
Magnons are confined to the nearly harmonic three-dimensional trap formed by the
spatial variation of the field H(r) via Zeeman energy and by the spatial variation
(texture) of the orbital anisotropy vector A (r) of *He-B via spin-orbit interaction
energy. The orbital texture is flexible and yields with increasing number of magnons
N in the trap, resulting in lower radial trapping frequency. As a result, the chemical
potential, observed as the precession frequency, decreases. This leads to inter-
magnon interaction (Sec. || B) and eventually to Q-ball formation (Sec. IV A).

1 .
F—uN = Jd3r(5g’kvi‘P*Vk‘~P +(U(r) — )| P + b\‘{’|4)

1mn

with the external potential U(r) formed by the magnetic field profile
and a part of the spin-orbit interaction energy. The fourth order term,
which describes the interaction between magnons, originates from the
rest of spin—orbit interaction Fy, (||*). Figure 3 illustrates the appear-
ance of the inter-magnon interaction via flexible orbital texture in the
case of trapped magnon BEC.

The gradient energy in Eq. (11) is responsible for establishing
coherence across the sample. In the London limit, it can be expressed
via gradients of the precession phase ,

1, 1 1
Fyraa =5 A VA = 5 KiViaVyor = En(nfl),-kv,»ozvkoc.
(12)

A necessary condition for spin superfluidity and phase coherence is
that the gradient energy is positively determined. This condition is not
universally valid in all systems with magnons, but is applicable, e.g., in
*He-B. The spin superfluid currents are then generated by the gradient
of the phase. The rigidity tensor Ky can be further expressed via mag-
non mass m;(n), which, in general, depends on the magnon density n
and is anisotropic due to applied magnetic field.””

11l. MAGNON BEC AS A TIME CRYSTAL

Time crystals are quantum systems for which time translation
symmetry is spontaneously broken in the ground state.”® Soon after

PERSPECTIVE pubs.aip.org/aip/apl

their theoretical prediction, it was pointed out that this concept cannot
be realized and observed in experiments, essentially because that would
constitute a perpetual motion machine.”” *’ That is, if the system is
strictly isolated, i.e., when the number of particles is conserved, there is
no reference frame for detecting the time dependence.”’ This no-go
theorem led researchers to search for spontaneous breaking of the
time-translation symmetry on more general grounds, turning to out-
of-equilibrium phases of matter (see, e.g, Refs. 42-44) With this
adjustment, feasible candidates of time-crystal systems include those
with off-diagonal long range order, such as superfluids, Bose gases,
and magnon condensates. In some magnon BECs, including in super-
fluid *He, the absolute value of the phase can be directly monitored in
real time as the phase of the precessing magnetization can be measured
by oriented pickup coils which provide the necessary loss channel.
Such direct measurement of the absolute value of the phase of the mac-
roscopic wave function is rather uncommon and can be exploited for a
variety of purposes, as discussed below.

The magnon time crystal can be characterized by two relaxation
times: " the lifetime of the quasiparticles ty and the thermalization
time 1 during which the BEC is formed. If Ty > 75, the system has
sufficient time to relax to a minimal energy state with (quasi-) fixed N/
(ie, to form the condensate). During the intermediate interval
TN > t >> Tg, the system has finite 1 corresponding to spontaneously
formed uniform precession that can be directly observed as shown in
Fig. 2. In *He-B, 15 ~ 0.1 s and Ty can reach tens of minutes at the
lowest temperatures” —this is the closest an experiment has got to a
time crystal in equilibrium.

Finally, we point out that in the grand unification theory exten-
sions of standard model, the conservation of the number of atoms is
absent due to proton decay.”” Therefore, in principle, the oscillations
of an atomic superfluid in its ground state can be measured, albeit the
timescale for the decay is at least in the ~ 10° years range."’

A. Discrete and continuous magnon time crystals

Time crystals are commonly divided into two broad categories
based on their symmetry classification. If relative to the Hamiltonian
before the phase transition to the time crystal phase, the system spon-
taneously breaks the discrete time translation symmetry, it is called a
discrete time crystal. Such a system is realized, e.g, in parametric
pumping scenarios, when the periodicity of the formed time crystal
differs from that of the drive. On the other hand, if the spontaneously
broken symmetry is the continuous time translation symmetry (the
Hamiltonian is not periodic in time), the system is a continuous time
crystal. Note that both discrete and continuous time crystals may still
possess a discrete time translation symmetry.

Both types of time crystals have been observed in magnon BEC
experiments.””""*” Discrete time crystals are realized under an applied
RF drive, when the frequency of the coherent spin precession deviates
from that of the drive. If the induced precession frequency is incom-
mensurate with the drive, the system obtains the characteristics of a
discrete time quasicrystal. On the other hand, if the magnon number
decay is sufficiently slow, ie., 1" < @, where o is the frequency of
motion of the time crystal, the coherent precession can be observed for
a long time after the pumping has been turned off. This is a continuous
time crystal. In *He-B, continuous time crystals reach life times longer
than 10 periods.”

Appl. Phys. Lett. 124, 100502 (2024); doi: 10.1063/5.0189649
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B. Phonon in a time crystal

Spontaneous breaking of continuous time translation symmetry
in a regular crystal results in the appearance of the well-known
Nambu-Goldstone mode—a phonon. Similarly, the spontaneous
breaking of time translation symmetry in a continuous time crystal
should lead to a Nambu-Goldstone mode, manifesting itself as an
oscillation of the phase of the periodic motion of the time crystal
[Fig. 4(a)]. This mode can be called a phonon in the time crystal.

In time crystals formed by magnon BECs, the phononic mode is
equivalent to the Nambu-Goldstone mode related to spin-superfluid

a
crystal eeo o © e 0000 © 00000 —X

time
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2910 — dispersion i
gs ONG
oo
= @ 5 w
[ 18— T T T
ro
16 “
141°° -
o 121 . .
N | Modulation freq. (Hz)
T
o 10F b
= L .
Z experiment
o 8F i
NEZ E
6 _ -
ar \f 0 043T,
2__ theory no fit 0647 1
0 | L | | L | L |

L L 1 L
0 01 02 03 04 05 06
Hys (uT)

FIG. 4. Phonon in a magnon-BEC time crystal. (a) In a crystal in a ground state,
atoms occupy periodic locations in space (empty circles), while phonon excitation
results in a periodic shift from these positions (filled circles). A time crystal is mani-
fested by a periodic process (thin line), and a phonon excitation leads to periodic
variation of the phase of that process (thick line). (b) In a magnon-BEC time crystal,
the periodic process is the precession of magnetization M at frequency . The pho-
non excitation modulates the precession phase at the frequency wyg (right). This
mode can be excited by applying modulation to the rf drive of the condensate and
observed by detecting response in the induction signal from the pickup coil at the
modulation frequency (left). Two standing-wave modes in the sample are visible
(marked with the vertical dashed lines). (c) As the measurements on the panel (b)
are done with finite rf excitation of the amplitude Hy, the phonon becomes a
pseudo-Nambu-Goldstone mode with the mass Myg [Eq. (13)]. Extrapolation to the
freely evolving time crystal at zero H; shows that the phonon becomes massless,
as expected for spontaneous symmetry breaking. The measurements are done at
two temperatures at a pressure of 7.1 bar in the polar phase of *He.”

PERSPECTIVE pubs.aip.org/aip/apl

phase transition.”””" It is easier to excite in experiments when the spin
precession is driven by a small applied rf field Hy¢ by modulating the
phase of the drive [Fig. 4(b)]. In this case, the time translation symme-
try is already broken explicitly by the drive, and the phonon becomes a
pseudo-Nambu-Goldstone mode with the mass (gap) M. Its disper-
sion relation connecting the wave vector k and the frequency wng
becomes

Ohe = Mg + a6k (13)

For the sample size of L, standing-wave resonances can be seen
for k = nn/L, where n is an integer, Fig. 4(b), and the mass Myg and
the propagation speed cng can be determined. According to the theory
M% o< Hy—experiments in the polar phase of *He demonstrate
excellent agreement without fitting parameters8 [Fig. 4(c)]. This mode
was also observed in time crystals formed by magnon BEC in the B
phase of *He.'*'” Extrapolation of the mass to the case of a freely
evolving time crystal at Hy = 0 leads to a true massless Nambu-
Goldstone mode—a phonon in a time crystal.

C. Interacting time crystals

Interacting time crystals have been realized in *He-B by creating
two continuous time crystals with their natural frequencies close to
each other."”* In a magneto-textural trap, such as used in Refs. 33, 46,
and 47, the radial trapping potential is provided by the spin-orbit
interaction via the spatial order parameter distribution. The magnetic
feedback of the magnon number to the order parameter texture means
the time crystal frequency (period) is regulated internally, wp(Ng)."”
The frequency increases as the magnon number slowly decreases (the
decay mechanism is not important but details can be found in Refs. 52
and 53). The second time crystal with frequency ws is created against
the edge of the superfluid where such feedback is suppressed. The
result is a macroscopic two-level system described by the Hamiltonian

H:h(wB[ 5(1)] —9)7 (14)

—-Q s

where the coupling Q is determined by the spatial overlap of the time
crystals’ wave functions.

In this configuration, the two time crystals may interact by
exchanging the constituent quasiparticles. The exchange of magnons
results in opposite-phase oscillations in the respective magnon popula-
tions of the two time crystals (Fig. 5), which is equivalent to the AC
Josephson effect in spin superfluids.”*

Further two-level quantum mechanics can be accessed by making
the precession frequencies of two time crystals cross during the experi-
ment using the dependence wg(Ng). The result is magnons moving
from the ground state to the excited state of the two-level Hamiltonian
in a Landau-Zener transition (see Fig. 6). Remarkably, these phenom-
ena are directly observable in a single experimental run, including the
chemical potentials and absolute phases of the two time crystals,
implying that such basic quantum mechanical processes are also tech-
nologically accessible for magnonics and related quantum devices.

IV. MAGNON BEC AND COSMOLOGY

In the context of particle physics and cosmology, the magnon
BEC provides a laboratory test bench for otherwise inaccessible or con-
voluted theoretical concepts. This phenomenology may eventually
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FIG. 5. Josephson (Rabi) population oscillations between two magnon-BEC time
crystals. (a) We can create two local minima for magnon-BEC time crystals, one in
the bulk and one against a free surface of the superfluid. (b) Both are populated
with a pulse at zero time, after which the bulk frequency is slowly changing due to
changes in the trap shape as the magnon number slowly decreases. The two levels
are coupled, resulting in Josephson population oscillations between them, observed
as the side bands above and below the main traces. The side-band frequency sep-
aration (green arrow), shown by the green line in panel (c), corresponds to the sep-
aration of the main traces (red arrow), shown by the red line in panel (c). This ties
the population oscillation to the chemical potential difference of the time crystals
and, thus, to Josephson oscillations. The oscillations of the bulk population and the
surface population are shown to take place with opposite phases in Ref. 46. The
Josephson oscillations become Rabi oscillations if the two-level frequencies are
brought close to one another as explained in Ref. 47.

play a major role in the technological toolbox for magnonics, albeit
potential applications cannot yet be predicted. Here, we will discuss
the analogs between trapped magnons and two cosmological concepts:
the Q-ball and the MIT bag model.

A. Magnonic Q-ball

Self-bound macroscopic objects encountered in everyday life are
made of fermionic matter, while bosons mediate interactions between
and within them. Compact (self-bound) objects made purely from
interacting bosons may, however, be stabilized in relativistic quantum
field theory by conservation of an additive quantum number Q.” >
Spherically symmetric non-topological Q-charge solitons are called Q-
balls. They generally arise in charge-conserving relativistic scalar field
theories.
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FIG. 6. Landau-Zener tunneling between two magnon-BEC time crystals. One of
the two levels is populated at time zero with an exciting pulse (framed out to empha-
size the rest of the signal). The chemical potential of this state increases gradually
as the magnon number decays, crossing the second level after 3 s. As the avoided
crossing is traversed at the finite rate (not adiabatically), a part of the magnon popu-
lation tunnels to the excited level at the avoided crossing.”’

Observing Q-balls in the Universe would have striking conse-
quences beyond supporting supersymmetric extensions of the stan-
dard model”*”’—they are a candidate for dark matter,”” " may play a
role in the baryogenesis“’" and in the formation of boson stars,”* and
supermassive compact objects in galaxy centers may consist of Q-
balls.”” Nevertheless, unambiguous experimental evidence of Q-balls
has so far not been found in cosmology or in high-energy physics.
Analogs of Q-balls have been speculated to appear in atomic BECs in
elongated harmonic traps”® and possibly play a role in the *He A-B
transition puzzle.”” Additionally, the properties of bright solitons in
1D atomic BECs*® and Pekar polarons in ionic crystals®” bear similari-
ties with Q-balls.

The trapped magnon BEC in *He-B provides a one-to-one
implementation of the Q-ball Hamiltonian. The charge Q is the num-
ber of magnons and the BEC precession frequency corresponds to the
frequency of oscillations of the relativistic field within the Q-ball.
Above a critical magnon number, the radial trapping potential for the
magnons changes from harmonic to a “Mexican-hat” potential. The
modification is eventually limited by the underlying profile of the mag-
netic field (see Fig. 7). Here, the systems’ Hamiltonian mimics that of
the Q-ball. All essential features of Q-balls, including the self-
condensation of bosons into a spontaneously formed trap, long
lifetime, and propagation in space across macroscopic distances (here sev-
eral mm) have been demonstrated experimentally as shown in Fig. 7.

B. Magnons-in-a-box—The MIT bag model

The confinement mechanism of quarks in colorless combinations
in quantum chromodynamics (QCD) is an open problem. One of the
most successful phenomenological models, coined MIT bag model”’
as per the affiliation of its inventors, assumes a step change from zero
potential within the confining region to a positive value elsewhere, a
cavity surrounded by the QCD vacuum. The cavity is filled with false
vacuum, in which the confinement is absent and quarks are free, thus
creating the asymptotic freedom of QCD. Outside the cavity, there is
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FIG. 7. Magnon BEC as a self-propagating Q-ball soliton. (a) The magnon BEC is
created with a pulse (not shown) with a very large initial magnon number. The time-
dependent frequency spectrum of the recorded signal is shown here in such a way
that dark corresponds to no magnons and yellow to large magnon population. In the
beginning [red dot and panel (b)], the BEC (orange line and orange blob) is located
in a side minimum, where the trapping potential (blue line, blue surface) is modified
down to the unyielding trap component controlled by the magnetic field (black line,
dark surface). As the magnon number decreases due to slow dissipation, the trap-
ping potential evolves and the BEC gradually moves across several millimeters to
the symmetric central position [magenta dot and panel (c)].”’

the true QCD vacuum, which is in the confinement phase, and thus a
single quark cannot leave the cavity. Within the cavity, quarks occupy
single-particle orbitals, and there the zero point energy compensates
the pressure from true vacuum.

A similar situation is realized for a magnon BEC, if the magnetic
maximum applied in the Q-ball experiment discussed in Sec. IV A is
removed. Under these conditions, the magnon BEC forms a self-
trapping box analogously to the MIT bag model,'"’” cf. Fig. 8. The
flexible Cooper pair orbital momentum distribution 1 plays either the
role of the pion field or the role of the non-perturbative gluonic field,
depending on the microscopic structure of the confinement phase.

Much like quarks, magnons dig a hole in the confining “vacuum,”
pushing the orbital field away due to the repulsive interaction. The
main difference from the MIT bag model is that magnons are bosons
and may therefore macroscopically occupy the same energy level in
the trap, forming a BEC, while in MIT bag model the number of fer-
mions on the same energy level is limited by the Pauli exclusion princi-
ple. The bosonic bag becomes equivalent to the fermionic bag in the
limit of large number of quark flavors due to bosonization of fermions.
This phenomenon has been observed in cold gas experiments for
SU(N) fermions.””

PERSPECTIVE pubs.aip.org/aip/apl

FIG. 8. Magnon BEC as a bosonic analog to the MIT bag. (a) In the limit of large
magnon density, the magnon BEC carves a potential well (white), described by the
charge field @(r), in the neutral field ¢, which plays the role of the true vacuum. (b)
In the context of QCD, the quarks carve a potential well (false vacuum, white) in the
true QCD vacuum, illustrated here for the charge-neutral neutron consisting of two
down-quarks (labeled d) and one up-quark (labeled u).

V. LIGHT HIGGS BOSONS: PARTICLE PHYSICS
IN MAGNON BEC

Both in the standard model (SM) of particle physics and in con-
densed matter physics, the spontaneous symmetry breaking during a
phase transition gives rise to a variety of collective modes, including
the Higgs boson. In general, the gapless phase modes related to the
breaking of continuous symmetries are called the Nambu-Goldstone
(NG) modes, while the remaining gapped amplitude modes are called
the Higgs modes. In superfluid *He, we can make the magnon BEC
interact with other collective modes, implementing scenarios that in
the Standard Model context may require years of measurements using
a major collider facility.

The superfluid transition in *He takes place via formation of
Cooper pairs in the L =1, S=1 channel, for which the corresponding
order parameter is a complex 3 x 3 matrix combining spin and orbital
degrees of freedom. Thus, *He possesses 18 bosonic degrees of free-
dom, both massive (amplitude or Higgs modes) and massless (phase
or Nambu-Goldstone modes) (see Fig. 9). The 14 Higgs modes have
masses (energy gaps) of the order of the superfluid gap
A/h ~ 100 MHz, where h is the Planck constant, while the four
Nambu-Goldstone modes (a sound wave mode and three spin wave
modes) are massless at this energy scale. Higgs modes have been inves-
tigated for a long time theoretically”*’® and experimentally’”” " in
*He-B as well as s-wave superconductors’”®" and ultracold Fermi
gases.”

At low energies, the superfluid B phase of *He breaks the relative
orientational freedom of the spin and orbital spaces, and the resulting
order parameter (at zero magnetic field) becomes

A, = Aé’Ry;(n, 0), (15)

where the rotation matrix R,; describes the relative orientation of the
spin and orbital spaces; the spin space is obtained from the orbital
space by rotating it by angle 0 with respect to vector n. If the spin-
orbit interaction is neglected or, equivalently, one considers energy
scales of the order of the superfluid gap A, the order parameter obtains
an additional (“hidden”) symmetry with respect to spin rotation. That
is, the energy is degenerate with respect to nn and 0.

The spin-orbit interaction lifts the degeneracy with respect to 0,
and the minimum energy corresponds to a rotation between the spin
and orbital spaces by the Leggett angle 0, = arccos(—1/4) ~ 104°.
Due to this broken symmetry, one of the Nambu-Goldstone modes
(the longitudinal spin wave mode) obtains a gap with magnitude equal
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FIG. 9. Collective modes and decay channels. (a) The collective mode spectrum in *He—B contains six separate branches of collective modes. The 14 gapped Higgs modes
(orange) are four degenerate pair-breaking modes with gap 2A/h ~ 100 MHz, five imaginary squashing modes with gap /12/5A, and five real squashing modes with gap
+/8/5A. The gapless modes are a sound wave mode (oscillations of ¢, yellow), a longitudinal spin wave mode (oscillations of 6, purple), and two transverse spin wave modes
(oscillations of f, green). (b) The longitudinal spin wave mode acquires a gap of Q /h ~ 100 kHz due to spin-orbit interaction and becomes a light Higgs mode. The trans-
verse spin wave modes are split by the Zeeman effect in the presence of a magnetic field into optical and acoustic magnons. The arrows indicate possible decay channels. (c)
The spatial extent of the optical magnon BEC in a typical experiment is of the order of a millimeter and can be used as a probe for quantized vortices. (d) In a container of fixed

size R, the spin wave modes form standing wave resonances.

to the Leggett frequency Qr /h ~ 100 kHz. In the B-phase, the longi-
tudinal spin wave mode therefore becomes a light Higgs mode.
Additionally, the presence of the magnetic field breaks the degeneracy
of the transverse spin wave modes, one of which becomes gapped by
the Larmor frequency w;, = |y|H, where y is the gyromagnetic ratio in
*He. The gapped transverse spin wave mode is called optical and the
gapless mode acoustic. Throughout the manuscript, the term “magnon
BEC” in the context of *He-B refers to a BEC of optical magnons.

Magnons in the BEC can be converted into other collective
modes in the system. For example, the decay of the optical magnons of
the BEC into light Higgs quasiparticles has been observed via a para-
metric decay channel in the absence of vortices,” and via a direct
channel in their presence84 (see Sec. VTI) as illustrated in Fig. 9. The
parametric decay channel is directly analogous to the production of
Higgs bosons in the Standard Model.

The separation of the Higgs modes in *He-B into the heavy and
light Higgs modes poses a question whether such a scenario would be
realized in the context of the standard model as well. In particular, we
note that the observed 125GeV Higgs mode™ * is relatively light
compared to the electroweak energy scale and, additionally, later mea-
surements at higher energies”® show another statistically significant
resonance-like feature at the electroweak energies of ~ 1 TeV related
by the authors to possible Higgs pair-production. Entertaining the pos-
sibility of a 3He-B-like scenario, the observed feature could stem from
formation of a “heavy” Higgs particle; in this case, the 125 GeV Higgs
boson would correspond to a pseudo-Goldstone (or a “light” Higgs)
boson, whose small mass results from breaking of some hidden sym-
metry (see, e.g., Ref. 89 and references therein).

VI. CURVED SPACE-TIME: EVENT HORIZONS

The properties of the magnon BECs have also been utilized to
study event horizons. In the conducted experiment,”’ two magnon
BECs were confined by container walls and the magnetic field in two
separate volumes connected by a narrow channel (Fig. 10). The chan-
nel contains a restriction, controlling the relative velocities of the spin

supercurrents traveling in the bulk fluid and the spin-precession waves
traveling along the surfaces of the magnon BEC.

The magnitude and direction of the spin superflow is controlled
by the phase difference of the two magnon BECs, both of which are
driven continuously by separate phase-locked voltage generators. The
phase difference controls the spin supercurrents, while spin-precession
waves are created by applied pulses. For a sufficiently large phase dif-
ference, spin-precession waves propagating opposite to the spin super-
flow are unable to travel between the two volumes and instead are
blocked by the spin superflow. This situation is analogous to a white-
hole event horizon.

VIl. MAGNON BEC AS A PROBE FOR QUANTIZED
VORTICES

The magnon BEC has proved itself as a useful probe of topologi-
cal defects, especially quantized vortices. Vortices affect both the pre-
cession frequency of the condensate through modification of the
trapping potential for magnons’' and the relaxation rate of the con-
densate through providing additional relaxation channels.**"*

Source Detection |B VB

Spin
l superflow l

-

—_—
Spin-
precession

waves Y

FIG. 10. Magnon BECs and event horizon. In the experiment, two volumes filled
with superfluid °He-B, in which the magnetization precesses uniformly (HPD) are
connected by a narrow channel. An imposed phase difference between the precess-
ing HPDs creates a spin supercurrent proportional to the phase difference. For suffi-
ciently large magnitude of the spin superflow, counter-propagating spin-precession
waves (surface-wave-like excitations of the HPD) cannot propagate between the
two volumes, analogously to the white-hole horizon.
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Trapped magnon BECs provide a way to probe vortex dynamics
locally and down to the lowest temperatures,” °” where there are still
many open questions related to vortex dynamics including mecha-
nisms of dissipation in the zero-temperature limit, see, e.g., Refs. 98-
100.

The effect of vortex configuration on the textural energy, which
determines the radial magnon BEC trapping frequency, may be
written as”'

2
2 ’IJd%LV'l) , (16)

2

F, = 5 amH o o

where ay, is the magnetic anisotropy parameter, Q is the angular veloc-
ity, / is a dimensionless parameter characterizing vortex contribution
to textural energy, and @ =1(V x v,) is the spatially averaged
vorticity.

The vortex contribution to the textural energy may be introduced
via a dimensionless parameter A, which is contains the contributions
from the orienting effect related to the superflow and the vortex core
contribution. When the equilibrium vortex configuration is perturbed,
ie,®:= Q+ o', where Q is the equilibrium vorticity and &' is a ran-
dom contribution with (') = 0, parameter A is replaced by an effec-
tive value

= L (/) — (0 /Q)

A . (17)
V1 (@00 /27 + 2(001/Q)?

Here, w, and wy are the random contributions along the equi-
librium orientation and perpendicular to it, respectively. This effect
has been observed in experiments’® by introducing vortex waves via
modulation of the angular velocity around the equilibrium value and

monitoring the precession frequency (i.e., the ground state energy) of

PERSPECTIVE pubs.aip.org/aip/apl

the magnon BEC (see Fig. 11). Vortex core contribution can be
extracted separately from the measured magnon energy levels by com-
paring measurements with and without vortices.”'

Based on numerical 1D calculations using the uniform vortex tilt
model from Ref. 101, where all vortices are tilted relative to the equilib-
rium position by the same angle, the magnon BEC ground state fre-
quency [see Fig. 12(a)] is found to scale as

Af = —fy sin’0, (18)

where the sensitivity fo ~ 100 Hz is found to depend linearly on the
vortex core size [see Fig. 12(b)]. Using Eq. (18), one can then extract
the average tilt angle of vortices within the volume occupied by the
magnon BEC from the measured frequency shift. This method has
been utilized for probing transient vortex dynamics.”®

When quantized vortices penetrate the magnon BEC, like in
Fig. 9(c), they also contribute to enhanced relaxation of the conden-
sate. Distortion of the superfluid order parameter around vortex cores
opens direct non-momentum-conserving conversion channels of opti-
cal magnons from the condensate to other spin-wave modes, predomi-
nantly light Higgs'*” [see Fig. 9(b)]. The decay rate of macroscopic
(millimeter-sized) condensate depends on the internal structure of
microscopic (100 nm-sized) vortex core. This effect has been used in
experiments to distinguish between axially symmetric and asymmetric
double-core vortex structures’” and to measure the vortex core size.”*

VIII. OUTLOOK

Bose-Einstein condensates of magnon quasiparticles have been
realized experimentally in different systems including solid-state mag-
netic materials, dilute quantum gases, and superfluid *He. Spin super-
fluidity of those condensates and phenomena such as the Josephson
effect may be viewed as analogs of superconductivity in the magnetic
domain. Superconducting quantum electronics, based on Josephson
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FIG. 12. Magnon BEC as a probe for vortex configuration. (a) The radial trapping potential for a magnon BEC, originating from the textural configuration in a cylindrical trap,
scales with the vortex tilt angle roughly as f, = @, /27 o sin20, where 0 is the tilt angle of vortices relative to the axis of rotation. The dashed line is a linear fit to the numeri-
cally calculated frequency shift using experimentally determined value for (1/Q)|,_, at 4.1bar pressure (vortex core size ~ 170 nm). The numerical model assumes uniform
vortex ilt. (b) The tilt sensitivity fy, calculated using the measured (1/Q)|,_, at all pressures, is found to scale with roughly linearly with the vortex core size (1 + F5/3)&,
where F5 is the first symmetric Fermi-liquid parameter and &, is the T= 0 coherence length.

junctions and operated at millikelvin temperatures, is one of the most
important platforms for quantum technologies. The need to operate
these devices at very low temperatures hinders the expansion of this
technology and may place fundamental limitations on the complexity
of devices. Coherent magnetic phenomena are generally more robust to
temperature than superconductivity. The fundamental work on mag-
non BECs at low temperatures is reflected in the room-temperature
demonstrations of magnon condensation, spin supercurrents and the
magnon Josephson effect.'”'*'"* Thus, the technological focus of
research on magnon condensates is the development of magnonic devi-
ces operating at ambient conditions.””'”>"'" In this Perspective, we
have shown that there is another important dimension of magnon BEC
applications as a laboratory to study fundamental questions in various
areas of physics from Q-balls and Higgs particles to time crystals and
quantum turbulence. These fundamental phenomena can be utilized in
future magnon-based devices.

Magnon BECs make one of the most versatile implementations
of time crystals that also comes the closest to the ideal time crystal as it
needs no external pumping. Exploring this novel phase of condensed
matter, one may ask whether it is possible to melt a time crystal into a
time fluid, is it possible to seed time crystallization,“” or how time
crystals interact with different types of matter. The time crystal
description of magnon BECs also emphasizes the potential for quan-
tum magnonics applications: the magnitude and phase of the wave
function of a single magnon-BEC time crystal, or that of a multi-level
composite system of time crystals, is directly accessible in experiments,
revealing basic quantum mechanical processes, such as Landau-Zener
transitions and Rabi oscillations in a nondestructive measurement in
real time. These can, therefore, be harnessed unimpeded for also tech-
nological applications.

The development of optical lattices has allowed simulating a
range of physical systems in cold atom experiments,''” while experi-
ments on magnon BECs have been limited to one or two condensates.
An exciting development will be to form magnon condensates on a lat-
tice to probe solid-state physics in magnetic domain, perhaps utilizing
spinor cold gases''' on a 2D lattice of elongated trapping tubes'' or
room-temperature solid-state systems in optically printed 2D lattice.””
Optical beam-shaping techniques may be additionally utilized for

directly printing suitable spin currents. In superfluid *He, applied rota-
tion can be utilized to form a regular lattice of quantized vortices,
which act as traps for spin waves.''” The angular-velocity-dependent
vortex spacing controls the coupling between the adjacent condensates
and can thus be used to realize a superfluid-Mott insulator transi-
tion'"” in a spin superfluid.

The excitations of a magnon BEC provide ample possibilities to
model propagation of particles in curved space in acoustic-metric type
experiments.' " In such models, the effective metric is created by a
fluid flow which is externally controlled, while the dispersion relation
of the propagating modes is usually unadjustable, like gravity waves on
water.' ' For magnon BEC, remarkably, the spectrum of
Goldstone bosons can typically be adjusted in a wide range by external
magnetic field, while the spin flow is formed by the phase of the coher-
ent precession controlled with external pumping. Thus, non-trivial
metrics can be realized even without using geometrical constrictions,
and scenarios inaccessible using phonons or ripplons in classical fluids
can be studied. For example, in a magnon BEC in the polar phase of
*He, the propagation speed of the Goldstone boson is controlled by the
angle of the static magnetic field with the orbital anisotropy axis of the
superfluid. The mode can be brought to a complete halt at a critical
angle, and beyond this angle, the metric changes signature from
Minkowski to Euclidean."'” This potentially allows studying the insta-
bility of quantum vacuum in such a transition.

In addition to the use of magnon BECs as a versatile model sys-
tem, they can also be employed as ultra-sensitive detectors for funda-
mental research. For example, the magnon BEC could be used to
search for the axion dark matter'””'*' via the coupling between axions
and coherently precessing spins. The coupling gives rise to an addi-
tional effective magnetic field term in the Hamiltonian of the magnon
BEC, oscillating with a frequency determined by the axion mass. As in
typical resonance axion detector schemes, the BEC needs to be tuned to
match the frequency of the effective field to detect it. In high-Q cavity
resonators tuning is often difficult to achieve. In contrast, the change in
frequency of the magnon BEC during decay provides a natural way for
high-precision probing of a continuous range of axion masses.

Another prospect application of magnon BECs is detection of
edge states in topological systems. The surfaces of superfluid *He are
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populated by bound states, and the theoretical consensus is that among
them we should find Majorana fermions, ”*'** supported by recent
advances in the interpretation of key experiments.'”*'”” Guided by
these observations, a magnon BEC placed in contact with the surface
of superfluid could provide a tool for extracting detailed evidence on
the role of the Majorana states.'”” The BEC can be moved around the
fluid by adjusting the trapping magnetic field. Preliminary measure-
ments show that magnon loss from BEC is significantly enhanced
when the condensate is brought from bulk to the surface of *He-B
sample.'”® Future experiments should clarify whether this relaxation
increase is caused by Majorana surface states and how it connects to
other basic properties such as bound state transport physics.”'**

Magnon BECs could also be used as a source and a detector of
spin currents in particular, to probe composite topological matter at
the interface of superfluid *He and graphene.'”" Atoms of *He should
not penetrate through a graphene sheet, but coupling of the spin cur-
rent through a graphene sheet immersed in the liquid is possible
through the excitations of the graphene itself (electronic or ripplons)
or via magnetic coupling of the quasiparticles living at the interface
between graphene and helium superfluid. As in the original observa-
tion of the spin Josephson effect in *He,”’ two magnon condensates
separated by a channel can be maintained at the controlled phase dif-
ference of the magnetization precession, which drives a spin current
through the channel similar to Fig. 10. In this case, one would place a
graphene membrane across the channel and find whether the
Josephson coupling is still observable.

Magnon BEC physics beyond what we have outlined here can
perhaps be studied in systems for which the experimental realization is
yet to come. One potential platform is the superfluid fermionic spin-
triplet quantum gas, which could be realized by synthetic gauge fields,
e.g, through Rashba-coupling scenarios,”” by tuning into a p-wave
Feshbach resonance,*® or perhaps by induced interactions.'”” Unlike
in *He, the spin-orbit coupling should be controllable over a wide
range via, e.g., the Rashba coupling strength, via the amplitude of mag-
netic field, or via the density of the inducing component, allowing for
unique research directions such as controlling the gap of the (pseudo-)
Higgs mode.

Another interesting research project would be to create a magnon
BECs in a (putative) spin-triplet superconductor, such as UTe,, see,
e.g., Ref. 138, and references therein. The order parameter of UTe,
may take multiple forms, including the Bs, irreducible representation
of the Dy, point symmetry group, which resembles the planar phase”®
in the context of *He. In *He, the planar phase is predicted to never be
the lowest energy phase, as its energy always lies between the B phase
and the polar phase.”® Due to the presence of the discrete point sym-
metry group, this novel phase may be stable in UTe,, making this a
unique possibility to study its collective modes such as spin waves and
by extension the magnon BEC. Additionally, the (possibly quite signifi-
cant) spin-orbit interaction strength in UTe,,'** measurable through
(a condensate of) magnons, can prove to be an integral part in pinning
down its order parameter,]3 i similarly to the case of 3He”®
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