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Vortex-mediated relaxation of magnon BEC into light Higgs quasiparticles
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A magnon Bose-Einstein condensate (BEC) in superfluid *He is a fine instrument for studying the surrounding
macroscopic quantum system. At zero temperature, the BEC is subject to a few distinct forms of decay into other
collective excitations, owing to momentum and energy conservation in a quantum vacuum. We study the vortex-
Higgs mechanism: The vortices relax the requirement for momentum conservation, allowing the optical magnons
of the BEC to transform into light Higgs quasiparticles. This facilitates a direct measurement of the dimensions
of the B-phase double-core vortex, providing experimental access to elusive phenomena, such as the Kelvin wave
cascade and core-bound Majorana fermions. Our paper expands the spectrum of possible interactions between
magnetic quasiparticles in *He -B and lays the groundwork for building magnon-based quantum devices.
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One illuminating perspective to the ground state of a
fermionic condensate, such as zero-temperature superfluid
He, is to treat it as a quantum vacuum where moving objects
interact with the excitations of the vacuum [1-5]. Various
collective excitations, for example, magnetic quasiparticles
(magnons), and topological defects, such as quantized vortices
can be manipulated in this extremely pure environment. A
Bose-Einstein condensate of optical magnons (magnon BEC),
trapped within the superfluid, can be instrumented to probe
objects in the system without influencing them [6-9]. This
capacity has inspired suggestions to use the BEC to detect
surface- or vortex-core-bound Majorana fermions [10,11] or
the Kelvin wave cascade [12,13]. Both have so far remained
elusive despite decades of active research. Changes in the
BEC ground-state frequency as well as the population decay
rate of the BEC can be devised for such purposes, provided
the basic interactions between the excitations of the quantum
vacuum are first thoroughly mastered. On the other hand,
macroscopic quantum systems, such as BEC-based time crys-
tals [14—16] provide a promising building block for quantum
technologies, which rely on controlled nondestructive manip-
ulation of the system. Such control can be accessed in the
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superfluid vacuum by coupling the BEC to and decoupling
it from available excitations selectively.

In superfluid *He, the spin and orbital angular momenta
of Cooper pairs are equal to one. In the B phase, the relative
spin-orbit symmetry is broken in addition to the emergence
of a coherent phase, as described by a 3 x 3 complex order-
parameter matrix [17,18]. The macroscopic spin and orbital
momentum directions are connected by the spin-orbit rotation
angle 6 around axis 72. In equilibrium, 6 is equal to the Leggett
angle 6 ~ 104°. The fermionic thermal excitations of this
system have energy gap Ap which at low temperatures is on
the order of kg T, where kg is the Boltzmann constant and T,
is the superfluid transition temperature. At temperatures much
below T;, the number of thermal excitations is reduced expo-
nentially, creating a vacuum void of fermionic quasiparticles.

Besides the fermionic quasiparticles, there are three
collective spin-wave modes with a small (or zero) gap,
corresponding to the combined oscillations of three spin com-
ponents and three components of spin-orbit rotation [18].
Following Ref. [19], we call these modes optical magnons,
acoustic magnons, and light Higgs quasiparticles. A detailed
derivation of the modes can be found, e.g., in Ref. [20]. In
the absence of a magnetic field, optical and acoustic magnons
are gapless, corresponding to the oscillations of 7. That is,
their frequency vanishes in the long-wavelength limit. In a
magnetic field H, optical magnons acquire a gap equal to
the Larmor frequency 27 fi, = wp. = |y|H, where y is the
gyromagnetic ratio. The light Higgs mode corresponds to os-
cillation of # around 6, and has a gap Qg /27 ~ 100 kHz (2
is the Leggett frequency). The dispersion relations of these
three modes are illustrated in Fig. 1(a). Direct interactions
between these modes are studied in Ref. [19].
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FIG. 1. (a) Spectra of spin waves in *He -B. The mass (gap) w,
of optical magnons (blue line) can be tuned using the magnetic field.
Direct conversion of optical magnons into light Higgs quasiparticles
(solid arrow), studied in this Letter, requires balancing the momen-
tum mismatch. The parametric conversion of optical magnons into
gapless acoustic magnons (red line), and light Higgs quasiparticles
(green line) can be observed when the density and mass of the op-
tical magnons are large. Processes indicated by dashed arrows were
reported in Ref. [19]. (b) Superfluid ’He in a cylindrical container.
A BEC of optical magnons (blue blob) is trapped in the middle by
the spatial distribution of the orbital order parameter (72 vector, small
green arrows) and by an axial minimum in the external magnetic
field H. The coherently precessing magnetization M (large magenta
arrow) in the BEC is parametrized with the tipping angle By. In
constant rotation 2 around the vertical axis, an array of vortices is
created, penetrating the BEC (red vertical rods at the top). For illus-
trational reasons the vortex rods have been made transparent in the
vicinity of the BEC and drawn only in the upper half of the container,
and the order parameter distribution is only shown in the middle
section. The vortex configuration obtained in modulated rotation is
sketched with the magenta rods at the bottom of the container, based
on Ref. [21].

The superfluid vacuum can also host topological defects
[1], in particular, quantized vortices. An ordered array of
vortices can be created by rotating the sample at a constant
angular velocity 2. The density of the vortex array is pro-
portional to 2. The B-phase vortices have a broken-symmetry
core [22,23] where the low-temperature vortex studied in this
Letter has a double-core structure consisting of two tightly
bound half cores [24-30]. A theoretical description of the
interactions of vortices and collective excitations in superfluid
3He can be confidently constructed by expanding on the BCS
theory with Fermi-liquid effects included [31].

In this Letter we study the interaction of a condensate
of optical magnons with quantized vortices and light Higgs
quasiparticles, which we call the vortex-Higgs mechanism:
If a vortex penetrates the magnon BEC, optical magnons are
scattered by the order-parameter distortion that surrounds the
vortex. This interaction lifts the requirement for momentum
conservation for inbound and outbound quasiparticles. We
show that in such collisions the optical magnons in the con-

densate are converted directly into light Higgs quasiparticles.
This is seen as zero-temperature relaxation of the BEC. We
study this conversion in two qualitatively different vortex con-
figurations, ordered and disordered, and find that the results
are in good agreement with theory.

The magnon BEC in superfluid *He consists of coher-
ent optical magnons [32]. Their magnetization M precesses
around the external magnetic field H and is described by a
macroscopic wave function W. The total number of magnons
N o [|W]?dV « [ B3dV, where By is the deflection angle
of M from the equilibrium direction along H, and V is the
volume. Here we assumed that 8y is small, which is satisfied
in all the experiments presented in this Letter. The coherently
precessing magnetization is generated and detected using nu-
clear magnetic resonance techniques: Transverse coils placed
in the vicinity of the sample container cylinder allow driving
the condensate using a radio-frequency field and detecting the
condensate by measuring the induced voltage (Fig. Sla in the
Supplemental Material [33]).

The magnon BEC is trapped in the middle of the superfluid
sample [Fig. 1(b)] by the radial distribution of the orbital order
parameter (“texture”), and an axial minimum of the external
magnetic field. The resulting trap is nearly harmonic [34],
characterized by the radial and axial trapping frequencies f;
and f, determined from measurements of the full spectrum
of states in the trap [20]. We concentrate on the ground-state
magnon BEC, whose precession frequency is f = fi + f; +
f2/2. Temperature is measured using a mechanical oscilla-
tor, a quartz tuning fork. Its resonance width follows Av
exp(—Ap/kgT) at temperatures 7 < 7. ~ 1 mK, probing
the density of thermal quasiparticles [35]. Further details of
the experimental setup can be found in the Supplemental
Material [33].

At a finite temperature, the relaxation of a magnon BEC
is primarily caused by spin transfer via thermal fermionic
quasiparticles [34,36] via the Leggett-Rice spin-rotation ef-
fect [37]. This process is usually called nonhydrodynamical
spin diffusion. It results in exponential decay of the con-
densate By o exp(—t/tsp). Here 1/tgp is the spin-diffusion
relaxation rate. The rate is proportional to the thermal quasi-
particle density and, thus, to the thermometer fork resonance
width and the BEC relaxation rate 1/tsp o< Av [red points in
Fig. 2(a)] [34]. In practice there are also unavoidable losses in
the measurement circuitry, but this effect can be confidently
subtracted [34].

In the zero-temperature limit intrinsic decay channels
are absent, and the condensate lifetime approaches infinity
[7,14,16,38]. Any (extrapolated) zero-temperature dissipation
in the bulk liquid [38] is, therefore, an indication of interaction
with other collective modes either via parametric excitation
or via direct conversion. The former is allowed assuming the
density of optical magnons is high enough, and their mass
is large enough [19]. Direct conversion is ruled out due to
momentum conservation unless mediated by boundaries or
interaction with topological defects of the superfluid vacuum,
such as quantum vortices.

The interaction with a nonsingular topological defect arises
due to the distortion of the order parameter distribution in the
vicinity of the defect: The order parameter is not suppressed
to zero in the core but changes to another superfluid phase.
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FIG. 2. Vortex-Higgs mechanism in steady rotation: (a) Mea-
sured relaxation rate at Q2 =0 (red points) is linear in the
thermometer fork width Av owing to spin diffusion (red line). In-
trinsic fork width has been subtracted from Av shown here. Data
measured at 2 > 0 show an increased slope, reflecting the chang-
ing trap shape. (b) The temperature-dependence slopes dfdl(vm in
panel (a) (points) are proportional to the radial trapping frequency
f: (dashed line is a linear fit through zero) as expected for spin dif-
fusion, implying that other relaxation contributions are temperature
independent. (c) The temperature-independent relaxation extracted
as illustrated in panel (a) by extrapolating to Av = 0 (colored dots)
is proportional to €2, that is, to the vortex density (dashed lines).
(d) The magnetic-field dependence of the vortex relaxation in the
ordered state, extracted similarly as shown in panel (a) (large orange
circles, Q = 1 rads™!), is in good agreement with that obtained by
modulated rotation (small black points). Dissipation due to losses
in the measurement circuity and the intrinsic fork width have been
subtracted from all data as explained in Ref. [34] and Fig. 3. Pressure
in panels (a) and (b) was 0.5 bar. The magnetic field for the 0.5-bar
and 15-bar data corresponds to fi, = 826 kHz, and for the 4-bar and
8-bar data to fi = 833 kHz. Data in panel (d) were measured at
4-bar pressure. Error bars correspond to uncertainty in removing the
resonant relaxation peaks.

In a simple model, the double-core vortex can be represented
as a pair of half-quantum vortices [25,29] where the connec-
tion between the cores forms a domain wall. Domain walls,
such as phase boundaries characteristically orient orbital de-
grees of freedom in *He in a distinct way as observed, e.g.,
across the boundary between the A and B phases of superfluid
3He [36,39]. Thus, the longer the connecting wall, the larger
the distortion. Around the double-core vortex 6 — 6, ~ C/r,
where C characterizes the strength of the distortion and r is
distance from the central axis of the vortex. This deviation
becomes substantial (9 — 6, ~ 1) at distances comparable to
the half-core separation. Thus, C measures this distance (Eq.
(S4) in the Supplemental Material [33]). This deviation of
0 leads to coupling between magnons in the BEC and light
Higgs modes as is derived in Ref. [40] and applied for the
present case in the Supplemental Material [33].

The entire refrigerator used in the experiments can be
rotated around the axis of the sample container cylinder. Ro-
tation creates an equilibrium array of vortices, which has a
twofold effect on the BEC. First, the global orbital texture
reacts to the vortex array [41], changing the shape of the trap
(f: increases). This affects the spin-diffusion relaxation, which
can be written as 1 /tsp = f;D x const [36] (f; > f,). Here D
is the applicable component of the transverse spin-diffusion
tensor. We find that changes in the measured relaxation 1/t
are proportional to Av at any given 2 [Fig. 2(a)] and that the
slope dtdl(vm is proportional to the measured radial trapping
frequency f; [Fig. 2(b)]. This observation implies that the
temperature dependence of the relaxation rate 1/7, contained
in D, is not affected by rotation, and any relaxation di-
rectly related to the vortices is temperature independent below
T =0.17T.. We emphasize that all the relaxation signals
measured were exponential in time, implying that no non-
exponential contribution was added by the vortex array. The
second observation is that the zero-temperature (Av = 0) ex-
trapolation of the relaxation is proportional to 2 [Fig. 2(c)].
That is, the observed temperature-independent relaxation is
as follows: (i) exponential and (ii) proportional to the density
of vortices (see Fig. S1b in the Supplemental Material [33]).
This is in good agreement with the theoretical expectation for
vortex-Higgs mechanism of BEC relaxation, Eq. (S17) of the
Supplemental Material [33].

We note that peaks in the measured relaxation, associated
with the presence of vortices, were observed with roughly
1-kHz spacing in fi on top of the vortex-Higgs dissipation
described above. We account this phenomenon for reso-
nant production of standing spin-wave modes in the sample
container, mediated by the vortex array. In Ref. [19] such
peaks are accounted to vortex-mediated production of acous-
tic magnons [see Fig. 1(a)]. We believe both acoustic magnons
and light Higgs quasiparticles are viable candidates to explain
this observation, but a detailed study is left for a future pub-
lication. For simplicity, in what follows we call the peaks
relaxation peaks. The peak frequencies were avoided in all
measurements conducted at stable rotation.

As an alternative to constant rotation, the angular velocity
can be modulated. We used linear modulation in the range
from 1.4 to 1.8 rads™! with |[dQ/dt| = 0.03 rad s~2. In the
steady state the vortex number is expected to remain constant
but the vortex array is distorted. We find experimentally that
this removes the resonance peaks found at constant rotation.
The measured zero-temperature relaxation with and without
modulation, the latter avoiding the relaxation peaks are shown
in Fig. 2(d). The two vortex configurations yield the same
BEC relaxation rate. This observation allows us to probe the
vortex-Higgs mechanism at arbitrary magnetic fields, avoid-
ing the relaxation peaks altogether.

We can further characterize the vortex-Higgs mechanism
by varying the coupling among magnons and vortices and,
thus, parameter C. The core separation can be varied by
changing pressure. The relaxation caused by the vortex-Higgs
mechanism also depends on the magnitude on the magnetic
field as derived in the Supplemental Material [33].

We compare the experiment with the theoretical model in
Fig. 3. We find very good agreement in the magnetic field
as well as the pressure dependence with C = 7.4R,. Here Ry

L032002-3



S. AUTTI et al.

PHYSICAL REVIEW RESEARCH 3, 1032002 (2021)

f{‘\q . . 5 ;
6\ % 1
N
\
\ _15
L \ € 4
5 N El \\
N A
N ENCIRREHY © 4l w0
I SIRAAINEEN Ao
S 4N \ W e e ol
z 2 N\ N b
=~ G N e 0.5
9 S T 0 10 20 30
3 2, “oe NI Pressure (bar) 1

QT

N

17 18 19 20 21 22 23 24 25 26 27
Field (mT)

FIG. 3. Vortex-Higgs mechanism as a function of magnetic field
and pressure: Measured BEC-relaxation field dependence at different
pressures (colored dots) is in good agreement with the theoretical
expectation (dashed lines) for vortex-mediated conversion of BEC
magnons into light Higgs quasiparticles. Theory lines correspond to
Eq. (S17) in the Supplemental Material [33], fitted to the data using
parameter C. All measurements were carried out at 7 = 0.157T..
Spin-diffusion dissipation and radiation losses have been subtracted
based on measured trapping frequencies f, and f, [36]. This cor-
rection is about 5% for the 4-bar data and less than 1% for the
29-bar data. The inset shows C vs pressure, in good agreement with
theoretical expectation C = CRy with fitted C = 7.4 (dashed line).
The colored circles correspond to fits in the main panel, and the
triangles correspond to the straight-vortex data in Figs. 2(c) and
2(d). Error bars correspond to uncertainty in removing the resonant
relaxation peaks.

is a characteristic length scale on the order of the coherence
length in the superfluid (see Supplemental Material [33] for
details). This value is close to the theoretical value of C/Ry =
5.9-6.6 [27,42], and, therefore, the agreement between ex-
periment and theory is highly satisfactory without any fitting
parameters. This means that the fitted C agrees well with the
theoretically predicted core separation. The millimeter-sized
magnon BEC, therefore, correctly measured the effective vor-
tex half-cores’ separation which is on the order of 1 um,
confirming the assumption that the BEC interacts with each
individual vortex independently and providing a strong argu-
ment in support of the vortex-Higgs interpretation.

The observations presented above imply that the vortex-
Higgs mechanism opens an otherwise-unavailable relaxation
channel for the magnon BEC, corresponding to zero-
temperature conversion of optical magnons of the BEC into
light Higgs quasiparticles. This connection is mediated by the
double-core vortex of low-temperature superfluid *He, and it
is robust against changes in vortex orientation and order. The
role of the vortices, acting via the textural distortion that sur-
rounds them, is to bridge the mismatch of momentum between
the two species of quasiparticles. The measured dissipation is
proportional to vortex density and reacts to changes in the core
dimensions of the B-phase vortices and the order parameter
distribution surrounding them as expected from the theory
developed in the Supplemental Material [33]. These observa-

tions add the vortex-Higgs mechanism to the set of confirmed
interaction channels of magnetic quasiparticles in superfluid
He.

It remains an interesting task for the future to confirm
further predictions of the vortex-Higgs mechanism. The con-
version of optical magnons into light Higgs quasiparticles
is only possible via this mechanism assuming the optical
magnons have a mass (xwp ) larger than that of light Higgs
quasiparticles (xQ2g). The former is controlled by the mag-
netic field, and the latter by pressure. Probing the region where
wL, < g, and, thus, the vortex-Higgs mechanism is disabled,
requires developing a spectrometer capable of measuring at a
sufficiently low magnetic field (<8 mT). Such a setup could
be used to conclusively identify the source of the resonant
relaxation peaks as well. On the other hand, our results pro-
vide basis for looking for relaxation contributions beyond the
vortex-Higgs mechanism, for example, those originating from
vortex-core-bound or surface-bound fermionic quasiparticles
[10,11,43-45]. For such studies one should also operate below
the cutoff frequency g, allowing the detection of smaller
relaxation contributions.

The magnon BEC also makes a sophisticated new tool for
probing other emergent phenomena, such as vortex dynamics.
In particular, zero-temperature vortex turbulence is believed
to be terminated by the Kelvin wave cascade, but it remains
a long-standing challenge to confirm and explore this effect
experimentally [12,13,46,47]. On the other hand, surfaces
and vortex cores of superfluid *He host elusive Majorana
bound states [10,11], with a characteristic zero-temperature
dissipation signature [48], which remains to be conclusively
evidenced. Both these realms can now be explored using a
magnon BEC as an instrument. For example, one way of
detecting the Majorana quasiparticles relies on changing the
relative magnetic-field orientation and measuring the related
magnetic relaxation [48]. Our Letter provides a solid basis for
measuring any delicate field dependence of the BEC relax-
ation rate. Finally, applying the BEC to build quantum devices
[16]—eventually perhaps even at room temperature [15,49—
52]—is an exciting new avenue for research that our Letter
and other recent advances have enabled. Quantum vortices
could be used to manipulate the state and features of such a
device via the vortex-Higgs mechanism with minimal distur-
bance and coupling to the external world.

The data that support the findings in this Letter are avail-
able from the corresponding author upon reasonable request.
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