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Chapter 1

Introduction

Quantum mechanics dating from the beginning of the 20th century is
the fundamental theory describing the behaviour of matter. Its effects are
generally not seen in large everyday objects where the laws of classical
mechanics describe the behaviour accurately enough. However, studying
small systems close to atomic size or certain large systems frozen close
to absolute zero temperature gives us experimental access to the world
dominated by quantum effects.

All known particles in the Universe can be divided into one of two
fundamental classes based on the value of their spin, or intrinsic angu-
lar momentum. The particles with integer-valued spin are bosons and the
particles with half-integer-valued spin are fermions. Bosons and fermions
obey different quantum statistics, leading to fundamentally different be-
haviour clearly detectable at low temperatures. Macroscopic quantum phe-
nomena can be studied in both types of particle systems, for example as a
form of Bose-Einstein condensation (BEC) of bosonic diluted gases or as
a superconductivity of fermionic electrons in metals. Bose-Einstein con-
densation is a quantum phenomenon occurring in bosonic systems at tem-
peratures below a critical temperature Tc where a macroscopic number of
atoms spontaneously occupy the lowest-energy state (ground state) of the
system and their collective properties can be described by a single wave-
function. The existence of BEC was predicted by Satyendra Nath Bose
and Albert Einstein in 1924–1925. Fermions on the other hand cannot oc-
cupy the same energy state due to Pauli exclusion principle; instead, they
form Cooper pairs as described in Bardeen-Cooper-Schrieffer (BCS) the-
ory from 1957 [1] and then form a condensate of pairs. A requirement for
the formation of Cooper pairs is an attractive interaction between the con-
stituent particles resulting in the pair formation when the system reaches
low enough temperature.
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Helium at room temperature is probably best known through its use
in filling the balloons. In a scientific sense it is rather uninteresting sub-
stance: as a noble gas it is chemically inert. But since the liquefaction of
helium in 1908 by Heike Kamerlingh Onnes [2], at low temperatures it has
proved to be valuable and vast source of new discoveries in various fields
of physics. The two stable isotopes of helium (bosonic helium-4, 4He, and
fermionic helium-3, 3He) have a unique property of remaining in a liquid
form down to absolute zero temperature due to large zero-point motion and
weak interactions between atoms. They solidify only at high pressures of
the order of 30 bar. The transition temperature to liquid is 4.2 K for 4He
and 3.2 K for 3He at atmospheric pressure. Most important manifestation
of macroscopic quantum nature of these liquids is the transition to super-
fluid state. Superfluidity is a phenomenon closely related to superconduc-
tivity: in superfluids the mass flows without friction, i.e., the viscosity is
zero, whereas in superconductors the electrons move without dissipation,
i.e., the electrical resistance is zero. Helium-4 becomes superfluid at 2.2 K
much in the same way as Bose-Einstein condensates. Fermionic 3He must
form Cooper pairs in a similar manner as electrons in superconductors in
order to reach the superfluid state. For this reason, the superfluid transi-
tion temperature Tc in 3He is more than thousand times smaller than in
4He, since only at a temperature of 1 mK is the small attractive interaction
large enough to overcome the thermal energy.

In this dissertation we study 3He. Its natural abundance within helium
in Earth’s atmosphere is only of order 1 ppm, so virtually all 3He used in
research and in industry is manufactured by producing tritium which then
decays to 3He. Since 3He is so rare and expensive, it is used only in closed
systems, and thus the samples acquired decades ago can still be in use. Our
research concentrates particularly on low-temperature superfluid 3He at
temperatures below 0.2Tc. As a macroscopic quantum-mechanical system
it gives information about the fundamental properties of matter, but also
works as an accessible laboratory system giving insight into multiple fields
in physics ranging from condensed matter physics to cosmology and from
high energy physics to hydrodynamics. One source of recent interest comes
from the classification of superfluid 3He as a type of topological insulator
which has elusive Majorana fermions as its edge states.

Quasiparticles are introduced in a macroscopic quantum mechanical
system as a way to describe the excitation of the system from its ground
state. They are used as a tool to simplify the representation of multi-
ple phenomena which would be otherwise impossible to handle in com-
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plicated interacting many-body systems. Instead of many-body motion
of actual particles, a quasiparticle illustrates single quantum excitation
and includes the effective motion of all actual particles in the correspond-
ing excited state. Quasiparticle description is useful if the interactions
between quasiparticles are weak. For example, superfluid 3He is conve-
niently considered as a two-fluid system: superfluid component consist-
ing of Cooper pairs and normal component consisting of unpaired atoms
described in terms of Bogoliubov quasiparticles, the broken Cooper pairs.
Besides fermionic quasiparticles, superfluid 3He possesses also degrees of
freedom which can be described by means of bosonic quasiparticles. In
particular, excitations in the magnetic subsystem of 3He are important in
describing the magnetic response of the sample in nuclear magnetic reso-
nance (NMR) experiments. The corresponding quasiparticles are known as
magnons, which in the wave picture of quantum mechanics can be viewed
as quantized spin waves.

During the last decade there has been some debate whether the quasi-
particles can form condensed states analogous to condensates of actual par-
ticles. Experimental-wise the analogy is quite comprehensive. For exam-
ple, in case of magnons which are bosons, the Bose-Einstein condensation
refers to spontaneously emerging constant-frequency spin precession and
coherent phase for macroscopic amount of spin waves created in the sam-
ple. In superfluid 3He, the dissipationless transport of spins (magnetiza-
tion), i.e., the spin superfluidity, is closely related to existence of magnon
BEC.

We create the magnon Bose-Einstein condensate in superfluid 3He by
trapping magnons in a potential formed by the combined effect of the exter-
nally applied magnetic field and the order-parameter of superfluid phase.
Thus, we have two coexisting but separate superfluid systems: BEC of
magnons, or spin superfluid, confined in Cooper-paired superfluid helium.
Although the superfluid transport of magnetization in magnon BEC is not
tightly related to superfluid transport of mass in helium, the two superflu-
ids can interact via various mechanisms: the chemical potential and spatial
geometry of magnon BEC change when the order-parameter of superfluid
3He changes, and the relaxation properties of magnons are affected by the
quasiparticle excitations and topological defects of the underlying helium.
Through these interactions the magnon BEC provides a new way to exper-
imentally probe the properties of 3He at ultra-low temperatures.
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Organization of the overview
This overview introduces the concepts and experimental methods as a back-
ground to the included publications. The main results of the publications
are reviewed, but instead of plain repetition, the overview works as an
extension, broadening the description of the conducted experiments and
analysis.

As such, spin waves in 3He are rather old phenomenon. The formation
of spin-wave excitations, and further, their manipulation and relaxation, is
a consequence of the peculiar type of superfluidity of 3He. Thus, a quite
thorough theoretical background including the description of superfluid-
ity in 3He is presented in Chapter 2 to properly comprehend the concepts
of latter sections. Chapter 3 is devoted to the rotating demagnetization
cryostat and to the experimental setup implementing nuclear magnetic
resonance techniques – the main method of data collection used in every
publication. Chapter 4 summarizes and extends the results related to the
properties of the magnon Bose-Einstein condensate. We discuss creation,
characterization, and manipulation of magnon BEC, which are topics in
Publications I–III; dissipation mechanisms in bulk 3He-B, which are top-
ics in Publications III and IV; and modification of trapping potential due
to vortices, which is important in Publication VI. Probing of 3He-B with
magnon BEC is covered in Chapter 5. This includes dynamics of interface
between A and B phases [PIV], the interaction between different collec-
tive modes of 3He-B order parameter [PV], the probing of surface-bound
fermion states [PVII], and the gravity waves on the free surface of 3He-
B [PVIII]. Finally, Chapter 6 summarizes and concludes the overview, giv-
ing also some thoughts for the future research in the field of this disserta-
tion.

The relevant constants and parameters used in this dissertation from
various references and new parameters resulting from our work are con-
veniently listed on single web page offering also downloadable interfaces
for several program environments. The web page is maintained by V. V.
Zavjalov and can be found on http://slazav.github.io/he3lib/.
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Chapter 2

Theoretical background

In this chapter, we discuss properties of superfluid 3He relevant to the
work in this dissertation. The basics of superfluidity in 3He is discussed
in Sec. 2.1. The main emphasis is put onto the B phase, since the A phase
is only studied in Publication IV, and also there merely indirectly. In this
work, the most important type of order-parameter excitations in the B-
phase is the collective motion of spin and orbital degrees of freedom form-
ing spin waves. They are introduced from the theoretical point of view
in Sec. 2.2 leading to the presentation of spin superfluidity, the manifes-
tation of which are the coherently-precessing spin states. Coherent spin
precession is described through a concept of Bose-Einstein condensation
of magnon quasiparticles, which are quantized spin waves, in Sec. 2.3. In
probing the properties of superfluid 3He, understanding the relaxation of
magnon BEC is of great importance. The relaxation mechanisms impor-
tant for this work are presented in Sec. 2.4. At the end of the chapter, a
short description of the connection between the spin waves in 3He and the
Standard Model of particle physics is given in Sec. 2.5.

Subjects of this chapter are discussed, although to a lesser extent, in all
of the publications – in more detail in Publications I, IV, and VII.

2.1 Superfluid 3He
3He below the superfluid transition temperature Tc is an unconventional
superfluid, since its Cooper pairs are in state s = l = 1, where s is the spin
quantum number and l is the orbital angular momentum quantum num-
ber. This is referred to as spin-triplet p-wave pairing in contrast to con-
ventional superconductors where spin-singlet s-wave pairing takes place



6 Theoretical background

(s = l = 0). In the presence of Fermi surface the formation of stable Cooper
pairs requires net attractive interaction between the fermions forming the
pair and low enough temperature not to break the pairs with thermal en-
ergy. In case of conventional superconducting metals, the attractive in-
teraction between the electrons is mediated by phonons in the underly-
ing crystalline lattice while the repulsion due to Coulomb interaction is
screened at long distances. Liquids, on the other hand, do not have any
crystalline lattice, and thus the attraction in case of liquid 3He arises from
its intrinsic spin-density and charge fluctuations leading to weak Van der
Waals attraction. At the same time there is a strong repulsion between
the atoms at shorter interatomic distances. To avoid this strong repulsion
and still form a paired state, the Cooper pairs are forced to be in a state
of nonzero relative angular momentum l, meaning in classical picture that
the partners of each pair revolve about their centre of mass [3].

From quantum mechanics it follows that in the state s = 1 the spin-
projection quantum number sz along the quantization axis, commonly de-
noted z, can have values sz = 0,±1. Same holds for orbital angular momen-
tum quantum numbers: for l = 1 we can have lz = 0,±1. These three spin
substates and three orbital substates lead to 3×3= 9 substates in the wave
function describing the Cooper pair, meaning the Cooper pairs in superfluid
3He have an internal structure with respect to spin and orbital degrees of
freedom. This allows the existence of different Cooper-pair states, the one
of which with the lowest energy for given external conditions is the stable
one. The stable states each represent a different superfluid phase, amount
of which in bulk 3He is three:

• B phase [4]: sz = 0,±1, lz = 0,±1

• A phase [5, 6]: sz =±1, lz =+1

• A1 phase: sz =+1, lz =+1.

The phase diagram as a function of temperature T, external magnetic field
H, and pressure P is shown in Fig. 2.1. Most of the experiments presented
in this dissertation are conducted in 3He-B at temperatures T < 0.2Tc in
the pressure range from 0 to 29 bar. Other superfluid phases can be stabi-
lized in confined geometries. Examples are the polar phase between paral-
lel pillars [7] and the planar-distorted B phase in a narrow slab [8]. Classi-
fication of all possible phases on the basis of the symmetry considerations
can be found in Ref. [3].
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Fig. 2.1 Phase diagram of liquid 3He showing the stable superfluid phases A,
A1, and B as a function of temperature T, magnetic field strength H, and pres-
sure P. This dissertation focuses on 3He-B, which dominates the phase diagram
at low magnetic fields. Wherever the A phase is involved, it is created at low tem-
peratures by increasing H over the threshold value above which the A phase is
stable. Magnetic superfluid 3He-A1 can exist only if H > 0 and in a very narrow
temperature interval close to Tc.

The concept of superfluidity, as well as superconductivity or other sec-
ond order phase transition, is described through spontaneously broken
symmetry and the existence of an order parameter suitable for the system.
Symmetry of a system means any transformation under which the system
is invariant. Neglecting the small interactions and considering only the
lowest energy state, normal liquid 3He above T = Tc is invariant under
independent rotations of orbital space L and spin space S. In addition,
since the particle number is fixed, it is invariant under the so-called gauge
transformation involving phase, giving the total symmetry group

G = SO(3)L×SO(3)S×U(1)φ, (2.1)

where SO(3) refers to three-dimensional rotations and U(1) refers to ro-
tation about an axis, i.e., phase φ can take values between 0 and 2π. In
superfluid transition the gauge symmetry U(1) always breaks; if only that,
we are dealing with conventional superfluidity; if in addition to that some
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other symmetry is broken, we have an unconventional transition. Broken
gauge symmetry is solely responsible for, e.g., BCS superconductivity and
superfluidity of 4He. Due to symmetry breaking only subgroup of G is left
invariant. In case of 3He-B, the joint three-dimensional rotations of L and
S preserve the state invariance, thus defining the group of broken symme-
tries

R = G
SO(3)L+S

= SO(3)L,S×U(1)φ. (2.2)

This means that the system is not anymore invariant under the relative
rotations of orbital and spin spaces or under the change of phase, i.e., the
relative orientation between L and S must remain constant throughout
the system as well as φ. This type of relative symmetry breaking leading
to ordered state of 3He-B is known as spontaneously breaking spin-orbit
symmetry [9].

The order parameter of superfluid 3He is a complex 3×3 matrix Aμν

with μ,ν = x, y, z representing the directions in position space (index μ is
for spin space and index ν is for orbital space). For 3He-B in zero magnetic
field the form is

Aμν =ΔeiφRμν(n̂,θ), (2.3)

where Δ is the temperature- and pressure-dependent energy gap of 3He-B,
φ is the phase of the order parameter reflecting the broken gauge symmetry
U(1)φ, and Rμν are the components of a rotation matrix describing rotation
of the spin space relative to the orbital space around the unit vector n̂ by
angle θ in position space. The components of the rotation matrix can be
written as [3]

Rμν = (1−cosθ)nμnν+cosθδμν−sinθ
∑
λ

εμνλnλ, (2.4)

where εμνλ is the Levi-Civita permutation symbol, δμν is the Kronecker
delta, and nμ are components of unit vector n̂. The rotation matrix R(n̂,θ)
expresses the broken symmetry SO(3)L,S.

On the scale of condensation energy, the system is degenerate with re-
spect to n̂ and θ. However, existing weaker interactions lift the degen-
eracy: The dipole coupling of the nuclear spins, or spin-orbit interaction,
fixes the rotation angle θ to θL = arccos(−1/4)≈ 104◦ known as the “Leggett
angle” [10]. Orientation of rotation axis n̂ is determined as a competition
of multitude of orienting forces including external magnetic field H, the
boundaries of the sample, and superfluid flow. Those interactions often try
to pull n̂ to different directions [11]. The equilibrium distribution of n̂ is
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found by globally minimizing the sum of individual orienting free energies
together with the bending energy (gradient energy) opposing the nonuni-
form orientation of n̂. The length scale for allowed variations related to
some orienting effect is determined by corresponding healing length. In our
experiments, the magnetic healing length ξH ∼ 1mm is the relevant length
scale. Resulting smooth equilibrium distribution of n̂-vector is called the
order-parameter texture which can also be presented via the average direc-
tion l̂ of the orbital angular momentum of Cooper pairs (the anisotropy axis
of the superfluid) due to the interconnection between n̂ and l̂ (see Eq. 2.29).

At temperatures above Tc (but below 1K), 3He can be modelled by phe-
nomenological Landau Fermi-liquid model which is based on the concept of
elementary excitations known as quasiparticles (which can be particle-like
or hole-like) [12, 13]. All the relevant low-energy properties and interac-
tions of the many-body system can be stated in terms of a rarefied gas of
quasiparticles, which represents excitations above the ground-state. As
the temperature is lowered below Tc and the energy gap emerges in the
quasiparticle spectrum together with the formation of Cooper pairs, the
quasiparticle-based model still works and may be related to a “two-fluid
model”. Within this model, the system is divided into two coexisting compo-
nents: a “superfluid” component with density ρs and a “normal” component
with density ρn defining the total density ρ = ρs+ρn. Superfluid component
of zero viscosity consists of Cooper-paired particles (the pair condensate).
The normal component, whose density decreases towards zero as the tem-
perature decreases, consists of thermal excitations, i.e., of “broken Cooper
pairs” called Bogoliubov quasiparticles. This model is somewhat simpli-
fied since in reality there are no distinct superfluid and normal particles.
That said, it is still useful in describing many properties of superfluid 3He.
Thermal quasiparticles have a lifetime and mean free path which depend
on temperature and pressure. In the low temperature limit T < 0.2Tc, the
density of quasiparticles is already low enough for their mean free path to
exceed the dimensions of the container in our experiments. This regime
where quasiparticle scattering from the boundaries dominates interparti-
cle collisions is called the ballistic quasiparticle regime. It is of interest in
this dissertation.

2.2 Spin waves in 3He-B
Collective modes are excited oscillations about the equilibrium configura-
tion of the order parameter. Whenever a continuous symmetry in a system
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is broken, a gapless collective mode known as Nambu-Goldstone (NG) mode
appears due to degeneracy with respect to the associated component of the
order parameter variable [14]. In case of 3He-B, the breaking of relative
spin-orbit symmetry results in spin-orbit waves, or, from the point of view
of spin dynamics, spin waves on top of the frozen state of orbital space.
Further symmetry-breaking elements such as external magnetic field can
create gaps usually much smaller than the superfluid gap in the otherwise
gapless collective mode spectra as seen in this section where we derive the
frequency spectra for spin-wave modes in 3He-B.

The modes derived here cover three of the total of four gapless NG
modes existing in 3He-B. The fourth one is the oscillation of the order pa-
rameter phase φ, which is the sound mode. Total amount of the collective
modes is 18 since 3×3 complex order parameter has 9 real and 9 imaginary
components. Thus, in addition of NG modes, there are totally 14 gapped
amplitude modes (Higgs modes) with energies of the order of superfluid en-
ergy gap Δ. The sound mode and the gapped modes are out of scope of this
dissertation, although they are briefly presented in Publication V.

2.2.1 Locally uniform texture
As seen in the order parameter, Eq. (2.3), the oscillations responsible for
spin waves mean oscillations of the rotation matrix R, or of n̂ and of θ,
around equilibrium configuration R0. In principle, oscillation like this
should be reflected to both S and L spaces, but owing to high orbital viscos-
ity, the L space can be taken as static at the relevant time scales. Strictly
speaking, this assumption might not give complete picture at the lowest
temperatures [15, 16] but agrees well with the experiments where we are
concerned of the spin motion resulted from the small deviations from the
equilibrium.

The spin dynamics of superfluid 3He is described through two equations
known as Leggett equations [17]:

Ṡ = γS×H+RD, (2.5)

ḋ(k) = d(k)×γ

(
H− γ

χB
S

)
. (2.6)

First one of the Leggett equations describes the motion of spin around the
external magnetic field H affected by the dipolar torque RD arising from
the spin-orbit interaction and pulling S towards equilibrium S0 = (χB/γ)H,
where χB is the magnetic susceptibility of the B phase. The gyromagnetic
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ratio of 3He is negative: γ3He = −203.789 ·106 rad/sT. Thus, the spin and
magnetic moment (and the magnetization M) of 3He point into opposite di-
rections, M = γ3HeS [3]. In external field M = χBH ∥ H, so in order to use
absolute value γ= |γ3He| in equations, we choose to flip the spin direction,
S → −S, leading to conversions S ∥ M and S0 ∥ H. This affects also the
dynamic properties of spin such as the precession direction (clockwise or
anticlockwise) so it must be kept in mind in the following derivation where
relevant. The second equation shows a motion of the order-parameter vec-
tor d(k) which includes the three spin components and points along the
zero spin projection in equilibrium. It can be written in terms of small
out-of-equilibrium angular variable θs of spin space:

θ̇s =−γ
(
H− γ

χB
S

)
. (2.7)

Here, θs is a vector with components θs
μ referring to three angles of ro-

tation about the Cartesian axes in spin space. In other words, the equi-
librium order parameter rotation matrix R0 is modified by additional ro-
tation, resulting in a new rotation matrix: Rμν = ∑

j Rμ j(θs)R0
jν. In same

terms, δFD = δθs ·RD, where FD is the dipole energy density, i.e., the dipo-
lar torque is the change in the dipolar energy density as the spin space is
rotated by δθs from the equilibrium position.

Now we move on to describe the spin-wave resonances excited by a
small time-dependent addition Hrf(t) to the polarizing magnetic field H0 ∥
ẑ, i.e., H = H0 +Hrf. One of the most remarkable results of the Leggett
equations is the existence of longitudinal spin resonance, even in the case
when excitation field Hrf ∥ H0. This does not occur in the normal liquid
and is solely due to the broken spin-orbit symmetry and the term RD in
Eq. (2.5). In case of uniform texture n̂ ∥H0 and in the limit of zero magnetic
field, this resonance frequency is known as the Leggett frequency ΩB(P,T).
Due to the same symmetry breaking and with finite fields, the transverse
resonance ω⊥ in NMR measurements is shifted from the Larmor condition
ωL = γH0 to a value depending on ΩB and on the n̂-texture.

In experiments relevant to our work, the texture is not uniform but
results from competition between the orienting forces of the field H0 and
those of the container walls. Since the length scale of spatial variations
in texture, defined by magnetic healing length ξH ∼ 1 mm for typical mag-
netic fields used in NMR measurements, is long compared with the scale
of variations in θs, given by dipole coherence length ξD of the order of tens
of micrometers, we can model nonuniform system as a multitude of uncou-
pled local oscillators each having its own uniform order-parameter setting.
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Thus, spatially smoothly varying texture gives smooth NMR line shape de-
termined by the distribution of subsystems which each have a given res-
onance shift. In the case of high fields, γH0 � ΩB ∼ 100kHz (but still
γH0 	 Δ/ħ ∼ 100MHz to avoid significant gap distortion), the transverse
resonance frequency is [18–21]

ω⊥ ≈ωL + Ω2
B

2ωL
sin2βn(r), (2.8)

where βn(r) is the angle between the polarizing field H0 ∥ ẑ and n̂. Thus,
the orientation of n̂ ∦ H0 mixes the transverse and the longitudinal NMR
modes, shifting ω⊥ to larger values than ωL. The orientation n̂ ∦ H0 also
affects the longitudinal NMR resonance: ω∥ =ΩB cosβn.

In a cylindrical container with axis parallel to static magnetic field H0
(Fig. 3.3), n̂ forms an axially symmetric distribution known as the simple
flare-out texture [22]. At the cylinder axis the magnetic field H0 ∥ ẑ orients
n̂ ∥ ẑ, i.e., βn = 0, and there is no appreciable frequency shift, resulting in
the absorption approximately at the Larmor frequency [19]. When moving
away from the axis, βn slowly tends towards the wall-dominated value βn =
arcsin(

�
4/5) ≈ 63.4◦, which is the maximum value of βn occurring in the

nonrotating sample when there are no textural defects (like solitons) [23].
Most of the change in βn occurs within ξH from the walls [24]. Thus, close
to the walls sin2βn = 0.8 and the absorption happens at a shifted frequency
according to Eq. (2.8).

The overall continuous-wave NMR (cw-NMR) frequency spectrum of
the sample obtained using the local oscillator model results in a NMR line
shape according to the distribution of the individual contributions at fre-
quencies ω, i.e.,

f (ω)= 1
V

∫
d3rδ[ω−ω⊥(r)], (2.9)

where V is the volume of the sample [20]. Whenever βn(r), and thus ω⊥(r),
has a constant value over a larger region, the absorption spectrum has a
peak at this frequency. In nonrotating sample, most of the absorption oc-
curs at frequencies close to the Larmor frequency ωL (βn = 0), resulting in
a peak around it with a tail caused by the bending of n̂ towards the bound-
ary value β≈ 63.4◦ close to the cylinder wall. In addition, the field inhomo-
geneities, which affect ωL in Eq. (2.8), and the spin-relaxation phenomena
broaden the line shape. Examples of measured NMR spectra corresponding
to simple flare-out texture can be found, for example, in Refs. [25–27].
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2.2.2 Nonuniform texture
So far only the effects of (locally) uniform textures responsible for the gen-
eral NMR line shape have been described. However, the full treatment has
to take into account the superfluid coherence as a form of bending energy
associated with the nonuniform texture [23] and acting as an additional
restoring force on nonequilibrium spin distribution. It leads in particular
to the standing-spin-wave resonances localized around the axis of the cylin-
der as seen below. We start by writing the full effective Hamiltonian of the
system [24]:

HS = γ2S2

2χB
−γS ·H+ΔFD +Fbend. (2.10)

The out-of-equilibrium dipolar energy density in terms of small rotation
angle θs is defined as [3]

ΔFD = χB

2γ2Ω
2
B(n̂ ·θs)2. (2.11)

The bending energy density follows from the gradient energy and when ne-
glecting the gradients of the equilibrium texture, i.e., assuming only long-
scale (ξH � ξD) variations in equilibrium distribution of n̂ and constant
θ = θL ≈ 104◦, is expressed as [3]

Fbend =
Δ2

2

[
K

∑
μν

(∇μθ
s
ν)2 −K ′

(∑
μν

R0
μν(∇μθ

s
ν)

)2]
. (2.12)

Gradient energy coefficients are expressed as K ′ = K2+K3 and K = 2K1+K ′

and their values are given in Refs. [28, 29]. In the weak-coupling limit
without Fermi-liquid corrections K1 = K2 = K3 = 1

5 NFξ
2(T = 0), where NF

is the density of states at the Fermi level and ξ(P,T) is the superfluid co-
herence length of the order of tens of nanometers.

Linearised equation of motion adequate for small deviations follows
from the commutation relations [24]

iħṠ = [S,HS][
Sμ,Sν

] = iħεμνλSλ (2.13)[
θs
μ,Sν

]
= iħδμν.

Now we get

Ṡ= γS×H+Δ2 [
K∇2θs −K ′(R0∇)[(R0∇) ·θs]

]− χBΩ
2
B

γ2 (n̂ ·θs)n̂. (2.14)
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Without inclusion of Fbend the result reproduces the original Leggett equa-
tion, Eq. (2.5). The equation of motion for angle θs, Eq. (2.7), is not affected
by the bending energy. Our excitation field Hrfe−iωt results in precessing
spin S−S0 = se−iωt. Thus, by taking a time derivative of Eq. (2.14) and
using Eq. (2.7) to eliminate θs, we get

S̈= γṠ×H+ Δ2γ2

χB

[
K∇2S−K ′(R0∇)[(R0∇) ·S]

]−Ω2
B (n̂ · (S−S0)) n̂. (2.15)

We move to complex spherical coordinates for nonequilibrium spin

s± = 1�
2

(sx ± isy), s0 = sz. (2.16)

In terms of polar and azimuthal angles βM and αM we write

s± = |S0|�
2

sinβM exp(±iαM), s0 = |S0|(1−cosβM). (2.17)

Since H ≈ H0 ∥ ẑ (Hrf is small), we have [s×H]q = −qisqH0, where q =
{0,+,−}. Solution to Eq. (2.15) produces coupled longitudinal (q = 0) and
transverse (q =±) modes, but in the high-field limit ωL �ΩB or in the ho-
mogeneous texture n̂ ∥H the modes are decoupled. Discarding all the non-
diagonal terms arising from the bending and dipolar energies, we get [3,
24]:{

γ2Δ2

χB

[
−K∇2 +K ′∑

μν

∇μR0
qμR0∗

qν∇ν

]
+Ω2

B|n̂q|2
}

sq =ω(ω−qγH0)sq. (2.18)

We then write separate equations for cases q = + and q = 0, using the
equality

R0
+μR0∗

+ν = R0
+μR0

−ν =
1
2

(
R0

xμR0
xν+R0

yμR0
yν

)
= 1

2

(
δμν−R0

zμR0
zν

)
. (2.19)

The equilibrium rotation matrix fulfills R0(n̂,θ)l̂0 = Ŝ0, i.e.,
∑

ν R0
μν l̂0

ν =
Ŝ0
μ, where Ŝ0

μ and l̂0
ν are components of the unit vectors of the equilib-

rium anisotropy axes in spin space and in orbital space, respectively. Mov-
ing from spin space to orbital space corresponds to rotation of −θ degrees
around n̂, and can be written in components by changing the index to be
summed over in the rotation matrix, Eq. (2.4):

∑
μ R0

μνŜ0
μ = l̂0

ν. In equilib-
rium Ŝ0 = ẑ, leading to identity l̂0

ν = R0
zν. As a result, from Eq. (2.18) we
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obtain [30][
−c2

⊥∇2 −
(
c2
∥ − c2

⊥
)(∑

μν

∇μ l̂0
μ l̂0

ν∇ν

)
+ 1

2
Ω2

B sin2βn

]
s+ =ω(ω−γH0)s+ (2.20)

[
−C2

⊥∇2 −
(
C2

∥ −C2
⊥
)(∑

μν

∇μ l̂0
μ l̂0

ν∇ν

)
+Ω2

B cos2βn

]
s0 =ω2s0. (2.21)

Here it is taken into account that |n̂+|2 = (1/2)sin2βn and |n̂0|2 = cos2βn
and we have introduced the spin-wave velocities

c2
∥ = C2

⊥ = γ2Δ2

χB
K , c2

⊥ = γ2Δ2

χB

(
K − K ′

2

)
, C2

∥ =
γ2Δ2

χB
(K −K ′). (2.22)

Velocities c∥ and c⊥ are velocities of transverse spin waves, propagating
parallel and perpendicular to the direction of l̂, respectively. In a similar
manner, C∥ and C⊥ are the velocities of longitudinal spin waves. Without
Fermi-liquid corrections in a weak-coupling approximation c⊥/c∥ = �

3/4
and C⊥/C∥ =

�
2.

It is seen that omitting all the terms including gradients in Eqs. (2.20)
and (2.21) leads to above-mentioned uniform longitudinal and transverse
NMR resonances

s0 :ω2 =Ω2
B cos2βn s+ :ω(ω−γH0)= 1

2
Ω2

B sin2βn, (2.23)

where the latter one is the same as Eq. (2.8), assuming ω�ωL �ΩB.

Since the length scale ξD of changes in θs and s is much smaller than
the scale ξH of textural change, we can represent spin motion as a set of
plane waves sq ∝ cos(k ·r) with constant wave vector k. Thus, Eqs. (2.20)
transform to

c2
⊥k2 +

(
c2
∥ − c2

⊥
)(

k · l̂0)2 + 1
2
Ω2

B sin2βn = ω(ω−γH0) (2.24)

C2
⊥k2 +

(
C2

∥ −C2
⊥
)(

k · l̂0)2 +Ω2
B cos2βn = ω2. (2.25)

From these equations we find three distinct branches of spin-waves. The
first equation, describing transverse spin waves, has two solutions called
acoustic [low ω(k)] and optical [high ω(k)] magnons. In zero magnetic field
the frequencies coincide. The second equation describes the longitudinal
spin waves. The spectra of all the branches in uniform texture of constant
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Fig. 2.2 Dependence of frequency ω on wave vector k for three spin-wave modes
in 3He-B in uniform texture of vector n̂ tilted by angle βn = 0 from the direction
of magnetic field. Optical and acoustic magnons represent transverse spin waves,
and are separated in the external magnetic field H0. Longitudinal magnons gain
a mass (gap) due to spin-orbit interaction. For all modes the spectrum depends on
the angle between k and orbital anisotropy axis l̂0. At temperatures below 0.2Tc,
the spin-wave energy spectra are temperature-independent.

βn are presented in Fig. 2.2. Ignoring anisotropy of spin-wave velocities,
and with βn ≈ 0 true close to the cylinder axis, we get approximately

ωopt = ωL

2
+

√(ωL

2

)2 + (ck)2, (2.26)

ωac = −ωL

2
+

√(ωL

2

)2 + (ck)2, (2.27)

ωlong =
√
Ω2

B + (Ck)2. (2.28)

It is seen that the uniform NMR frequencies correspond to infinite-wavelength
λ =∞ spin waves where |k| = k = 2π/λ = 0. In this dissertation the main
emphasis is on the studies of optical magnons, but in Publication V we have
observed interaction between all three branches, as discussed in Sec. 5.2.
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2.2.3 Optical magnons in a magneto-textural trap
In this section we consider bound states of optical magnons in a poten-
tial trap created by a combined effect of the order-parameter texture and
nonuniform magnetic field, as used in our experiments. Similar treatment
of acoustic magnons and longitudinal spin waves is also possible, but it is
not included here.

As mentioned, when Ŝ0 = ẑ, we have l̂0
ν = R0

zν, i.e., l̂0
z = R0

zz = cosθ+ (1−
cosθ)cos2βn, where we used Eq. (2.4) and the fact n̂z = |n̂|cosβn and |n̂| = 1.
It also holds l̂0

z = cosβl where βl is the tilting angle of l̂ from the ẑ-axis. In
equilibrium configuration cosθ = −1

4 we get useful equation between the
angles βn and βl :

sin2 βl

2
= 5

8
sin2βn. (2.29)

Close to the axis of the cylinder where βn ≈βl ≈ 0, we can assume l̂0 = ẑ
and thus neglect the effect of texture on the gradient terms in Eq. (2.20) to
reach equation[

− c2
⊥

γH0

(∇2
x +∇2

y
)− c2

∥
γH0

∇2
z +

Ω2
B

2γH0
sin2βn +γH0

]
s+ =ωs+, (2.30)

s+ = 1�
2

χBH0

γ
sinβM ei(αM−ωt). (2.31)

This is a Schrödinger-like equation where the transverse spin s+ plays the
role of a magnon wave function and the spin-wave (precession) frequency
ω plays the role of energy. Written in more convenient form we get[

− ħ2

2m⊥

(∇2
x +∇2

y
)− ħ2

2m∥
∇2

z +U
]

s+ =ħωs+, (2.32)

where the anisotropic magnon masses are

m⊥ = ħωL

2c2
⊥

, m∥ = ħωL

2c2
∥

(2.33)

and ωL(r, z) = γH(r, z) is the local Larmor frequency (note that γ is the
absolute value of 3He gyromagnetic ratio, see beginning of Sec. 2.2.1). The
potential energy U consists both of textural and magnetic parts, i.e., of
spin-orbit interaction energy and of Zeeman energy, respectively:

U(r, z)= ħΩ2
B

2ωL(r, z)
sin2βn(r, z)+ħωL(r, z). (2.34)
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Here it is taken into account that the polarizing magnetic field strength is
not necessarily constant H0, and it is explicitly written that both the poten-
tial energy terms in general depend on the location: βn due to nonuniform
orientation of n̂-vector and ωL due to possible changes in the total magnetic
field strength H(r, z).

Near the center of the cylinder in a simple flare-out texture βn is ap-
proximately linear in r, i.e., βn ≈β′

nr [23, 31]. This means a quadratic min-
imum sin2βn ≈ β′2

n r2 in the radial direction at the cylinder axis r = 0. If,
in addition, the magnetic field changes quadratically around minimum in
the axial direction, say, in location z = 0 (and masses m⊥ and m∥ are taken
as constants due to only small changes in field), we have an analytically-
solvable Schrödinger equation in a cylindrical harmonic potential:

[
− ħ2

2m⊥

(∇2
x +∇2

y
)− ħ2

2m∥
∇2

z +ħω0 +
m⊥ω2

r

2
r2 + m∥ω2

z

2
z2

]
s+ =ħωs+, (2.35)

where ω0 = ωL(r = 0, z = 0) is the Larmor frequency at the bottom of the
trap and ωr and ωz are radial and axial oscillator (or trapping) frequen-
cies, respectively. (See the determination of magnetic field profile H(r, z)
in our setup in Sec. 3.2.1.) The familiar solution of the energy eigenstates
in an axially symmetric harmonic three-dimensional potential trap now
gives the frequency spectrum of standing spin waves (or bound states of
magnons) inside the potential trap [32]:

ωnφnrnz =ω0 +ωr
(|nφ|+nr +1

)+ωz (nz +1/2) , (2.36)

where nφ, nr, and nz are azimuthal, radial, and axial quantum numbers,
respectively. Their allowed values are:

nφ = 0,±1,±2, ..., nr = 0,2,4,6, ..., nz = 0,1,2, .... (2.37)

Only axially symmetric and z-even spin-waves have non-zero integral trans-
verse magnetization, and thus only those can be excited and detected in
NMR measurements with homogeneous H0 and Hrf. This restricts quan-
tum number nφ to be zero, and modifies the spectrum:

ωnrnz =ω0 +ωr(nr +1)+ωz(nz +1/2), (2.38)

where both nr,nz = 0,2,4,6, .... Trapping frequencies can be determined
either experimentally as described in Sec. 4.1 and in Publications I and
III or analytically if knowing the n̂-texture and the field profile, Sec. 3.2.1.
In our experimentally realized traps, the harmonic approximation works
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well only for few of the lowest magnon energy levels since those states are
localized in the middle of the trap. If the localization radius of the wave
is more than ξH, the linear dependence βn ≈ β′

nr breaks [23], whereas the
axial harmonicity depends on the quality of the coil system creating the
magnetic field profile. However, the harmonic approximation of frequency
levels, Eq (2.36), can be used in measurements on the spin-wave velocities
and on the parameters of the magnetic field profile [PI] and on the spin-
diffusion-related dissipation [PIV]. The harmonic approximation gives the
characteristic length scales of the trapped spin waves in radial and axial
directions,

ar =
√

ħ
m⊥ωr

= c⊥

√
2

ωrγH0
, az =

√
ħ

m∥ωz
= c∥

√
2

ωzγH0
, (2.39)

respectively. The corresponding spatial dependence of transverse spin is

s+(r, z)=
(
π3/2a2

raz2nz nz!
)−1/2

exp
(
− r2

2a2
r
− z2

2a2
z

)
L0

nr /2

(
r2

a2
r

)
Hnz

(
z

az

)
, (2.40)

where Lm
n (x) and Hn(x) are Laguerre and Hermite polynomials:

Lm
n (x)= x−m

n!
ex dn

dxn (xn+me−x), Hn(x)= (−1)nex2 dn

dxn e−x2
. (2.41)

The existence of standing spin waves corresponding to trapped optical
magnons has been known for a long time from multiple NMR experiments
which demonstrated equally-spaced spin-wave frequency spectrum in uni-
form field, using potential trap created by n̂-texture alone [31, 33, 34]. Of
special interest here is the temperature dependence of the spin-wave res-
onances in cw-NMR spectra. The detection of multiple resonances on top
of the transverse NMR line, Eq. (2.8), at high temperatures is challenging
due to large widths and small intensities of the peaks. At some intermedi-
ate temperature the resonances seem to vanish completely, whereas they
gradually reappear as the temperature is further decreased [35]. The ori-
gin of such behaviour is in the temperature dependence of magnetic relax-
ation. As discussed in Sec. 4.3, the spin-diffusion coefficient reaches maxi-
mum at some intermediate temperature, below which it vanishes towards
zero [36, 37]. The shape of cw-NMR spectrum in these different regimes
down to T = 0.2Tc is shown in Ref. [35], and more examples at different
temperatures are provided in Refs. [27, 31]. An additional effect at ultra-
low temperatures T � 0.2Tc is the threshold excitation amplitude above
which the spin-wave resonance peaks cannot be detected in cw-NMR due
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to rapid relaxation of magnons to the ground state in the trap. This effect
is called off-resonant excitation and is described in Sec. 4.1. In our experi-
ments, magnetic trapping potential (Fig. 3.3) increases the inhomogeneity
of magnetic field. This increases the width of the linear cw-NMR spectrum
so that it is not observed below the spin-wave resonances, see Sec. 4.1.

2.3 Coherent precession of magnetization
The macroscopic constant-frequency spin precession in 3He-B with the co-
herent phase αM of the transverse spin component results from the spon-
taneously broken U(1)α symmetry. The phenomenon governs both the uni-
form spin precession (k = 0) and the spin waves (k �= 0) and is known as
spin superfluidity [38–40]. It resembles mass superfluidity in a sense that
in can lead to dissipationless spin currents and coherent phenomena in
spin precession. In NMR measurements, the uniform coherent preces-
sion is seen as long-lived induction signal which does not dephase in de-
fiance of the magnetic field inhomogeneities. An example of such system
is the Homogeneously Precessing Domain (HPD) existing at temperatures
T > 0.4Tc (unless supercooled to lower temperatures [41]) and found al-
ready in 1984 [42, 43]. HPD is a spontaneously formed state of two-domain
precession created by spin redistribution in the presence of magnetic field
gradient: in one domain the spin, or magnetization, is at equilibrium while
in the other the magnetization precesses coherently at global frequency at
slightly varying magnetization tilting angle βM � 104◦ along the magnetic
field gradient. Spin supercurrents distribute the spin deflection in the HPD
regime to keep the state coherent even under inhomogeneous external con-
ditions driving towards phase-incoherence. This state has been shown
to exhibit all the signatures connected to superfluidity, even during the
(sufficiently) slow relaxation: dissipationless spin transport over macro-
scopic distances [44, 45], spin-current Josephson effect [46], spin-current
vortex [47], and different types of Goldstone modes of coherent precession
(oscillation of αM) following from the broken U(1)α symmetry [48–52].

HPD states have been used to observe, e.g., properties of topological de-
fects such as the broken axial symmetry of vortices [53] and the spin-mass
vortex [54] in 3He-B. However, the drastic limitation in its usage is the
existence only at temperatures above 0.4Tc due to Suhl instability, para-
metric decay of uniform spin precession with k = 0 to pairs of spin waves
with wave vectors ±k [55–57]. At high temperatures the instability is suc-
cessfully blocked by large enough spin dissipation, but at T ≈ 0.4Tc the
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decreased dissipation allows emerging spin waves with k �= 0 to grow ex-
ponentially, leading to sudden annihilation of the HPD state. This process
was originally entitled “catastrophic relaxation” [58, 59].

At lower temperatures, instead of uniform spin precession, it is possible
to create a relatively stable spontaneously coherent state by trapping spin
waves (k �= 0). A convenient way in creation of potential trap for high-
frequency spin waves, or optical magnons, is to combine the textural and
magnetic effects. This is exactly the scenario discussed in Sec. 2.2.3, where
(optical) magnons are affected by the combination of dipolar energy (spin-
orbit interaction) and Zeeman energy (magnetic field strength), Eq. (2.34).
The phase coherence of trapped magnons is ensured via superfluid spin
transport inside the sample just as in the case of HPD, and at the lowest
temperatures the lifetime can be made remarkably long by isolating the
trap from the sample walls where the magnetic relaxation in 3He at low
temperatures is usually concentrated.

The texture-trapped long-living magnon states in 3He-B were discov-
ered in Lancaster in 1992 [60] (and called “Persistent Induction Signal”
(PIS) and later “Persistent Precessing Domain” (PPD)). Their bulk lifetime
was measured to exceed half an hour at the lowest temperatures [61] and
to depend on thermal quasiparticle density, while significantly decreasing
in close proximity to walls [62, 63]. Other intriguing results were the ex-
citation by pulses at higher frequency than the resulting coherent signal,
an effect called off-resonant excitation [64], or even by white noise [65], as
well as the dependence of nonlinear cw-NMR response on the sweep direc-
tion [66, 67]. The latter was explained by flexibility of orbital texture [68]
leading to analogue between the trapped spin states and Q balls – local-
ized nontopological solitons in quantum field theories [69]. Also the effect
of magnetic field minimum on the existence of coherent state was studied
both theoretically [70] and experimentally [71]. However, it was not un-
til our experiments included in this dissertation that the well-controlled
three-dimensional trapping potential (Fig. 3.3) for magnons was created
and characterized by magnon-level spectroscopy, and the detailed picture
of the creation, manipulation, and relaxation properties of trapped coher-
ent magnetization states was established. These experiments are reviewed
in Sec. 4; originally they are presented in Publications II, III, and IV.

2.3.1 Bose-Einstein condensation of magnons
To describe the states of coherent spin precession (both the HPD and the
trapped magnons), it turned out to be very instrumental to use the concept
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of the Bose-Einstein condensation (BEC) [38]. However, since magnon is a
quasiparticle, their number is not conserved and their chemical potential
is zero. Although this explicitly conflicts the formal requirement of keeping
the particle number constant in BEC, the dissipation rate, especially at the
lowest temperatures, is so slow that during the decay the magnon system
thermalises within itself due to magnon-magnon scattering much faster (in
order of 0.1 s in experiments) than it reaches the total thermal equilibrium
(in order of tens of seconds or even minutes). Thus, a nonzero chemical
potential μ≡ω can be determined for such quasiequilibrium quasiparticle
system just like for real atomic bosons [38], and the BEC of quasiparticles
is justified [72]. Note that cold atomic gases, strictly speaking, are also
quasiequilibrium systems, since the thermodynamically stable state at the
relevant temperatures is solid.

It is also possible to keep the number of particles in the quasiequilib-
rium BEC constant by constantly pumping it, i.e., by adding magnons in
our case to compensate the losses. However, for the entitlement to be called
BEC, the coherence of a state itself is not enough, but the emergence of a
coherent state must be spontaneous [72]. Thus, it is essential that in our
experiments the excitation of magnons is applied at different frequency
than the emerging coherent precession (see Sec. 4.1), ensuring the spon-
taneity and independency from the excitation source. Without pumping
the decay of the system of magnons obeys the same mechanisms as any
spins in 3He-B would while the phase-coherence is maintained by spin su-
percurrents, see Sec. 2.4 for relaxation mechanisms and Chapters 4 and 5
for relaxation experiments.

Due to magnons’ small mass and achievable relatively high density, the
critical temperature [38, 73]

TBEC ∼ ħ2n2/3
M

kBmM
� 1K (2.42)

for formation of magnon BEC in 3He-B is much higher than in case of di-
luted atomic gases. It is around three orders of magnitude higher than
the temperatures of our experiments (T < 1mK). Resulting from this, prac-
tically all the magnons in our experiments are condensed in the ground
state, i.e., the BEC of magnons is almost perfect. Here mM ∼ 10−4m3 is
the magnon mass, Eq. (2.33), m3 is the mass of 3He atom, and nM is the
density of magnons, Eq. (2.43).

In this dissertation we adopt the language of Bose-Einstein condensa-
tion of magnons for description of spontaneously coherent trapped spin-
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waves. As noted above, the same phenomenon is also called PPD. Magnon
condensates have been created also in other systems, namely in yttrium-
iron-garnet (YIG) films at room temperature [74], in antiferromagnets [75],
and in hydrogen [76]. Examples of other types of experimentally realized
quasiparticle condensates are exciton-polariton condensate [77] and pho-
ton condensate [78].

Each magnon created in the system reduces the spin in the direction of
magnetization by ħ, so in the system with H0 ∥ ẑ, the density of magnons
is determined by the difference of spin projection Sz from its equilibrium
value S0 = χBH0/γ:

nM = S0 −Sz

ħ = χBH0

γħ (1−cosβM). (2.43)

Magnon BEC can be described via macroscopic wave function Ψ, which also
gives the magnon density nM = |Ψ|2, leading to correspondence [73]

Ψ=
√

χBH0

γħ (1−cosβM)ei(αM−ωt) =
√

2S0

ħ sin
βM

2
ei(αM−ωt), (2.44)

where we used the equivalence sin2(βM /2)= (1/2)(1−cosβM). Total number
of magnons is Nm = ∫

V |Ψ|2dV , where V is the volume of the sample. In
comparison to HPD, tilting angle βM in trapped magnon condensates is
usually small and smoothly vanishes at the edges of the volume of the trap,
see Fig. 3.3.

2.4 Dissipation mechanisms of spin waves in
3He-B

So far in discussion of spin-wave modes we have neglected the decay of
(nonequilibrium) magnetization. Several mechanisms of relaxation towards
equilibrium state S0 exist. One form of relaxation, the intrinsic spin re-
laxation, is built into the Leggett equations, Eq. (2.5), and is commonly
referred as Leggett-Takagi relaxation [79]. In spatially nonuniform situa-
tions, such as localized magnon BEC, spin diffusion is of importance, and
in many real-life experiments external effects like surface relaxation and
interaction between the precessing spin and the measuring circuitry must
be taken into account. In this section, three spin-relaxation mechanisms
significant in our measurements are introduced. The relevant measure-
ments are presented in Secs. 4.3 and 5.3.1 based on Publications III, IV,
and VII.
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Relaxation of magnetization is connected to the loss of total energy E
of the condensate at some rate. In our conditions, the spin-orbit energy is
about four orders of magnitude smaller than the Zeeman energy EZ, so we
assume the condensate energy to consist solely of EZ:

E ≈ EZ =
∫

V
ħωL|Ψ|2dV = 2χBH2

0

∫
V

sin2 βM

2
dV ≈ χBH2

0

2

∫
V
β2

MdV , (2.45)

where we used Eq. (2.44) and approximation sinβM ≈βM , since βM is small
in all the relevant experiments. In this regime the relaxation is exponen-
tial in time, E = E0 exp(−t/τ), see Sec. 4.3. In this dissertation, we discuss
relaxation only at the ground state of the trap (nr,nz) = (0,0), so in cal-
culating the total energy we assumed the spin-wave frequency ω00 ≈ ωL,
which is valid for trapped optical magnons having small wavenumber k,
see Fig. 2.2. Changes of the magnitude of the magnetic field in the trap are
also insignificant, so ωL is taken as constant here. Within these approxi-
mations we get useful relation between the total transverse magnetization
M⊥ = χBH0

∫
V sinβMdV , EZ, and wavefunction |Ψ| [80]:

M⊥ ∝
∫

V
|Ψ|dV ∝

√
Nm, EZ =ħωLNm ∝ M2

⊥. (2.46)

The last proportionality leads to a simple relation between time constants
of exponential relaxation of the energy and of the transverse magnetiza-
tion:

τ−1
E = 2τ−1

M . (2.47)

In all the following discussion, time constants τ without subindex E or M
refer to magnetization-related value τM .

2.4.1 Spin diffusion
Spin diffusion is present in spatially nonuniform nonequilibrium situa-
tions. It is an irreversible process resulting in the energy loss at the rate [81]

(
dE
dt

)
SD

= ĖSD =− γ2

χB

〈
Di j

∂Si

∂xj

∂Si

∂xj

〉
, (2.48)

where Di j ≡ D⊥
i j is the transverse component of the spin-diffusion tensor

relevant for optical magnons and indices i and j correspond to spin com-
ponents in Cartesian coordinates. The brackets denote averaging over vol-
ume.

The spin transport proceeds via inelastic two-particle collisions of ther-
mal quasiparticles, and in the hydrodynamic regime one would expect Di j ∝
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T−1 in the low temperature limit in 3He-B [37]. However, the nonhydro-
dynamic effects drastically modify the transport properties when the mean
free path of quasiparticles at the low temperatures exceeds the dimensions
of the experimental container and the quasiparticle collision rate decreases
below the precession frequency ω defined by the external field, i.e., when
ωτqp � 1. In this collisionless regime, the influence of the quasiparticle
interaction via Landau molecular field created due to polarized spin starts
to dominate the transport properties, effectively “blocking” the hydrody-
namic spin diffusion. The effect to Bogoliubov quasiparticles in 3He-B at
low temperatures is similar to that in normal Fermi liquid 3He close to Tc:
in addition to the Larmor precession, there is a precession of quasiparti-
cle spin current about the direction of spin polarization, resulting in the
rotation of the macroscopic spin current and reduction of Di j [37]. This
effect is called Leggett-Rice effect [82] which effectively carries over from
the Fermi liquid into superfluid where it remains a property of the normal
component.

The deviation of Di j from the hydrodynamic value occurs when the
characteristic length scale of the molecular field lm = vg/ωm is smaller
than the quasiparticle mean free path lD = vgτqp [83]. Here vg is the
group velocity of thermal quasiparticles and ωm/γ is the magnitude of the
Landau molecular field. In our experiments at T < 0.2Tc, lD � 1cm and
lm � 0.1mm, so the short-distance molecular-field effects dominate over the
traditional spin diffusion. The spin transport in this temperature region is
called nonhydrodynamic spin diffusion by Einzel [37] with the effective val-
ues of components Di j of spin-diffusion tensor derived in Refs. [36, 37, 84].
Measurements in Ref. [85] and in Publication III (assuming isotropy Dxx =
Dzz for simplicity) show satisfactory agreement with the theoretical values.
In the whole superfluid temperature range, components Di j first increase
from Tc to their maximum value at some intermediate temperature and
then vanish as Di j ∝ exp(−Δ/kBT) at the lowest temperatures [PIV].

In the energy dissipation equation, Eq. (2.48), one can use local gradi-
ents of spin since the characteristic length scale of the molecular field is
much smaller than the length scale of inhomogeneous spin distribution.
In our case the latter scale is set by the size of the condensate to approxi-
mately 1 mm. In terms of magnetization tilting angle we write

〈
∂Si

∂xj

∂Si

∂xj

〉
= (ωLχB)2

γ4

∫(∇βM
)2 dV , (2.49)

which leads to componentwise presentation since the non-diagonal ele-
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ments of Di j are zero

ĖSD =−χBH2
0

∫[
Dxx

(∇xβM
)2 +Dyy

(∇yβM
)2 +Dzz

(∇zβM
)2

]
dV . (2.50)

We ignored the possible inhomogeneity of phase αM of the spin precession
in the condensate by assuming that the spin currents created by phase gra-
dients are small. Relaxation is exponential in time with the time constant

−τ−1
E,SD = ĖSD

E
=−2

[
DxxIG

x +DyyIG
y +DzzIG

z

]
, (2.51)

where

IG
j =

∫(∇ jβM
)2 dV∫

β2
MdV

. (2.52)

In axially symmetric harmonic trap Dxx = Dyy and the geometry factors IG
j

can be found analytically:

IG
r = IG

x + IG
y = 1

a2
r
(nr +1), IG

z = 1
a2

z
(nz +1/2), (2.53)

where ar and az are the trapping lengths defined in Eq. (2.39). This leads to
simple expression for relaxation of ground-state condensate (nr,nz)= (0,0)
magnetization via spin diffusion:

τ−1
SD = Dxx

a2
r
+ Dzz

2a2
z
= DxxωrωL

2c2
⊥

+ DzzωzωL

4c2
∥

. (2.54)

Dependence of components Dxx and Dzz on temperature gives exponen-
tially vanishing relaxation rate as T decreases. Field dependence τ−1

SD ∝
H−1

0 follows from Di j ∝ H−1
0 [PIV], ωL ∝ H0, and ωr ∝ H−1

0 , whenever
ωr �ωz, which is valid in most of our experiments. See Sec. 3.2.1 for ana-
lytic determination of trapping frequencies.

2.4.2 Radiation damping
Precessing transverse magnetization M⊥(t)= M⊥ exp(−iωt) induces a volt-
age Vs(t) = Vs exp(−iωt) across the NMR pick-up coil. Losses in the gener-
ated current in the connected circuitry lead to an energy dissipation. This
process is called radiation damping [86].

For RLC circuit, such as our pick-up circuit, the differential equation of
damped driven oscillator is written as

Ï(t)+ R
L

İ(t)+ 1
LC

I(t)= V̇s(t)
L

, (2.55)
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where I(t) is the current flowing through the circuit, R is the effective
resistive impedance, L is the inductance, and C is the capacitance. The
current oscillates at the same frequency as the precessing magnetization,
I(t)= I exp(−iωt), leading to expression(

−ω2 − iωωrf

Q
+ω2

rf

)
I(t)= −iωVs(t)

L
, (2.56)

where ωrf = 1/
�

LC is the resonance frequency and Q =ωrfL/R is the quality
factor of the circuit.

The energy lost in the circuit is due to Joule heating:

(
dE
dt

)
RD

= ĖRD =−RI2
rms =−1

2
R|I|2 =−Q|Vs|2

2ωrfL
ω4

rf/Q
2

(
ω2

rf −ω2
)2 + ω2ω2

rf
Q2

. (2.57)

We have a relation between induced voltage and precessing magnetization:

Vs(t)∝ Ṁ⊥(t)⇒|Vs|2 ∝|Ṁ⊥(t)|2 =ω2χ2
BH2

0

(∫
V
βMdV

)2
. (2.58)

The energy relaxation is exponential in time, so as a final result for radiation-
damping-caused relaxation rate we get (see also Eq. (2.45))

τ−1
E,RD = ĖRD

E
∝ χBH0

Q
L

FL(ω)

(∫
V βMdV

)2∫
V β2

MdV
, (2.59)

where we used approximation ω2/ωrf ≈ ω ≈ ωL = γH0, since for the best
sensitivity in the measurements the precession frequency of magnetization
is adjusted close to the resonance frequency of the pick-up circuit, and is
close to the Larmor frequency for ground-state condensate, as mentioned
above. The Lorentzian-like response function of damped driven harmonic
oscillator

FL(ω)= ω4
rf/Q

2

(
ω2

rf −ω2
)2 + ω2ω2

rf
Q2

(2.60)

is scaled to one at the resonance ω=ωrf.

In harmonic trap the geometry factor can be calculated analytically us-
ing Eq. (2.40)

IM =
(∫

V βMdV
)2∫

V β2
MdV

= a2
raz

8π3/2

2nz nz!
Hnz (0)2, (2.61)
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resulting in expression of magnetization relaxation for the ground-state
spin waves

τ−1
RD = 8π3/2a2

razχBH0QFL(w)Rrd, (2.62)

where Rrd is an effective parameter characterizing the NMR pick-up circuit
and ar and az are the characteristic length scales of the trapped magnons,
Eq. (2.39). The quality factor is not included in Rrd since in our circuit with
switchable capacitances it depends on the frequency in some non-trivial
way and has to be measured separately. Radiation damping can be in-
dependently measured in the experiment as shown in Sec. 4.3, where a
value for Rrd is fitted and where we see that understanding the radiation
damping together with the spin diffusion allows us to determine also the
intrinsic damping of the thermometer fork [PIII, PIV].

2.4.3 Leggett-Takagi relaxation
Last type of relaxation source presented here is so-called intrinsic spin re-
laxation following from Leggett equations, Eq. (2.5), and derived by Leggett
and Takagi [79]. In the model, spin polarizations of “normal” (quasiparti-
cles) and “superfluid” (Cooper pairs) components are treated separately.
The total spin polarization S is thus presented as S = Sp +Sq, where Sp
corresponds to spin of Cooper-pair condensate and Sq to spin of quasipar-
ticle system. Their equilibrium values are defined through corresponding
susceptibilities and effective magnetic field Heff acting on spins:

S0 = χB

γ
H0 =

χ0
B

γ
Heff, (2.63)

Sp0 = χp0

χ0
B

S0 = χp0

γ
Heff, (2.64)

Sq0 = χq0

χ0
B

S0 = χq0

γ
Heff, (2.65)

where χp0 and χq0 are the partial spin susceptibilities of the superfluid and
normal components, respectively, in the absence of Fermi-liquid effects as
indicated by superscript zero, and

Heff =H0 −
γFa

0

χ0
N

S≈
(
1− χB

χ0
N

Fa
0

)
H0 (2.66)

is the external field H0 corrected by Fermi-liquid interaction effects. Pauli
spin susceptibility is marked as χ0

N and Fa
0 is one of the Landau parame-

ters.
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Following the derivation in Refs. [3, 79], the equations for dynamics of
separate spin components are written as

Ṡp = γSp ×Heff +RD − Sp −Sp0

τLT
, (2.67)

Ṡq = Ṡ− Ṡp = γSq ×Heff −
Sq −Sq0

τLT
, (2.68)

where Leggett-Takagi relaxation time τLT = (χp0/χ0
B)τCE, and τCE is a quasi-

particle collision time. The dynamics of total spin S is defined by Leggett
equations, Eq. (2.5). There are two limiting values for τLT: τLT → τ0

N as
T → Tc and τLT → τCE ≈ τqp as T → 0, since χp0/χ0

B → 1 as normal com-
ponent vanishes at low temperatures [3]. Here τ0

N is the quasiparticle
relaxation time at the Fermi energy in the normal state and τqp is the
Bogoliubov quasiparticle lifetime in 3He-B.

Equations (2.67) and (2.68) show that the spin system’s path towards
equilibrium polarizations, Eqs. (2.63), (2.64), and (2.65), can be pictured as
coupled relaxations of superfluid and normal components, both relaxing at
the same relaxation rate τ−1

LT connected to quasiparticle collision rate. The
coupling between the components is provided via the effective magnetic
field Heff. Additionally, whenever dipolar torque RD �= 0, i.e., the total spin
precesses at a frequency different than Larmor frequency, the superfluid
and normal components tend to precess at different frequencies. Such con-
figuration results in additional energy dissipation and occurs for example
at magnetization tilting angles βM > arccos(−1/4) [85, 87], or, as relevant
in our work, in case of trapped spin waves.

In general, the behaviour of intrinsic spin relaxation as a function of
temperature can be divided in three regions: (1) hydrodynamic region when
ωτqp 	 1, (2) intermediate region when ωτqp ∼ 1, and (3) nonhydrodynamic
or collisionless region when ωτqp � 1. Calculations in these different re-
gions are found in Refs. [88, 89] where it is shown that effective Leggett-
Takagi relaxation rate is close to constant in the intermediate region, while
it decreases when moving either towards hydrodynamic region (T → Tc) or
towards nonhydrodynamic region (T → 0). At temperatures T < 0.2Tc, we
are clearly in the collisionless region ωτqp � 1, and the energy loss rate due
to Leggett-Takagi relaxation is small, of the order of 10−7 s−1 [63]. However,
this is valid only in bulk, whereas close to the surface the increasing quasi-
particle density supposedly decreases their collision time, thus moving the
system towards the intermediate region and increasing the Leggett-Takagi
relaxation rate, as detailed in Publication VII and reviewed in Sec. 5.3.1.
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2.5 Connection to Standard Model
The theoretical analogies between 3He-B and the Standard Model of par-
ticle physics are not in the focus of this dissertation, so only the basics of
interest from the experimental point of view are discussed in this overview.
The discussion can also be found in Publication V, and more details are
given in Ref. [90].

To build an analogue between the collective modes of 3He-B and Stan-
dard Model we consider broken symmetries involved in superfluid 3He-
B. In Eq. (2.1) we neglected spin-orbit coupling as a small interaction.
For high-energy (E ∼ Δ) description of broken symmetries and creation
of Cooper-pair condensate that approach is valid. Within that picture we
find 18 collective modes, 14 of which are high-energy Higgs modes and
4 are low-energy Nambu-Goldstone modes. However, in the low-energy
regime, we have to take into account the effect of spin-orbit coupling al-
ready when defining the full symmetry group. This reduces high-energy
symmetry group G, Eq.(2.1), to the low-energy symmetry group

Gso = SO(3)L+S×U(1)φ, (2.69)

meaning our system is invariant only under the joint rotations of spin and
orbital spaces instead of individual 3-dimensional rotations of each of the
spaces. The relative rotations of spin and orbital spaces are represented
with rotation axis n̂ and rotation angle θ. As discussed above, in superfluid
3He-B, θ = θL ≈ 104◦ in order to minimize the spin-orbit interaction energy,
thus removing the degeneracy with respect to θ present in the high-energy
picture of symmetry breaking. Due to spin-orbit interaction, also the rota-
tion axis n̂ acquires a coherent, but still degenerate, orientation during the
superfluid transition, leading to symmetry-breaking scheme [90]

Rso = Gso

SO(2)L+S
= S2

L,S×U(1)φ, (2.70)

where Rso is the group of broken symmetries in 3He-B in the presence of
spin-orbit interaction, SO(2)L+S is the symmetry group of joined rotations
of L and S around the axis n̂, and S2

L,S represents all the relative rota-
tions of spin and orbital spaces with a fixed angle θ, reflecting the system’s
degeneracy with respect to the direction of n̂ [3].

The order parameter is the same as in Eq. (2.3), but with constant
θ = θL. Thus, the broken-symmetry scheme here leads to 3 NG modes,
two of which correspond to oscillations of the orientation of n̂ and one to
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oscillation of φ, and in total we get 15 Higgs modes, one more than in high-
energy scenario. The additional Higgs mode corresponds to oscillations of
θ around its equilibrium value θL and is no more gapless due to spin-orbit
coupling. In Sec. 2.2.2, we saw that the only low-energy gapped mode (in
zero field) is the one of Eqs. (2.25) and (2.28), i.e., the longitudinal spin-
wave mode. Thus, the spin-orbit coupling transforms one of the NG modes
into the Higgs mode with energy gap (mass) ΩB. This mass is significantly
smaller than that of the high-energy Higgs modes, and thus it is named
as “light Higgs mode”. The remaining NG modes are the transverse spin
waves, Eq. (2.24). They are affected by magnetic field which breaks the
symmetry further and splits the modes to optical and acoustic magnons.

For the discussion, it is convenient to introduce a vector field

n= n̂sin
θ

2
. (2.71)

Now the θ-dependent part of the dipolar energy [3]

FD[θ]= 8
15

χB

γ2 Ω
2
B

(
cosθ+ 1

4

)2
(2.72)

can be written in form

FD[θ]= 32
15

χB

γ2 Ω
2
B

(|n|2 −n2
0
)2

, (2.73)

where n2
0 = |n(θL)|2 = 5/8. This provides a potential in a Mexican Hat form

for n-field, where oscillations of θ (amplitude of the n-field) change the
value of the energy while it is degenerate with respect to orientation of n̂.
The degeneracy results in two gapless NG modes, and the lifted degeneracy
with respect to θ results in massive light Higgs mode. This picture, intro-
ducing n-vector as the “little Higgs” field [91], has the signatures of the
Higgs scenario of the Standard Model, giving both a massive amplitude
mode (Higgs boson) and two NG modes (W bosons). Intriguingly, within
this picture the light Higgs in 3He-B parallels with the detected 125 GeV
Higgs boson. By this analogy we may suggest that the latter belongs to
the low energy sector of particle physics and is actually pseudo-NG boson,
whereas the high-energy Higgs bosons should still exist at TeV scale [90].
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Chapter 3

Experimental techniques

All the measurements presented in this dissertation were performed
using the same experimental setup based on rotating nuclear demagneti-
zation cryostat. We introduce the setup and the experimental techniques
in general in this chapter and give more details than were presented in the
publications.

3.1 Rotating cryostat and NMR techniques
The cryostat used to cool the sample and to provide experimental platform
for nuclear magnetic resonance measurements is the ROTA cryostat lo-
cated in the Low Temperature Laboratory at Aalto University. Its main
feature is the ability to rotate the sample while simultaneously cooling
it to sub-millikelvin temperatures using combination of dilution refriger-
ation and adiabatic demagnetization. The general operation principles of
the cryostat have been preserved from the original design from 1982 [92].
Main updates done over the years are presented in Refs. [93–95]. The most
recent improvements, in which the author of this dissertation participated,
include the reduction of the heat leaks and the noise level of measurements
through thorough testing and rethinking of grounding of different parts
in the setup, replacement of most of the flexible room temperature signal
wires with semi-rigid wires, and replacement of vibration-sensitive connec-
tors, such as BNCs or snap-ons, with a screw type connection mechanisms
(SMA, SMC).

Figure 3.1 shows photos of the cryostat and of the insert and identifies
the main parts of them. Cryostat is suspended on four active air-spring
dampers, each on the top of a concrete pillar, to prevent external vibrations
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Fig. 3.1 Photographs of the cryostat and of the helium dewar insert. (Left) Two
of total four air-spring dampers on top of the supporting concrete pillars isolate the
cryostat from the earth vibrations. Rotating part consists of two circular platforms
and liquid helium dewar. Only lower platform is seen here. Small-sized low-noise
electrical equipment is placed on it. The upper platform, which is synchronously
driven by its own motor and only weakly mechanically coupled to the lower part,
carries all mechanically noisy measurement equipment. Electrical power to rotat-
ing part is supplied through three slip-ring contacts at the upper part of the axis
– two for one-phase mains voltage and one for the ground. Data communication
between the cryostat and the computer goes through the optical connections along
the axis on the top and at the bottom of the cryostat. (Right) Innermost part of the
cryostat.



3.1. Rotating cryostat and NMR techniques 35

from interfering with the measurements. Besides their main purpose, they
can be used to produce controlled oscillations of the cryostat by introduc-
ing an appropriate signal to the feedback loop of the dampers. Frequency
and amplitude of the cryostat oscillation are measured with the geophone
sensor attached to the suspended part. This technique is utilized in Publi-
cation VIII and in Sec. 5.3.2 where waves on the free surface of 3He-B are
studied.

Inside the liquid helium dewar there is a vacuum jacket and two stages
of radiation shields which separate the other cooling stages from 4 K he-
lium bath. Cooling stages in order of decreasing temperature are 4He-
evaporation stage (1 K) and dilution refrigerator with still (0.5 K), heat ex-
changers, and 3He-4He mixing chamber (10 mK), which can be thermally
decoupled from adiabatic nuclear demagnetization stage (< 1 mK) with su-
perconducting heat switch. Innermost part of the system is NMR magnet
system suspended from the bottom of the mixing chamber. It encloses the
sample container, i.e., a quartz glass cylinder filled with 3He, see detailed
description in the next section.

Schematic diagram of the NMR spectrometer is shown in Fig. 3.2. In
the measurements, the sample is polarized with external field H0 ∥ ẑ, re-
sulting in equilibrium magnetization M0 = χBH0. The transverse magne-
tization M⊥ = χBH0

∫
sinβM(r, z)dV is created by cw-NMR or by pulsed

NMR tilting the magnetization by an angle βM from the z-axis. In the cw-
NMR, the excitation frequency fexc is set to the resonance frequency frf of
the pick-up LC circuit. The NMR spectrum is recorded by sweeping the
polarizing field strength H0. The same information is obtained this way as
would be obtained by sweeping the frequency instead of the field. Conver-
sion between frequency and field scales in cw-NMR spectra is done based
on the resonance conditions of the transverse NMR in 3He-B, Eq. (2.8) (or
rather based on the full form without approximations, shown in Eq. (8.86)
in Ref. [3]). In cw-NMR measurements, one of the components of the lock-
in output, called absorption, is proportional to the amount of energy ab-
sorbed by the sample as a function of the excitation field or frequency. In
the pulsed NMR measurements, we apply either spectrally wide or narrow
excitation pulse, after which we record the free induction decay of the pre-
cessing magnetization. Both methods are useful: cw-NMR is used exten-
sively in determining the frequency spectrum of trapped spin-wave states
(Sec. 4.1), and pulsed NMR is much more convenient in relaxation-rate
measurements (for example Sec. 4.3).

In most of the measurements, the precession frequency f00 = ω00/(2π)
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Fig. 3.2 Schematic diagram of an NMR spectrometer. Two almost identical
spectrometers are used in our experimental setup. Sinusoidal excitation signal at
frequency fexc is produced by HP 33120A function generator installed on the top
rotating platform of the cryostat. After passing through isolating transformer and
attenuator (usually 40, 60, or 80 dB decreasing excitation amplitude to Vexc < 1mV
in cw-NMR measurements and to Vexc < 100mV in pulsed NMR measurements,
see Sec. 4.1), the signal is directed into low-temperature LC resonance circuit.
The inductance L of the circuit is a wire-wound coil coupled to the 3He sample.
The signal is first amplified by the cryogenic preamplifier based on cascode design
of two GaAs MESFETs. (See the original design in Ref. [96] and the current de-
sign in Ref. [27].) Cold preamplifier significantly improves signal-to-noise ratio.
At room temperature, differential amplifier (Stanford Research Systems SR560)
is used to subtract the excitation component from the signal (in cw-NMR mea-
surements) and to amplify the signal further. Finally, lock-in amplifier (Stanford
Research Systems SR844) detects the signal at the frequency fexc in cw-NMR mea-
surements. The result is recorded with computer for analysis. In the cases where
other frequencies besides fexc are important, in particular in pulsed NMR mea-
surements, the lock-in is used to downmix the signal while the time dependence
of the signal is recorded either with oscilloscope or with computer sound card.
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of the ground-state condensate, Eq. (2.38), is adjusted to the resonance fre-
quency frf of the pick-up circuit to maximize the signal-to-noise ratio. This
is achieved by proper selection of the polarizing field strength H0. As a
result, the Larmor frequency f0 = fL(r = 0, z = 0) in the center of the trap
goes below frf. The difference is only few hundreds of Hz (see Sec. 4.1).
Thus, in labelling of plots with the accuracy of kHz, we assume constant
f0 = fL ≈ frf. In calculations and whenever frequency differences are im-
portant, the actual values with 1 Hz accuracy are used.

3.2 Low-temperature setup for NMR
measurements

The container for the 3He sample is made of fused quartz glass. It is 15 cm
long cylinder with inner diameter of 5.85±0.05 mm. To smoothen the in-
ner surface, which is important in Publication VI to prevent the nucle-
ation of vortices on the walls, we treated the container with glass-etching
HF(5%)+HNO3(33%)-solution for 20 minutes [97]. After cleaning it with
distilled water and pure ethanol inside a clean room, we investigated it
with an optical microscope and observed no evident cracks or abnormali-
ties on the surface.

We have two independent NMR spectrometers with split-solenoid type
pick-up coils at the top and the bottom ends of the sample, see Fig. 3.3. The
radius of both coils is 4.0 mm while the distance from the container axis is
6.5 mm at the top and 5.0 mm at the bottom. The bottom spectrometer is
used only in Publication VI. Both spectrometers have independently con-
trolled polarizing fields H0 and own resonance frequencies frf. In the top
spectrometer, the frequency can be changed to eight different values be-
tween 553 and 833 kHz by switching the capacitance in the LC resonance
circuit in a bank of capacitors with latching relays (Ctop =94–328 pF). These
frequencies correspond to field values H0 =17–26 mT. The NMR pick-up coil
is wound from the copper wire of diameter 100μm (111 turns on the one
side and 106 on the other, each divided in two layers). Usage of normal
wire leads to quality factor Q ≈ 130. Low Q factor is desirable to minimize
radiation damping, Eq. (2.59), and to increase the useful frequency range
around the resonance frequency. Copper also does not distort the profile of
the magnetic field. Simultaneously, low Q factor reduces the signal-to-noise
ratio so in certain measurements lots of averaging over multiple signals (at
most ∼ 100) is needed.
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Fig. 3.3 Experimental sample container enclosed inside the NMR magnet sys-
tem. (Left) 3He inside quartz glass container is probed with two NMR pick-up
coils. Additional minima in the axial polarizing field H0 are created with small
pinch coils around the pick-up coils. Barrier magnet increases the field strength
to stabilize layer of 3He-A in the middle of 3He-B. Combination of field minimum
and spin-orbit interaction energy results in three-dimensional nearly harmonic
potential trap for magnons. (Upper right) Sketch of a ground-state magnon BEC
in a potential trap. Calculations of spin-orbit interaction energy Fso and of Zeeman
energy FZ on the axis r = 0 and on the plane z = 0 are shown along with distribu-
tions of magnetization tilting angle βM . (Photograph) The sample container with
installed bottom pick-up coil mounted on the top of the nuclear demagnetization
stage.
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In the bottom spectrometer, we have fixed resonance frequency frf =
1176kHz corresponding to field strength H0 = 36mT (Cbot = 660 pF). Coil
is wound from 50μm superconducting multifilament NbTi wire in a CuNi
matrix (30 turns in two layers on each side of the solenoid). Supercon-
ducting coil results in high Q ≈ 8000. Capacitors in both spectrometers
are surface-mount type American Technical Ceramics (ATC) series 100B
porcelain high Q multilayer capacitors. In the middle of height between
the pick-up coils, there is a barrier magnet which is used for stabilization
of the A-phase layer in Publication IV. In experimental conditions reported
there (P = 4.1bar, T = 0.13Tc), field magnitude over 465 mT is required.

Around each of the pick-up coils, there is a pinch coil for creation of
magnetic field minimum in the axial direction. Both pinch coils are made
of four turns of 100μm superconducting NbTi/CuNi wire and their radius is
approximately 10 mm. The magnetic field profile created by the pinch coil
combined with the spin-orbit interaction energy in the flare-out texture of
rotation axis n̂ (or of orbital anisotropy axis l̂) results in three-dimensional
potential trap for optical magnons as described in Sec. 2.2.3. The calculated
textural and magnetic parts of the potential trap (see Eq. (2.34)) are shown
in Fig. 3.3 and are based on textural free energies described in Ref. [11]
and on the magnetic field profile described in the next section. In the ra-
dial direction, the trap is a combination of nearly harmonic minimum due
to spin-orbit interaction energy and small harmonic maximum due to mag-
netic field created by the pinch coil. In the axial direction, the orbital tex-
ture is relatively homogeneous if the bottom and the top ends of the sample
are far enough from the point of measurements. Thus, the only contribu-
tion to the trap comes from the pinch coil which provides nearly harmonic
minimum. In total, the potential trap in bulk 3He-B is harmonic for the few
lowest-lying spin-wave states which are localized close to the center of the
trap and whenever the number of magnons is sufficiently small so that the
self-modification of the trap can be ignored [PII]. In many measurements
we stay below this limit (Secs. 4.2 and 4.3).

The temperature of the liquid is measured using quartz tuning fork [98,
99] of type ECS-.327-8-14X whose prongs are 2.4 mm long and the reso-
nance frequency is 32.7 kHz. The fork is attached to a small circuit board
installed at the bottom end of the sample container close to the heat ex-
changer. Its resonance width in the ballistic regime at temperatures below
0.3Tc has a dependence Δ ff =Δ f i

f +af exp(−Δ/kBT) [100, 101]. The intrin-
sic width of the fork, Δ f i

f , can be deduced from the measurements such as
detailed in Sec. 4.3. Calibration of prefactor af is done against 3He melting
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curve thermometer (MCT) [102] thermally coupled to the heat exchanger or
against the known temperature dependence of Leggett frequency ΩB. Since
af = gf p4

F, where gf is a geometrical factor and pF(P) is a Fermi momen-
tum, we can scale af to different pressures based on calibration made at a
single pressure. We get a value af = 11500±1500Hz at P = 0.5bar. This
can lead to inaccuracy of ±0.01Tc in temperature readings at the lowest
temperatures below T = 0.15Tc and closer to ±0.02Tc around T = 0.20Tc.
It is worthwhile to mention here that since the fork calibration is based
on MCT and on Leggett frequency, which both saturate already at higher
temperatures than where our measurements are conducted, the possibility
for an error by some factor in af exists. Nevertheless, due to exponential
T-dependence of fork’s resonance width, the change in temperature can be
measured more accurately at ∼ 1μK precision. In most of our measure-
ments the response to change in the temperature is more interesting than
the precise knowledge of the actual temperature. In the calibration we use
the energy gap Δ provided by trivial-strong-coupling (weak-coupling-plus)
theory [11, 103].

3.2.1 Magnetic field profile
Analysis of the experimental results in this dissertation often requires
knowledge of the magnon trapping potential, Eq. (2.34). The part of the
potential provided by the spin-orbit interaction energy depends on the spa-
tial distribution of the angle βn. It is found numerically by minimizing
the respective free energy as described in Ref. [11] (see also Fig. 3.3 and
Sec. 4.2). The part of the potential provided by the Zeeman energy is calcu-
lated based on the (nonuniform) magnetic field profile, which is determined
as described below.

We are concerned only with the top spectrometer where most measure-
ments have been made. The magnetic field is created by three coils: (1) The
main solenoid produces the axial field H0, (2) pinch coil opposes the main
field, and (3) transverse NMR pick-up coil probes the sample. Of these the
transverse coil is the only one made of non-superconducting material, and
thus it does not distort the magnetic fields created by the other two coils; it
also has no significant contribution to the shape of the potential trap, so it
is omitted from the following discussion. Ignoring inhomogeneities (which
are taken into account later), the magnetic field includes two contributions:
The first one is the axial field H0 = H0ẑ proportional to the current I in the
main solenoid: H0 = MI. Second, the pinch coil produces a field Hm with
a profile of that of a current loop with radius Rm, number of turns Nm = 4,
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and current Im. Expansion of the analytic formula for the axial component
Hm,z in cylindrical coordinates with small r and z near the center of the
trap produces quadratic dependence:

Hm,z(r, z)= ImF(r, z), F(r, z)= Nm
μ0

2Rm

(
1− 3z2

2R2
m
+ 3r2

4R2
m

)
, (3.1)

where μ0 is vacuum permeability. Since the field of the pinch coil is added
to the large axial field of the main solenoid, the transverse component of
Hm can be ignored.

Both coils are superconducting, thus distorting the fields of each other.
Based on the NMR response of normal 3He and on the magnon frequency
spectra measurements in 3He-B, we incorporate three additional terms into
the field model to approximate distortions and inhomogeneities:

• Distortion of the main field by the pinch coil is taken into account by
additional current I0

m ∝ I in the pinch coil. This results in asymme-
try between the positive and negative values of Im, where positive
values correspond to Hm(0,0) ↑↓H0.

• Distortion of the pinch coil field due to screening by the main solenoid
is taken into account by introducing additional uniform field M0Im
and fitting the effective radius Rm of the current loop.

• A tiny transverse gradient gH = ∂H/∂x is introduced to explain the
double-peaked response of normal 3He observed at small Im. This
term is mostly important for improving the fitting of the normal phase
spectra.

The combined field strength is

H = MI − [M0 +F(r, z)−F(0,0)]I∗m + gH x, (3.2)

where I∗m = Im + I0
m is the effective current in the pinch coil. Minus sign in

the front of the second term reflects the sign conversion for Im set above.
Note that due to the term with I0

m ∝ I, Eq. (3.2) includes also terms propor-
tional to Ir2 and Iz2 which account for possible quadratic inhomogeneity
in the main field H0. By fitting the normal 3He response as shown in Fig. 3
in Publication I, we get the following values

M = 9.66914mT/A,
M0 = 0.22305±0.00005mT/A,
Rm = 1.032±0.005cm,
gH = 0.02mT/cm. (3.3)
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We can write Eq. (3.2) in the form (omitting gH)

H = H00 −Mr(r2 −2z2)I∗m, (3.4)

where H00 = MI−M0I∗m is the field strength in the location (r, z)= (0,0) and
Mr = 3Nmμ0/8R3

m = 0.1652±0.0024mT/A/cm2. This shows that we have a
quadratic maximum in the radial direction and a quadratic minimum in
the axial direction as displayed in calculated profiles in Fig. 3.3.

With the help of the field profile, we transform the potential energy U
from Eq. (2.34) into the form

U(r, z)≈ħγH+ ħΩ2
B

2γH00
(β′

nr)2 =ħω0 +m∥
ω2

z z2

2
+m⊥

ω2
r r2

2
. (3.5)

This harmonic approximation has only quadratic dependences on r and z
and connects the trapping frequencies ωr and ωz with the potential-trap
parameters and spin-wave velocities:

ω2
r = 2

(c⊥ΩBβ
′
n)2

γ2H2
00

−4c2
⊥

Mr I∗m
H00

, ω2
z = 8c2

∥
Mr I∗m
H00

. (3.6)

As before, ω0 ≡ωL(r = 0, z = 0) = γH00. Fitting measured frequencies ωnrnz

of the magnon levels in the trap versus Im (see Fig. 4.6) gives value I0
m =

−0.0292I, which determines the point in current Im where the distance
between axial frequency levels goes to zero (ωz = 0). In addition, from the
same fits we can extract textural parameters c∥, c⊥, and β′

n [PI].

In most experiments the field caused by the pinch coil is small: M0I∗m <
0.5mT 	 MI > 17mT. Thus, assuming H00 ≈ H0 in Eq. (3.6), the approx-
imate dependences of the trapping frequencies on the pinch coil current
are ωz ∝

√
I∗m and Δωr ∝ I∗m where Δωr refers to change in ωr as a func-

tion of I∗m. Different dependencies appear since the textural part defin-
ing the radial confinement close to the center is substantially larger than
the magnetic part. Respectively, the dependences on the main field are
ωz ∝ 1/

√
H0 and ωr ∝ H−1

0 , which affect the magnetic-field dependence of
the spin-diffusion relaxation rate τ−1

SD, Eq. (2.54).



P
ro

pe
rt

ie
s

Properties of trapped magnon BEC 43

Chapter 4

Properties of trapped magnon
BEC

Macroscopically coherent precession of magnetization in magneto-tex-
tural potential trap in 3He-B results from finite amount of standing spin
waves with globally coherent phase and common frequency. Resonance-
frequency spectrum is defined by the trapping potential whereas phase co-
herence is a manifestation of spin superfluidity and Bose-Einstein conden-
sation of magnons (Sec. 2.3). In this chapter the experiments on creation
(Sec. 4.1) and manipulation (Sec. 4.2) of magnon BEC are presented. We
also discuss the measurements of dissipation (Sec. 4.3) for magnon BEC
localized within bulk superfluid. As a result of this work we have found
new phenomena, such as the self-modification of the trap by magnon con-
densate due to spin-orbit interaction [PII], coherence of magnons also on
excited energy levels of the trap [PIII], and identification of spin diffusion
together with radiation damping being responsible of dissipation in bulk
[PIII, PIV].

4.1 Spectroscopy of magnon energy levels
The spectrum of standing spin waves in the three-dimensional trap can
be measured using cw-NMR, as shown in Fig. 4.1. Remarkable hystere-
sis for different sweep directions is observed: sweeping from low frequency
towards higher frequencies is seen to be a better choice for recognition of
separate spin-wave (or magnon) levels, whereas the opposite sweep direc-
tion reveals nonlinearity of the observed signal. The latter effect is related
to widening of the trap due to the spin-orbit interaction as the number of
magnons increases and is discussed in Sec. 4.2.
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Fig. 4.1 (a) Continuous-wave NMR spectrum showing the standing-spin-wave
states in magneto-textural trap. Each resonance peak is labelled by radial and
axial quantum numbers nr and nz taking only even values. The discrete levels are
observed up to the maximum possible frequency shift limited by the cell size and
the Leggett frequency ΩB (see text). Comparison to similar measurement made at
0.5 bar shown in Fig. 2 in Publication III clearly reveals the pressure-dependence
of ΩB since at low pressures the maximum frequency shift, and thus the number
of detected levels, is smaller. (b) Example measurement to show the difference
between the sweep directions in cw-NMR measurements. Upward sweep results
in narrow resonance peaks as any of the frequency levels ωnr nz (nM = 0) is crossed,
whereas the clearly nonlinear response seen in the downward sweep reflects the
self-trapping property of the magnons (Sec. 4.2). Ground state (nr,nz) = (0,0) is
difficult to observe in this type of measurement since it is already populated due
to off-resonant excitation as the excitation sweep reaches it. All data is averaged
based on 10 slow sweeps at rate 9 Hz/s and excitation Vexc = 0.2mV in (a) and
Vexc = 1.3mV in (b).
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Traditional type of cw-NMR measurement using a lock-in detector gives
us only information on the absorbed energy at the frequency of the ex-
citation, and no information related to the time evolution of the system.
To overcome this drawback, we recorded time dependence of NMR pick-
up signal in the presence of cw-excitation to reveal the dynamics of the
trapped magnons. To get both the frequency and time evolution of the sig-
nal in analysis, we use a method called short-time Fourier transform, or
windowed Fourier transform. This means that we divide the recorded long
signal into multiple shorter segments of equal length and then compute
Fast Fourier Transform (FFT) separately on each segment. This type of
analysis properly describes the behaviour of multiple changing frequen-
cies within the original time-domain signal. The length of each segment
is called a window. The shorter the window the better the time resolu-
tion; and vice versa, the longer the window the better the frequency reso-
lution. The optimum choice is made based on the total length of the signal
and the type of the analysis. An additional trick to improve time resolu-
tion is to use other than equally weighted rectangular windows and make
the consequent windows to overlap. Our choice is “bell-shaped” Blackman
window which goes to zero on the edges, thus giving most of the weight
to the data in the middle. The overlapping is achieved by introducing a
step between consequent windows; our step size is approximately 1/10 of
the length of the window. Similar analysis can be used both for cw-NMR
time evolution (Fig. 4.2) and for free induction decay following the excita-
tion pulse (Fig. 4.3). In plots the frequency-amplitude spectrum from the
Fourier transform is plotted against time. The traces of higher amplitude
represent the coherent precession of magnetization at corresponding fre-
quencies.

In Fig. 4.2 we see two different types of behaviour separated by some
threshold amplitude of the excitation signal: (1) At lower excitation each
of the magnon levels is populated as the sweep passes over it, as expected.
A remarkable observation is the lifetime of each of the populated levels.
Not only does the ground state (nr,nz)= (0,0) live significantly longer than
would be expected for the decoherence time of linear NMR (of the order of
10 ms with our magnetic field inhomogeneity ΔH/H ∼ 10−4), but so do all
the excited levels. This is an indication of enduring phase-coherence on
all the frequency levels in the trap regardless of field inhomogeneities, or
in other words, an indication of existence of excited-level BECs. Another
thing to notice is that the precession on each level is spontaneously coher-
ent: its frequency (and phase) is not related to the continuously changing
frequency of the excitation signal shown as the diagonal line in the figure.
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Fig. 4.2 (a) Low-excitation cw-NMR measurement recorded with oscilloscope
reveals the long lifetime, and thus coherent precession, of every populated state
of magnons in the trap, denoted with quantum numbers (nr,nz). States live in-
dependently both of each other and of the excitation signal after it passes any of
the frequency levels ωnr nz (nM = 0). (b) Same as above, but with higher excitation
exceeding the threshold population of magnons in most of the excited levels, re-
sulting in off-resonant excitation and spontaneous relaxation of magnons towards
the ground state. Thus, the excited states live significantly shorter time and the
ground state is populated before the excitation sweep reaches its precession fre-
quency. In both plots the excitation is still small enough to avoid any measurable
self-trapping of magnons discussed in Sec. 4.2, and thus the change of the preces-
sion frequency both during the formation and the relaxation of states is negligible.
White vertical lines show the fitted harmonic approximation of level positions,
Eq. (2.38). The time window in Fourier transform is 0.8 s and the step between
windows 0.1 s.
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(2) At higher excitation we see many of the excited levels dying off almost
immediately after the excitation sweep passes over them. Simultaneously,
the precession spontaneously emerges at the ground state frequency ω00,
or at one of the frequencies of the lower levels. This is an example of the off-
resonant excitation, and of “real” BEC, where higher-level magnons relax
to the ground state, sometimes via intermediate levels, and form a coherent
state there. Interestingly, multiple lower-frequency levels can be simulta-
neously excited via off-resonant method (more on this below). In this work
we do not present a quantitative study of the threshold amplitude of the
off-resonant excitation.

Off-resonant excitation was originally found in 3He-B in Ref. [64] where
it was not described in terms of the magnon energy levels as presented
here, but where they made an interesting suggestion of the involvement
of orbital precession linking two spin precession regimes, one at excita-
tion frequency and one at lower frequency. Other phenomenon very simi-
lar to our system with excitation threshold was detected at room tempera-
ture in yttrium-iron-garnet films in Ref. [74], where high enough density of
magnons was shown to thermalise possibly via particle-particle collisions
into the ground state, forming magnon BEC. One practical advantage of
using the off-resonant excitation is the separation of excitation frequency
ωrf from detection frequency ω00, allowing the simultaneous usage of a sin-
gle NMR pick-up coil both for the excitation and for the signal detection
without mutual interference.

As described in Secs. 2.2.3 and 3.2, the potential trap close to the center
of the trap is approximately harmonic in which case the frequency spec-
trum for the few lowest-energy spin-wave states should agree with the one
in Eq. (2.38). This is demonstrated in Fig. 4.2, where the resonance fre-
quencies agree well with the harmonic model using fitted fr =ωr/(2π) and
fz = ωz/(2π), marked onto each plot as vertical white lines. The higher
energy levels not shown in the figure, however, do not obey the simple
harmonic spectrum since their spatial dimensions extend beyond the re-
gion where the textural angle βn ≈ β′

nr and the magnetic field of the pinch
coil can be approximated quadratically as in Eq. (3.1). Instead, the spec-
troscopy of them can be used to restore the actual (anharmonic) trap pro-
file [104].

For comparison, frequency spectrum acquired by pulsed NMR method
is shown in Fig. 4.3 after several excitation pulses which differ in amplitude
and duration. When the excitation amplitude is low (Fig. 4.3a), magnons
do not condense to lower energy levels but instead form a coherent state of
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Fig. 4.3 Excitation of magnons by pulsed NMR using various excitation ampli-
tudes Vp and pulse lengths tp. Short pulses in (a) and (b) correspond to spectrally
wide excitation (the center of excitation is fL +950 Hz and the width covers the
whole frequency range shown here), and thus multiple states can be populated
simultaneously. Long pulses, on the other hand, make it possible to excite even
a single state unperturbed by coexisting spin waves at different frequencies like
shown in (c) and (d) where the center of excitation is fL +885 Hz and the exci-
tation width is narrow enough to excite state (2,2) alone. If the magnon density
threshold is exceeded, the magnons drop to lower states: either directly to ground
state, as in (b), or via intermediate states, as in (d). In all the plots P = 0.0bar,
fL = 833kHz, T = 0.14Tc, and Im = 4.0A. In Fourier transforms the time window
is 0.42 s and the step between windows 0.042 s.
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their own at each excited level and decay individually via mechanisms de-
scribed in Sec. 4.3. These multiple coexisting condensates present one pos-
sible system where interaction between the condensates can be in princi-
ple studied. In contrast, after a high-amplitude pulse (Fig. 4.3b), magnons
from the excited levels quickly relax to the ground state, forming a sin-
gle coherent state even if the ground state is not originally excited. Here
the collapse to the ground state is so fast that population of intermediate
excited levels is not observed as in Fig. 4.2b. By further variation of the ex-
citation pulse length and amplitude, we can reach other excitation regimes
such as the two shown in Figs. 4.3c and 4.3d. Here the long spectrally nar-
row pulse is used to accurately populate only single excited level. During
the subsequent decay, magnons stay at the same level (Fig. 4.3c) or jump to
lower levels (Fig. 4.3d), depending on the amplitude of the excitation pulse.

We use the pulsed method of the type shown in Fig. 4.3b for creation
of the ground-state BEC in relaxation-rate measurements described later.
We stress that using off-resonant excitation, we study spontaneously co-
herent state instead of “driven condensate”, the term coined in Ref. [72].
In our system the driven condensate would refer to coherent precession of
magnetization occurring at the same frequency and phase as the pumping
signal, i.e., to cw-NMR with excitation applied at an appropriate constant
frequency such as f20, an example of which is shown in Fig. 5 in Publica-
tion II where the method is used to populate two levels before turning off
the pumping.

From the full spin-wave spectra we can extract the low-temperature
value of the Leggett frequency ΩB. The maximum radial quantum num-
ber of the detected spin-wave resonances is limited by the experimental
container radius R: the waves which are in contact with the walls are not
visible due to high wall-related relaxation [63]. Thus, the radial (nz = 0)
trapped spin waves can reach at maximum the same frequency difference
from ωL(r = 0, z = 0) as the transverse NMR, Eq. (2.23), does at the point
where textural angle reaches its wall-dominated value βn(R)≈ 63.4◦. Tak-
ing into account that in cw-NMR measurements we sweep the magnetic
field strength while the excitation frequency ωrf is constant, we can write
the resonance condition at the walls in form

ωrf =ωL(R)+ Ω2
B

2ωrf
sin2βn(R), (4.1)

where ωL(R) = γH(R) corresponds to field strength H(R) at the walls in
the resonance condition of the highest visible state. Including the small
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Fig. 4.4 Low-temperature value of the Leggett frequency ΩB as a function of
pressure. Our measurements (circles) are based on the maximum frequency shift
of detected spin-wave peaks, Eq. (4.1). They compare well with the theoretical
values from Ref. [11] (dashed line), deviating only at low pressures. One possi-
ble reason for this deviation is an erroneous detection of the last resonance peak
due to signal unclarity at low pressures, compared to the clear identification of
peaks at pressures of 15 bar and higher (see an example of high-pressure data in
Fig. 4.1a). Triangles at high pressures are based on parametric-excitation mea-
surements discussed in Sec. 5.2 and in Publication V.

field change across the cell in the radial direction mentioned in Sec. 3.2.1
and estimating the error in determining the peak position as half of the in-
terlevel distance plus the width of the normal phase spectrum, we get the
values for ΩB in the zero-temperature limit as a function of pressure, as
shown in Fig. 4.4. Our measurements agree well with the model based on
hydrostatic theory and earlier experiments [11]. Note that both ΩB(P,T)
and the orbital texture defining the trap saturate to their low-temperature
values at temperatures about 0.25Tc, while all our measurements are con-
ducted below 0.2Tc. We thus do not expect the magnon spectra to depend
on temperature, as confirmed in the experiments.

4.2 Potential-trap modification
As described in previous sections, the magnon potential trap in 3He-B con-
sists of two parts: (1) the magnetic part and (2) the textural part, Eq. (2.34).
Of these, the magnetic part is created and modified externally by changing
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the profile of the trapping magnetic field [PIII], Sec. 3.2.1. Textural part
is affected by a number of effects: boundaries [PVII] (including moving
boundaries [PVIII]), flow, defects (textural defects [PIV] and vortices [PV]),
and self-modification by magnons [PII]. In this section we describe the self-
modification, the effect of vortices, and the (static) change of magnetic field
profile. The effects of oscillating magnetic field and of the boundary in the
form of free surface of 3He-B are studied in Sec. 5.3 and the effects of tex-
tural defects in Sec. 5.4.

4.2.1 Self-trapping of magnon BEC
The spin-orbit interaction energy, Eq. (2.34), is proportional to the magnon
density nM = |Ψ|2

Fso =
4ħΩ2

B

5γH0
sin2 βl

2
|Ψ|2. (4.2)

Thus, at finite magnon density, βl = 0 is preferred to minimize Fso. As the
number of magnons in the trap increases, the win in the spin-orbit energy
when βl = 0 overcomes the loss in the gradient energy. Therefore, the trap-
ping potential in the radial direction widens, while frequencies of standing
spin-wave modes decrease. Eventually, if more and more magnons can be
added into the trap, they transform significant region around the sample
axis to βl ≈ 0, essentially placing magnon BEC into a box with impenetra-
ble walls. Due to the described trap deformation we have dω/dnM < 0, so
sweeping frequency down in the cw-NMR experiment increases the size of
the magnon condensate: the amount of trapped magnons starts to increase
whenever the sweep crosses one of the zero-magnon resonance frequen-
cies ωnrnz (nM = 0), Eq. (2.38), and due to self-trapping it continues to grow
along the decreasing frequency until dissipation (or off-resonant excitation
in the case of excited levels) becomes larger than the pumping energy. Op-
posite sweep direction probes no effect of trap modification, so it results
only in small resonance peaks at frequencies ωnrnz (nM = 0). Examples of
wide frequency sweeps in both directions are shown in Fig. 4.1b, while
Fig. 4.5a shows calculations of Fso corresponding to two magnon density
profiles illustrated by tilting angle βM . The more detailed investigation
including numerical calculations in case of ground state (nr,nz) = (0,0) is
presented in Figs. 2 and 3 in Publication II. Similar type of calculations
concerning self-trapping into excited level are found in Refs. [38, 80].

Since the precession frequency of the coherent magnetization decreases
as the magnon population number increases, during the decay the oppo-
site happens as the decreasing number of magnons lets the texture return
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Fig. 4.5 (a) Magnon self-trapping as seen in textural calculations. With small
magnon density (narrow lines) the spin-orbit energy Fso, Eq. (4.2), creates close-
to-harmonic textural trap for magnons, but with high density (bold lines) the spin-
orbit interaction transforms Fso towards box-like potential, leading to decrease of
the resonance frequencies fnr nz =ωnr nz /(2π). (b) Effect of equilibrium vortex array
in the rotating sample is seen as a linear change of the magnon trapping frequency
ωr as a function of angular rotation velocity Ω. Sketch in the lower right corner
illustrates a regular array of vortex lines penetrating through the magnon BEC.

towards the zero-magnon equilibrium distribution of βl . This explains the
increase of the frequency of induction signal during the decay, as discussed
in Sec. 4.3.

In relativistic quantum field theories, similar system is called the Q-
ball where local interaction between neutral field and charged field leads
to self-localization of charge [38, 69, 105]. The difference is that in our
case the magnon condensate is formed and self-localized into pre-defined
potential trap instead of digging its own trap into otherwise constant back-
ground. However, we have formed also kinds of “true” Q-balls in non-axial
locations in our sample container using high excitation amplitude [104]
(the manuscript under preparation). Fermionic analogies of self-trapping
systems are the electron bubble in liquid helium [106] and the MIT bag
model of a hadron where quarks are confined within a cavity [107, 108].



4.2. Potential-trap modification 53

4.2.2 Effect of vortices on trapping potential
Pure superfluid flow is irrotational, i.e., ∇×vs = 0, where the velocity of
superfluid is defined to be proportional to the gradient of the superfluid
phase φ: vs = ħ

2m3
∇φ(r). This does not prevent superfluid flow around the

region where the order parameter vanishes as long as the order param-
eter is single-valued, meaning φ can change only by multiples of 2π dur-
ing full round. This leads to quantization of circulation κ = nκ0 = n h

2m3
=

n ·0.066mm2/s, where n is an integer [3].

In simply-connected containers circulation is carried by quantized vor-
tices. They are topologically stable linear defects in superfluid order pa-
rameter [3]. In the vortex core the order parameter is suppressed compared
to the bulk liquid. A convenient and controlled way to generate vortices is
to rotate the container with superfluid. This makes the viscous normal
component to co-rotate with the container in solid-body rotation with ve-
locity vn = Ω× r. To minimize the free energy, the velocities of normal
and superfluid components must be equal, vs −vn = 0. Since the super-
fluid velocity is irrotational, this condition can be satisfied only on average
when superfluid rotates locally around vortex cores. The most energeti-
cally favourable configuration in 3He-B is the one where each vortex carries
one quanta of circulation, resulting in the density of vortices nv = 2Ω/κ0.
Equilibrium vortex array at constant rotation velocity consists of regularly
spaced rectilinear vortex lines parallel to the rotation axis.

Due to its multicomponent nature, the order parameter of 3He is not
suppressed completely to zero in vortex cores. Instead, a finite order-pa-
rameter different of that of the bulk is present inside the hard core with
the radius comparable to the superfluid coherence length ξ(T,P) ∼ 10nm.
Multiple different vortex types in 3He-B are possible [109, 110]; experimen-
tally observed types are the axisymmetric A-phase-core vortex, nonaxisym-
metric double-core vortex, and spin-mass vortex. In our low-temperature
conditions the double-core vortex is the stable one.

Vortices become energetically favourable when Feynman critical veloc-
ity Ωc ∼ 10−3 rad/s is exceeded. In practice, however, there is an energy
barrier towards vortex formation, and the actual critical velocity is much
higher, depending on temperature, the size of the sample, and the rough-
ness of the container surfaces [111]. In our setup (Fig. 3.3) the experimen-
tal container is open to rough-surfaced heat exchanger connecting the liq-
uid and the cold nuclear stage, resulting in vortex formation at the bottom
of the sample already at low rotation velocities [PVI].
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Vortices modify the order-parameter texture of 3He-B due to super-
flow circulating around the cores and due to smoothly changing order-
parameter between the bulk liquid and the cores. These textural effects
mediate the connection between the vortices and the trapped spin waves,
causing the modification of trapping potential whenever vortices are present.
The signature of vortices is increasing ωr as a function of rotation velocity
Ω, as seen in Fig. 4.5b. Thus, by following the frequency levels of magnons,
we can in principle determine the vortex density. In particular, we can dis-
tinguish between the vortex-free rotation and rotation with vortices, which
is the technique used in Publication VI where the velocity measurements of
propagating turbulent vortex front are extended to low rotation velocities
and to temperatures below 0.2Tc.

4.2.3 Magnetic trap modification
Changing the magnetic part of the confinement potential is straightfor-
ward with the pinch coil installed around the NMR pick-up coil (Fig. 3.3).
The effect of this is demonstrated in Fig. 4.6a where the frequency spec-
trum of the trap for a few lowest levels is shown as a function of current
Im in the pinch coil. The higher the current the deeper the trap in the ax-
ial direction and the larger the axial trapping frequency ωz. Also small
decrease in ωr as a function of Im is detected as predicted by the field
model, Eq. (3.6). One way to approach the fitting of the frequency spectra
of the lowest-lying levels is to assume harmonic trapping potential, thus ef-
fectively separating the field-minimum-dependent and texture-dependent
parts of the potential trap into ωr and ωz, Eq. (2.38), and making the in-
clusion of spin-wave-velocity anisotropy straightforward, Eq. (3.6). The
dashed lines in Fig. 4.6a are fits to Eq. (3.6), using I0

m, c⊥, c∥, and β′
n as

fitting parameters. We find I0
m = −0.0292I which determines the value of

Im at which ωz = 0 (see Sec. 3.2.1). The values of spin-wave velocities found
this way as a function of pressure (Fig. 7 in Publication I) agree reasonably
well with the expectations. Thus, the harmonic model describes measured
low-frequency states well and explains in particular the measured depen-
dencies ωz ∝

√
I∗m and Δωr ∝ I∗m shown in Figs. 4.6b and 4.6c.

In fitting we assume that the textural slope β′
n does not depend on Im

based on the smallness of the magnetic field minimum compared to the
strength H0 of the main polarizing field. Fitted values of β′

n are close to
what is expected based on numerical textural calculations [11, 112, 113].
In principle, one can use the magnon level spectroscopy to refine textural-
energy parameters which are not very well known at the lowest temper-
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Fig. 4.6 (a) Frequencies of trapped magnons as a function of current Im in the
pinch coil. Measurements (symbols) of the levels with low quantum numbers nr
and nz are compared to fits based on harmonic model of the trap (dashed lines).
(b) – (c) The effect of axial magnetic trapping potential on measured radial and
axial trapping frequencies ωr and ωz (symbols), respectively. The dashed lines are
based on the harmonic fits shown in (a), obeying the dependences on I∗m following
from Eq. (3.6), as also stated in plots. Note that in (b) and (c) the effective current
I∗m = Im + I0

m is used instead of the supplied current Im to remove the effect of the
field screening (Sec. 3.2.1).
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atures. This is especially true for the surface-related energies. In this
case it would be important to include also the higher energy levels which
are more sensitive to the texture close to the wall. Since those levels are
not described by harmonic approximation, one would need to resort to
numerically calculated texture and solution of the Schrödinger equation,
Eq. (2.32). This work remains a task for a future research.

4.3 Relaxation of magnon BEC in bulk 3He-B
After the NMR pulse or after switching off cw-NMR, the created net trans-
verse magnetization M⊥ returns gradually towards its equilibrium value
M⊥ = 0. Some mechanisms responsible for this relaxation have been the-
oretically described in Sec. 2.4. During this so-called free induction de-
cay, the precessing transverse magnetization induces oscillating voltage
AM(t) ∝ Ṁ⊥(t) in the pick-up coil. From the record AM(t) we determine
the precession frequency and the relaxation rate of the decaying signal.
In this dissertation we concentrate only on the relaxation of the ground-
state condensate (nr,nz) = (0,0). The similar results are expected to ap-
ply also on the excited states when taking into account the different spa-
tial distribution of magnetization tilting angle βM for each state and the
fact that at high magnon densities the magnons make transitions to lower-
energy states in addition to other dissipation mechanisms. As explained
in Sec. 4.1, we use off-resonant excitation and achieve clean population of
the ground state with sufficiently high-amplitude excitation pulse centered
around (nr,nz)= (2,0) or (nr,nz)= (4,0) states, so that all created magnons
quickly drop to the ground state.

Figure 4.7 shows an example of relaxing signal after the excitation
pulse. As we see, and as is expected, both the amplitude and the fre-
quency change during the decay. First we notice the two regimes in the
amplitude relaxation: (1) fast relaxation above the threshold amplitude
Ath, and (2) slower exponential decay with time constant τM , i.e., |AM(t)| =
AM,0 exp(−t/τM). In the regime (1) signal experiences parametric Suhl
instability which is studied in Sec. 5.2, and in the regime (2) spin dif-
fusion and radiation damping cause the relaxation as will be shown in
this section. Frequency increases during the decay as the magnon num-
ber decreases since the initial number of pumped magnons is large enough
to modify the shape of the trap via self-trapping as discussed earlier in
Sec. 4.2.1. This is opposite to the frequency decrease during the population
of the trap by cw-NMR sweep in Fig. 4.1b.
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The induced voltage AM(t) in general depends on various properties
of the transverse magnetization M⊥(t): the precession frequency ω, the
spatial distribution Ψ(r, z) inside the coil, and the amplitude |M⊥(t)|. In
common case of exponential decay at constant frequency,

M⊥(t)= M⊥,0 exp(−t/τM)exp(iωt), (4.3)

one would have |AM(t)| ∝ |Ṁ⊥(t)| ∝ |M⊥(t)| = M⊥,0 exp(−t/τM). This is in
the form of exponential decay we detect in the regime (2). However, due to
the self-trapping we have ω = ω(t), and thus in certain experimental con-
ditions the change Δω in frequency even in the regime (2) may be rapid
enough to result in non-exponential time dependence of the signal am-
plitude. Also the effective filling factor changes during the relaxation as
the spatial distribution Ψ(r, z) changes, introducing another possibly non-
exponential effect on AM(t). To avoid this problem, only the end part of the
signal where Δ f =Δω/(2π) < 30Hz is taken into account in the relaxation-
rate analysis which in most configurations results in exponential relax-
ation of amplitude AM(t) within the experimental accuracy. Thus, the de-
tected exponential relaxation in experiments is taken to reflect the change
in magnon number only, and the measured relaxation rates are related to
the spin relaxation phenomena alone. In numerical calculations such as
the ones presented in Publication II, we have verified this low frequency
shift to correspond to tipping angles βM < 5◦.

We have measured τM at different pressures as a function of tempera-
ture T, field H0, and minimum coil current Im. An example of two mea-
surements at different H0 as a function of T at 15 bar is shown in Fig. 4.8a.
The relaxation rate τ−1

M is seen to be linear function of the thermometer fork
resonance width Δ ff at temperatures below about 0.18Tc. In the ballistic
quasiparticle regime (T < 0.3Tc) Δ ff ∝ exp(−Δ/kBT) [100, 101]. Similar ex-
ponential temperature dependence is expected at the lowest temperatures
for the magnetic relaxation caused by the nonhydrodynamic spin diffusion
via normal component (Sec. 2.4.1). Thus, we propose that the spin diffusion
is a likely source of the observed temperature dependence. Later we will
discuss this further, but first we resolve the origin of the non-zero intercept
in the linear fits in Fig. 4.8a.

Radiation damping, i.e., the energy loss of precessing magnetization
due to voltage induced into resistive measurement circuitry (Sec. 2.4.2),
is present in any NMR experiment. When using a tuned pick-up circuit,
the radiation damping can be separated owing to its characteristic fre-
quency dependence which is determined by the resonant Lorentzian re-
sponse FL( f ) of the pick-up circuit, Eq. (2.59). The maximum damping
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Fig. 4.7 (Main panel) Example of relaxation signal of ground-state magnon BEC
after sufficiently high-amplitude excitation pulse at time t = 0 aimed to populate
excited levels, which immediately collapse to the ground state. (Insert) Relaxation
of both amplitude (red circles) and frequency (blue squares) reveal a quick dissi-
pation of magnetization and the change of the trap shape when AM > Ath. Below
the threshold level, both parts of the signal relax exponentially in time but at dif-
ferent time constants. Lines are exponential fits to data after the time when the
amplitude drops below Ath.

occurs at the resonance frequency frf of the circuit. Radiation-damping
rate τ−1

RD can be determined experimentally by measuring the total relax-
ation rate τ−1

M as a function of frequency, Fig. 4.8b. This is achieved by
adjusting the static magnetic field H0 to scan the precession frequency f00
in the appropriate range around the resonance. As the difference | f00 − frf|
grows, one has to also increase the excitation amplitude accordingly to cre-
ate large enough signal for out-of-resonance measurements. To achieve the
best sensitivity, in most of the measurements we aim the ground-state pre-
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cession frequency f00 to coincide with the pick-up resonance frequency frf,
so the value τ−1

RD( f = frf) is the one which is important for further analysis.

As the losses occur in the circuit outside the sample, the radiation
damping exists even if the sample temperature T → 0. It depends on the
profile of the magnon density in the condensate, but for small tilting an-
gles βM and at the lowest temperatures, the trapping potential does not
change as a function of T or as a function of nM . However, the geometry
of the condensate depends also on the pressure P (through texture), mag-
netic field H0, and externally controllable magnetic profile of the trap. We
thus measure the radiation damping for each (H0,P, Im)-combination used
in the experiments, see Figs. 4.8c and 4.8d for examples. Equation (2.62)
gives the theoretical lines based on harmonic model of the trap. One com-
mon value of parameter Rrd = (1.01± 0.11) · 10−3(s cm3mT)−1 fits all the
measured data.

Measured values of τ−1
RD at the resonance for both data sets in Fig. 4.8a

are marked as dashed horizontal lines. We observe that the significance of
radiation damping vanishes as the temperature increases. It is, however,
important at the lowest temperatures. Independent measurement of τ−1

RD
allows us to perform temperature calibration in the following way: Assum-
ing that zero-temperature magnetic dissipation is solely due to the radia-
tion damping (see justification for this assumption below), we define zero
temperature as τ−1

M (T = 0) = τ−1
RD. Thus, the abscissa of the intercept be-

tween τ−1
RD and the extrapolated linear fit of τ−1

M versus Δ ff defines the zero-
temperature, or intrinsic, value of thermometer fork resonance width: Δ f i

f .
Using this value and the known calibration factor af of the fork (Sec. 3.2),
we convert values of Δ ff to corresponding temperatures written on the top
horizontal axis in Fig. 4.8a.

Returning to spin diffusion and the proposition that all temperature-
dependent relaxation is caused by it, we define τ−1

SD = τ−1
M − τ−1

RD. This al-
lows the extraction of spin-diffusion coefficient Di j from the values of τ−1

SD,
Eq. (2.54). Figure 5 in Publication III shows the result at two pressures (as-
suming Dxx = Dzz and c⊥ = c∥ for simplicity). The agreement with the the-
ory and the earlier measurements from Ref. [85] is good, with no fitting pa-
rameters used. If using the full anisotropic harmonic equation, Eq. (2.54),
with theoretical values for Dxx and Dzz [84] derived also in [PIV] and the
measured spin-wave velocities [PI], we get the relaxation rate τ−1

SD(T,H)
within factor two higher than the measured one. The plausible explana-
tion is the erroneous calibration of the fork pre-factor af, increase of which
by a factor less than two corrects the discrepancy between the data and
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Fig. 4.8 (a) Relaxation rate τ−1
M of transverse magnetization M⊥ in the ground-

state magnon BEC as a function of thermometer fork width Δ ff (bottom axis)
and temperature T (top axis). The linear relation between τ−1

M and Δ ff at
T < 0.18Tc comes from the fact that both include exponential temperature fac-
tor exp(−Δ/kBT). At higher temperatures the linear dependence breaks since
the components of spin-diffusion tensor Di j have more complicated temperature
dependence than a simple exponential factor [PIV]. (b) Frequency dependence
of relaxation rate τ−1

M around the resonance frequency of the resonant circuit
frf = 833kHz reveals contribution from temperature-independent radiation damp-
ing. Value between the peak value and the baseline determined by spin diffusion
gives τ−1

RD at f = frf which is marked in panel (a) as horizontal dashed lines. (c)
and (d) Radiation damping as a function of pressure P, frequency f0 = γH0/(2π),
and trap shape controlled by Im. Measurements (symbols) match well with the
theory for harmonic trap (lines), Eq. (2.62).
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the theory (see Sec. 3.2 for fork calibration). In particular, we have checked
that the temperature dependence of calculated τ−1

SD agrees exactly with the
measurements up to T = 0.23Tc (maximum temperature used in the mea-
surements in question), which is well outside the exponential regime of
spin diffusion. Thus, we conclude that the temperature-dependent part
of the spin-wave dissipation in our temperature regime is indeed due to
nonhydrodynamic spin diffusion. Another possible temperature-dependent
relaxation source is the Leggett-Takagi relaxation (Sec. 2.4.3), but as cal-
culated in Ref. [63] and in Supplementary Information of Publication VII,
its contribution at this low temperatures in bulk 3He-B is negligible.

The expected field dependence of spin-diffusion relaxation rate is τ−1
SD ∝

H−1
0 , Eq. (2.54). The same dependence is reflected to the slopes of linear fits

between τ−1
M and Δ ff. This is seen in Fig. 4.8b as a background below radia-

tion damping and directly in Fig. 5.4c where the slopes are plotted against
f0 = γH0/2π at P = 0bar. As the condensate size decreases axially with in-
creasing Im, we expect the spin-diffusion contribution to relaxation rate to
increase as the gradients of spin increase. Combined measurements and
calculations presented in Fig. 5 in Publication III confirm this behaviour.
In Eq. (2.54) this increase of gradients is reflected as an increase of ωz.

If there exist additional dissipation sources at zero temperature other
than radiation damping, the value of Δ f i

f determined using magnon BEC
relaxation would be smaller than the real one. On some occasions we com-
pared Δ f i

f measured this way with the fork width measured in vacuum at
millikelvin temperatures. Based on this comparison, we have not found
evidence for any additional (significant) magnetic relaxation in the limit
T = 0 [PIII]. Thus, we use the procedure of finding Δ f i

f presented in this
section for all measurements in this dissertation. An additional contribu-
tion towards uncertainty of Δ f i

f is brought by possible temperature gradi-
ent along the column of 3He-B between the magnon-BEC volume and the
thermometer fork due to heat leaks into the container and diffusive quasi-
particle scattering from the walls. This is thought to be sufficiently small
since the relaxation rate does not saturate at the smallest values of Δ ff as
would happen in the case of large thermal impedance along the column.

To conclude, in bulk 3He-B in the ballistic regime two mechanisms de-
scribed here are responsible for relaxation of transverse magnetization,
giving the total relaxation rate

τ−1
M,bulk = τ−1

RD,b(H,P)+τ−1
SD,b(T,H,P). (4.4)
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Individual time constants τ−1
RD and τ−1

SD in harmonic approximation are
given in Eqs. (2.62) and (2.54), respectively.
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Chapter 5

Magnon BEC as a probe of
properties of 3He-B

Coherent trapped spin-wave states are not only interesting by them-
selves, but in addition they work as an effective probes for the properties of
the superfluid 3He. In this chapter we present various experiments where
magnon BEC has been used as such a probe: low-temperature thermome-
try (Sec. 5.1), interactions between all three spin-wave branches (Sec. 5.2),
properties of the free surface of 3He-B (Sec. 5.3), and dynamics of AB inter-
face (Sec. 5.4).

Properties of magnon BEC (namely the precession frequency and the
lifetime of the ground state condensate which are studied here) are sen-
sitive to changes in the profile of the trap and to additional sources of re-
laxation. We described in Sec. 4.2 how the precession frequency of trapped
magnons changes as the potential trap profile is modified by self-trapping,
by external magnetic field, or by vortices in a known way. In addition, all
kinds of textural defects located in the vicinity of magnon BEC modify the
trap. They are especially easy to detect if they move or change in size as
a function of time, leading to time dependent changes in the precession
frequency [PIV]. On the other hand, periodic change in the trapping po-
tential as the free surface of 3He-B oscillates allows the measurement of
gravity-wave resonances and damping of them [PVIII].

We described the mechanisms causing the relaxation of transverse mag-
netization in bulk 3He-B in Sec. 4.3. This opens the possibility for magnon-
BEC-based thermometry in the microkelvin regime [PIV] and the direct
measurement of change in the temperature in the measurement volume,
e.g., due to dissipation from the oscillating free surface [PVIII]. On the
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other hand, completely new relaxation channels may be opened. Examples
of such are the parametric Suhl instability leading to excitation of longitu-
dinal and acoustic magnons at high magnon densities [PV] and additional
relaxation at the free surface of 3He-B where bound fermion states are ex-
pected [PVII]. Quantized vortices add relaxation via excitation of acoustic
magnons [PV] and presumably also via frictional twisting of nonaxisym-
metric vortex cores due to the precessing magnetization [114]. The latter
effect is not studied in this dissertation.

Conventionally, textural properties have been probed using cw-NMR
techniques to study the frequency shifts and amplitudes of various charac-
teristic spectral features occurring for example due to counterflow in rota-
tion [25]. The limitation of this method is the “freezing” of textural param-
eters to their low-temperature values at T � 0.2Tc, including the frequen-
cies of the trapped spin-wave states in the flare-out texture. Introducing
the axial magnetic trap in addition to flare-out texture does not remove the
freezing problem in cw-NMR measurements. Instead, it helps by introduc-
ing the adjustability and locality into the system: First, the axial magnetic
part of the trapping potential makes modifications of the spin-wave fre-
quencies easy. The trap can also be created into chosen location in the bulk
3He-B or, e.g., in contact with the wall or free surface which makes the
probing and comparison between different textural orientations possible.
Thus, diverse spectral experiments can be conducted, as shown in Secs. 4.1
and 5.3. Second, the potential trap ensures that the spin-waves are spa-
tially trapped and cannot flow away. Thus, in the relaxation measurements
the “real” lifetime of the coherent precession is measured. In conventional
system the lifetime would be limited by the time it takes for the spin waves
to escape the pick-up coil region along the textural minimum in the poten-
tial or by the dephasing time due to inhomogeneous magnetic field. These
times would be considerably shorter, of the order of 10 ms. Besides conve-
nient relaxation-rate measurements, the long lifetime makes it possible to
follow the time-dependent textural events, such as defects, by filling the
trap with magnons by applying excitation pulse only occasionally [PIV].

Altogether, the measurement technique based on trapped magnon BEC
offers much more versatile platform than conventional NMR, especially at
T 	 Tc. Moreover, as relaxation via thermal quasiparticles decreases with
decreasing temperature, sensitivity to other relaxation sources enhances
when T → 0.
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5.1 Magnon BEC as a thermometer

Since the relaxation rate of magnon BEC in bulk 3He-B depends on temper-
ature in a known way, it can be used as in situ thermometer at ultra-low
temperatures. Usually thermometers are classified solely as primary or
secondary depending on the level of knowledge about the physical basis of
the underlying thermodynamic laws and quantities. In principle, magnon-
BEC based thermometry can work in both ways. Primary, or stand-alone,
usage is possible whenever the measured spin-diffusion-induced relaxation
rate τ−1

SD can be converted directly to temperature. This requires the knowl-
edge of the components of spin-diffusion tensor Di j [36, 37, 84], and the
spatial distribution of magnon density, i.e., the magnetization tilting angle
βM(r, z). For harmonic traps, the latter reduces to knowledge of trapping
frequencies ωr and ωz, Eq. (2.54). These can be measured spectroscopically
as explained in Sec. 4.1.

Secondary thermometry relies on the calibration against another ther-
mometer without a need to know the direct behaviour of the measured
property as a function of temperature. In our setup, we can conveniently
measure the relaxation rate versus the resonance width of quartz tuning
fork (Fig. 4.8) which has been calibrated against melting curve thermome-
ter and temperature-dependent Leggett frequency ΩB. It turns out that the
spin diffusion and the fork width have similar exponential dependence on
temperature at the low temperatures below 0.18Tc, see Fig. 4.8. Thus, in
this regime, the conversion between the relaxation rate and the tempera-
ture is straightforward: knowing the linear slope of τ−1

M versus Δ ff (and the
radiation damping value τ−1

RD) is enough, and the main error comes from the
coefficient af in the exponential temperature dependence of Δ ff, Sec. 3.2.
At higher temperatures the dependences differ due to more complicated
functional form of Di j(T) [PIV]. Nevertheless, the secondary thermometry
is still possible if the relation between τ−1

SD and Δ ff has been measured.

Critical parameter for accurate calibration at the lowest achievable
temperatures is the intrinsic width Δ f i

f of the fork. As explained in Sec. 4.3,
it can be determined by assuming that at zero temperature the only relax-
ation is defined by independently measured radiation damping τ−1

RD of the
condensate. If the measured Δ ff � Δ f i

f , the fork resonator is not sensitive
to temperature anymore. Respectively, radiation damping is the limiting
“intrinsic” damping of the magnon-BEC thermometer, since at low enough
temperatures τ−1

SD 	 τ−1
RD, which makes thermometry insensitive. However,

we do not reach that limit since at the lowest temperatures experimen-
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tally reachable by us (T ≈ 0.14Tc) τ−1
SD � τ−1

RD, and at higher temperatures
τ−1

SD � τ−1
RD.

To test the usability of stand-alone thermometry, we have fitted the
value of spin-diffusion coefficient Di j to relaxation-rate measurements such
as discussed in Sec. 4.3 and shown in Fig. 4.8 and compared it to the the-
oretical value from Refs. [37, 84]. This was done in Publication III, as-
suming isotropy of the spin diffusion and spin-wave velocity, where the
result was in good agreement with the theory. Equivalently, transforming
the measured relaxation rate τ−1

SD to temperature using Eq. (2.54) and the
theoretical values for the spin diffusion coefficient and spin-wave velocities
leads to difference from the fork-based value comparable to the error limits
in the fork calibration [PIV].

As a proof of concept of applying the magnon-based thermometry to
a real physical problem we study thermal resistance of the AB interface.
This is done by measuring the change of temperature in the top region of
our sample container during and after the creation of an A-phase layer in
the middle of the sample while the bottom part adjacent to the heat ex-
changer remains in the B phase. Calculated shape of the A-phase layer in
our container as a function of current Ib in the barrier magnet is shown
in Fig. 1b in Publication IV. Although transition from the B phase to the
A phase close to thermodynamic equilibrium would result in the cooling of
the sample [115], in many occasions the transition is triggered by the in-
crease of magnetic field in the already metastable overmagnetized B phase.
The latter results in temperature increase due to friction associated with
moving AB interface [116–119]. This increase is indeed observed by growth
in both the thermometer fork resonance width and the relaxation rate of
magnon BEC, see Sec. 4 in Publication IV. The advantage of pulsed opera-
tion of magnon BEC over the traditional “continuous wave” mode of fork is
its response rate: the change in the magnon decay rate is “instantaneous”
whereas fork’s response rate is limited by its Q value. The fork could be
driven also in pulsed mode making the methods comparable, but to restart
the oscillations after the decay and to minimize the dead time between
signals, a strong pulse may be needed; magnon BEC can be refilled via off-
resonant excitation in a short time below 0.1 s independent of the strength
of the excitation pulse above threshold, Sec. 4.1.

The introduction of AB interface(s) between the top and the bottom
ends of the container increases thermal impedance between them due to
Andreev reflection of the B-phase quasiparticles with energies below the
maximum A-phase gap at the interface and due to distortion of the B-
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Fig. 5.1 (a) A sweep of the barrier magnet current Ib as a function of time. The
A phase exists at currents higher than 5 A. (b) Temperature inside the sample
container is measured using two methods: thermometer fork width defines the
temperature in the bottom end of the container while the spin-diffusion-caused
relaxation rate τ−1

SD is converted to temperature in the top end using calibration
like shown in Fig. 4.8. (c) Temperature difference between the two ends reveals
the increased thermal impedance as A phase exists in the sample (Ib > 5A). (d)
Precession frequency f00 of the ground state condensate shows hysteresis probably
due to pinning of the magnetic flux in the superconducting parts of the setup as
barrier field is swept up and down.
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phase texture and Zeeman splitting of excitation energies at high mag-
netic fields [120]. Due to additional thermal resistance, the temperature
difference between the upper and the lower ends of the container increases
which is seen as an increase of τ−1

M while Δ ff stays constant. Figure 5.1
shows an example of such measurement. From the additional tempera-
ture difference and assuming a heat leak of 12 pW [121] is uniformly dis-
tributed along the container, we calculate the AB boundary region “resis-
tivity” to be ρA+B ≈ 30μK/pWmm2 at T = 0.13–0.14Tc [PIV]. Using simple
one-dimensional model of quasiparticle propagation and ignoring the back-
ward flux of ballistic quasiparticles from the A phase to the B phase, the
thermal resistance scales as

RAB ∝ exp(Δm/kBT)
Δm +kBT

, (5.1)

where Δm is the largest energy gap encountered by the quasiparticles at
the interface. The largest energy gap is in the A phase perpendicular to l̂:
its value is 1.15 times the gap of B phase in BCS theory. Using this value
and the above dependence, the value ρA+B = 8.5μK/pWmm2 measured at
T = 0.15Tc in Ref. [122] extrapolates to ρA+B = 20–70μK/pWmm2 at T =
0.13–0.14Tc. This agrees well with our result, considering the simplicity of
the model and the rapid exponential dependence of ρA+B on temperature
resulting in large error limits due to uncertainties. We can also use the
trivial-strong-coupling gap with the same multiplier 1.15 without changing
the result since basically the whole error derives from the uncertainty in
temperature.

In our measurements, the temperature difference between the ends of
the sample container remains unchanged before and after an A-phase ex-
istence in the middle (Fig. 5.1c). This is in contrast to the earlier experi-
ments [120, 123] where additional thermal impedance remaining after the
A-phase annihilation was suggested to be because of the order-parameter
defects created in a process similar to the brane annihilation in cosmology.
However, we have observed non-thermal evidence of such defects remain-
ing after the A-phase annihilation as discussed in Sec. 5.4.

The magnon-based thermometry in 3He-B is useful in experimental se-
tups where no mechanical resonators are desirable to interfere with the
system or where the mechanical resonator is far from the space of interest.
One such system is introduced in Sec. 5.3.2 where the change in magnon
relaxation rate is used to monitor the change in temperature close to the
moving free surface of 3He-B.
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Fig. 5.2 (a) Threshold amplitude Ath of decaying optical magnons versus their
precession frequency ωopt ≈ ωL at three different pressures. A pronounced drop
in Ath occurs at frequency ωopt = 2ΩB at each P when a parametric decay to two
longitudinal magnons becomes possible. (b) The dependence of Ath on ωopt shows
periodic modulation, which corresponds to frequency difference δ f1/2 of frequen-
cies of acoustic magnon resonances in cylindrical container. (c) The modulation
period in Ath determined using Fourier-transformation is compared to the theo-
retical value from Eq. (5.4) as a function of pressure.

5.2 Detection of low-energy collective modes

Suhl instability [55], as mentioned in Sec. 2.3, for quantized spin waves
means a parametric decay of uniform spin precession (or trapped optical
magnons in our case) into two spin waves satisfying the condition of res-
onance: ωp = ω(k)+ω(−k), where ωp is the uniform precession frequency.
This process is responsible for “catastrophic relaxation” of HPD in 3He-B at
temperatures T � 0.4Tc [56, 57]. In a simple model, parametric instability
is connected to the amplitudes A1 and A2 of the decaying and the emerging
modes, respectively, which both themselves decay exponentially via other
mechanisms, and the coupling between A1 and A2 is proportional to the
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product of their amplitudes:

Ȧ1 = −A1

τ1
−k1→2A1A2

Ȧ2 = −A2

τ2
+k1→2A1A2. (5.2)

This leads to accelerating decay of amplitude A1 if the amplitude A2 of the
parametrically excited wave increases in time: Ȧ2 > 0⇒ A1 > (k1→2τ2)−1 ≡
Ath.

In experiments, amplitude A1 ∝ nM and the threshold amplitude Ath
divides the decay signals of optical magnons into two regimes, see Fig. 4.7.
Above the threshold the decay of signal is fast due to parametric instability
and below it, where A2 ≈ 0, the decay is dominantly due to other mecha-
nisms presented in Sec. 4.3. Value of Ath depends on temperature via the
temperature dependence of decay rate τ−1

2 . In our case this dependence
follows from the spin diffusion, thus decreasing τ−1

2 exponentially as the
temperature decreases. The lower the temperature the lower the thresh-
old amplitude, whereas at high temperatures the fast spin diffusion is able
to slow down the growth of parametrically excited spin waves and limit the
instability [124].

We have observed the expected behaviour of Ath as a function of tem-
perature. However, in this dissertation we discuss only the dependence of
Ath on frequency. This dependence allows us to identify decay to different
magnon branches introduced in Sec. 2.2.2. First, we establish two allowed
parametric decay processes (see also Fig. 1b in Publication V):

ωopt = ωlong(k)+ωlong(−k)
ωopt = ωac(k)+ωac(−k). (5.3)

Frequency ωopt here equals frequency ω00 of the ground state magnon BEC.
Since in our trap ω00 −ωL ∼ 10−3ωL, we can neglect the difference and
assume ωopt ≈ ωL. We can also neglect the finite wave vector k ∼ a−1

r of
magnons in BEC where ar ∼ 1mm is of the order of the radius of magnon
BEC, Eq. (2.39). Thus, the frequencies of parametrically excited waves are
ωlong =ωL/2 and ωac =ωL/2. Parametric instability towards gapless acous-
tic magnons is always energetically possible, while parametric excitation
of longitudinal magnons is possible only with frequencies ωL > 2ΩB due to
gap in the spectrum of longitudinal spin waves. Therefore, we expect the
threshold Ath to decrease whenever frequency of optical magnons increases
from below 2ΩB to above it and relaxation channel to longitudinal magnons
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opens. This is seen in Fig. 5.2a where Ath drastically drops at frequency
2ΩB at three different pressures. Leggett frequency determined from those
drops is shown in Fig. 4.4 and matches well with the theory and the other
measurements.

Another significant feature seen in the Ath-versus-frequency plot are
the periodic oscillations with a period of 1350 Hz at 29 bar, Fig. 5.2b. These
correspond to parametrically excited standing spin-wave resonances ωac =
ωopt/2 of acoustic magnons along the radial direction in the cylindrical sam-
ple container: at the minima the excitation of acoustic magnons is higher
and at the maxima the frequency of optical magnons is not in paramet-
ric resonance with the acoustic modes. The frequency difference between
two consequent resonances is derived in Supplementary Note 2 in Publica-
tion V:

δ f1/2 =
2�
3

c
4R

, (5.4)

where R is the radius of the cell, and c is the averaged value of spin-wave
velocity in a non-uniform texture over the radius of the sample container.
Calculated distances δ f1/2 are in a good agreement with the measurements,
as shown in Fig. 5.2c. In addition to parametric excitation of other spin-
wave modes with optical magnons, we have observed direct excitation of
acoustic magnons in the presence of vortices, see Publication V.

It is of special interest that the set of coupled spin-wave modes, one of
which has a small gap ΩB (compared to the superfluid gap Δ), has analogy
to the Little Higgs extension of the Standard Model, as briefly described in
Sec. 2.5 and in Publication V, and in more detail in Ref. [90].

5.3 Probing the free surface of 3He-B
Classification of defects in systems with broken symmetries can be ap-
proached by considering the stability of them against the continuous change
in the order parameter. As a result some of them are classified as stable,
or topologically protected, defects incorporating nonzero topological invari-
ant (winding number) [3, 125]. Examples of such in 3He-B are different
types of vortices, Sec. 4.2.2 [109]. Other types of defects are introduced in
Ref. [126]. In addition to defects in superfluid order parameter, there can
also exist nontrivial topological structures constructed from fermionic exci-
tations and characterized by a nonzero topological invariant. Such topolog-
ical excitations were observed, for example, in the quantum Hall state in
two-dimensional electrons under high magnetic fields [127]. The interplay
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between symmetry and topology in 3He-B classifies it as one of the topolog-
ically nontrivial systems being protected by the time-reversal symmetry as
well as the particle-hole symmetry [128–131], both of which are discrete
symmetries omitted from the symmetry discussion in Sec. 2.1 where only
continuous symmetries were of importance in describing the basic proper-
ties of superfluid transition. The remarkable outcome is the existence of
gapless Majorana modes [132] (fermions equivalent to their own antipar-
ticles) at the surface of superfluid 3He-B or at the interfaces between the
bulk states [130, 133].

It has been shown already for quite a time ago that the boundary con-
dition on the quasiparticles in 3He-B at the surface leads to anisotropy of
the superfluid energy gap Δ, i.e., the gap vanishes for the Cooper pairs
travelling perpendicular to the surface, Δ⊥ = 0 [134]. The change from the
bulk value is smooth resulting in midgap bound quasiparticle states known
as Andreev bound states (or surface-bound states, SBS) [135]. Most im-
portantly, it has been suggested that there always appears a zero-energy
Andreev bound state at the surface of 3He-B and that the state is Majo-
rana fermion due to the particle-hole symmetry [130]. The pair-breaking
effect and the enhancement of the surface density of states, and thus the
increase of density of quasiparticles at the surface, have been observed in
several experiments [136–140], but the unquestionable existence of gapless
states and the Majorana signature of them is still to be found.

One of the proposed experimental signatures is the anisotropy of the dy-
namic spin susceptibility at the surface originating from the Ising nature of
the spin of Majorana surface states: the states react only to magnetic field
perpendicular to the (specular) surface [141, 142]. Related to this, there
is a topological phase transition at field strength H ≈ 2.5 mT (the dipo-
lar field): Below, the hidden Z2-symmetry (simultaneous time inversion
and joint π-rotation of spin and orbital spaces) preserves the topological
phase if H⊥ ẑ, where ẑ is the surface normal, since the boundary condition
l̂= n̂= ẑ defined by the dipole-dipole interaction results in Ssurf ∥ ẑ. Within
this symmetry, the topological invariant of 3He-B is well-defined and gap-
less Majorana states exist [130]. Rotation of the magnetic field in such a
way that it contains a component Hz ∥ ẑ results in the spontaneous break-
ing of the Z2-symmetry and the acquiring of mass (gap) for the surface
Majorana fermions associated with the Zeeman energy. Simultaneously,
the Ising nature can be detected as the spin-relaxation rate depends on
the field orientation: the smaller the angle between H and ẑ, the slower
the relaxation [130, 141]. Above the threshold field 2.5mT the hidden Z2
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symmetry is broken regardless of the field direction [143], resulting in non-
topological phase, since the spin direction Ssurf ∥ H is defined by the field
and the surface states are always gapped. Also the anisotropy of the dy-
namic susceptibility is lost.

Here we study the relaxation and frequency spectrum of magnon BEC
both at the static and at the moving free surface of 3He-B at fields H ∥
ẑ of strength 17–26 mT. Thus, the surface states are always gapped and
we could not detect the anisotropic response of them to the field direction.
Note however that the surface-state gap is proportional to Zeeman energy
∼ MHz whereas our temperatures correspond to frequencies ∼ 10 MHz, so
the response of surface states at these temperatures is more or less the
same as it would be with the gapless states.

We extract some of the liquid out from the experimental container to
create a free surface in the top part of the sample where we can study it
with NMR. (At low temperatures the saturated vapor pressure of 3He is
extremely low, so there is effectively a vacuum above the liquid.) Such a
setup is shown in Fig. 5.3. Here the magnon trap acquires special proper-
ties: Due to the magnetic field inhomogeneities (Sec. 3.2.1), the minimum
of magnetic field in z-direction is located at the surface in the case of zero
or small opposing field created by the pinch coil. In addition, the surface
presents a textural boundary condition βl = 0, thus also minimizing the
spin-orbit interaction energy Fso = 0, Eq. (4.2). The geometrical trapping is
similar to traps used in earlier experiments on PPD [62]. In our setup we
can modify the trapping geometry to reach different regimes by adjusting
the magnetic field of the pinch coil with supplied current Im [PVII]:

• Im small or negative: Local minimum of potential energy, Eq. (2.34),
is at the surface (Surface trap).

• Im large: Potential minimum is in the usual central location (r, z) =
(0,0) (Bulk trap).

• Im intermediate: Local minimum exists both at the surface and in
the central point.

The trap configurations for the surface condensate and the bulk condensate
are shown in Figs. 5.3a–d. In the intermediate case both traps can be popu-
lated simultaneously, which in particular allows us to study the Josephson
effect between two coexisting magnon BECs. This work, however, is out of
scope of this dissertation where we deal only with cases where the bulk or



74 Magnon BEC as a probe of properties of 3He-B

NMR
pick-up
coil

Coil for
static field
minimum,
“pinch coil”

6 mmQuartz cell

3He-B

Magnon
BEC

M

H M

Im z

r

Thermal contact
to refrigerator

−3
−2
−1

0
1
2
3

I
m

 = 0 A

Surface condensate

(a)

z 
(m

m
)

 

I
m

 = 4 A

Bulk condensate

(b)
 

β
M

 (degrees)

0

1

2

3

−2 −1 0 1 2

−3
−2
−1

0
1
2
3

r (mm)

Surface trap

(c)

z 
(m

m
)

−2 −1 0 1 2

 

r (mm)

Bulk trap

(d)
 

P
oten

tial (H
z)

−50

5000

10000

−4 −3.5 −3 −2.5 −2 −1.5 −1 −0.5 0
0

0.2

0.4

0.6

0.8

1

1.2

I
m

 (A)

f −
 f 00

, s
u

rf
 (

kH
z)

Ground state

Excited axial levels

Excited radial levels

T = 0.14T
c

f
0
 = 623 kHz

(e)

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Bulk condensateSurface condensate

I
m

 (A)

f −
 f 0 (

kH
z)

(f)

Ground state

Excited axial levels

Fig. 5.3 The setup for probing free-surface-related phenomena in 3He-B with
NMR techniques. (a–d) The magnon potential trap and the distribution of the
magnetization tipping angle βM for two different values of Im. At small cur-
rents magnons are trapped at the free surface while at higher currents the trap
is in bulk 3He-B isolated from all surfaces. Potential in the point (r, z) = (0,0)
is assumed to be zero, resulting in negative values right below the surface with
small Im. (e–f) The frequency spectra of trapped magnons both in the surface
trap (Im < 0.25A) and in the bulk trap (Im > 0.25A). Lines in (e) are numeri-
cally calculated spin-wave resonances in the surface trap with the surface located
at z = 3.6mm [PVII]. Dashed lines in (f) present the harmonic approximation of
the trap similar to Fig. 4.6 based on field model in Sec. 3.2.1. Note the differ-
ent frequency offset at the vertical axes in (e) and (f) panels. The reason is the
anharmonicity of the frequency levels in the surface trap, the uncertainty in the
exact surface position, and possibly flawed magnetic field model at the surface
which is quite far from the central point where the field is modelled, thus re-
sulting in considerable room for mistake in the Larmor frequency in panel (e).
All the calculations and measurements in the figure correspond to the frequency
f0 = fL(0,0)= 623kHz.



5.3. Probing the free surface of 3He-B 75

surface trap is clearly favoured. The limiting pinch coil currents for differ-
ent regimes depend on the field strength H0.

To characterize magnon traps in the presence of free surface, we per-
form spectroscopic cw-NMR measurements as a function of the pinch-coil
current Im similar to the case of pure bulk trap considered earlier in Sec. 4.1.
Here we supply both positive and negative currents into the pinch coil:
the latter ones create a field parallel to the main field H0, thus pushing
magnon condensate towards the surface where the trap is deeper. Example
spectra are shown in Figs. 5.3e–f. At Im > 0.25A the condensate is formed
in bulk, and energy levels behave harmonically as has been described in
Sec. 4.2. They also agree with the numerical calculation of the trapping po-
tential [PIII,PVII]. In this case the effect of the free surface is negligible.
At lower currents magnons populate the surface trap whose frequency lev-
els cannot be modelled harmonically. Instead, we performed calculation of
the magneto-textural trapping potential but found only semi-quantitative
agreement with the measurements [PVII]. The reason for this discrepancy
is not known yet. We have tried to adjust the field profile (which probably
does not obey the model of Sec. 3.2.1 anymore at the surface), the sur-
face position (which must be fitted based on the relaxation-rate measure-
ments [PVII]), and the surface-related textural energy parameters (which
are not known accurately at the lowest temperatures) but have not suc-
ceeded in improving the agreement. For the same reason, in Fig. 5.3e the
frequency differences between the levels are shown instead of the differ-
ence from the Larmor frequency at the surface related to considerable un-
certainty in that.

5.3.1 Magnetic dissipation at free surface
It is known that the magnetic relaxation in superfluid 3He-B is strongly
enhanced at (solid) surfaces [62, 63]. One suggested reason is the orbital
precession coupled to the spin precession at low temperatures where the or-
bital viscosity decreases enough to free the orbital motion [16]. Since the or-
bital momentum is clamped at the walls, it cannot precess freely, and thus
it could enhance the spin relaxation rate [15]. Or the surface relaxation
could in principle be connected to presence of magnetic impurities at solid
surface. Thus, an interesting question is whether the free surface, which
is free from such impurities, contributes to magnetic relaxation. We have
measured the temperature dependence of relaxation rate of ground-state
condensate both in surface trap and in bulk trap at various precession fre-
quencies f0 = γH0/2π. An example measurement at frequency f0 = 553kHz
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Fig. 5.4 Magnetic relaxation of surface-bound and bulk condensates. (a) Mea-
sured relaxation rates τ−1

M (symbols) of magnetization with subtracted radiation
damping τ−1

RD as a function of Im at different temperatures. Surface-bound and
bulk condensates demonstrate clearly different behaviours as a function of Im.
Dashed lines are guides to eye. Extrapolation using the linear slopes from panel
(b) gives the surface relaxation rates at T = 0. (b) Same data set as in panel (a)
but plotted as a function of thermometer fork width Δ ff (bottom axis) and tem-
perature (top axis). Intrinsic width Δ f i

f of the fork is subtracted. Lines are linear
fits to points at T < 0.18Tc. Additional surface relaxation rate τ−1

s is found by ex-
trapolating the linear fits to T = 0. It dominates the low-temperature relaxation
of surface condensate. (c) Perfectly linear relation between the relaxation rates
of surface and bulk condensates suggests that the surface-induced relaxation rate
τ−1

s is temperature-independent in the covered temperature range 0.13–0.22Tc.
(d) Plotting the slopes of linear fits from panel (b) versus precession frequency f0
(bottom axis) and polarizing field strength H0 = (2π f0)/γ (top axis) reveals ∝ H−1

0
dependence expected for nonhydrodynamic spin diffusion both for the surface and
the bulk condensates. Also the ratio between the slopes agrees with spin diffu-
sion (see text). (e) The surface-induced relaxation rate τ−1

s (circles) is found to be
proportional to H−2

0 (line).
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corresponding to H0 = 17 mT is shown in Fig. 5.4a. Difference between the
relaxation properties of the surface-bound condensate at Im < 170mA and
the bulk condensate at Im > 250mA is clearly seen. The intermediate re-
gion 170 < Im < 250, where both condensates coexist, is omitted from the
analysis. Radiation-damping rate τ−1

RD, Eq. (2.59), is independently mea-
sured and subtracted from the data presented here. The value is different
for surface (τ−1

RD,s ≈ 0.015s−1) and bulk (τ−1
RD,b ≈ 0.025s−1) condensates due

to difference in geometries, i.e., the smaller value for surface condensate
follows from its smaller filling factor inside the pick-up coil [86].

Figure 5.4b shows the same data set plotted as a function of the res-
onance width Δ ff of the thermometer fork. Nearly linear dependence ob-
served both for the surface-bound and the bulk condensates suggests the
same origin as discussed in Sec. 4.3, namely the nonhydrodynamic spin
diffusion. Simultaneously, the relaxation rate of the surface condensate
clearly has an additional contribution τ−1

s which dominates at the lowest
temperatures:

τ−1
M,surf = τ−1

RD,s(H)+τ−1
SD,s(T,H)+τ−1

s (H). (5.5)

Field dependence τ−1
s ∝ H−2

0 becomes evident in Fig. 5.4e. Values of τ−1
s are

determined from the extrapolations to T = 0 using the fitted linear slopes
of τ−1

M,surf versus Δ ff such as the ones shown in Fig. 5.4b.

The linear slopes of τ−1
M against Δ ff below T � 0.18Tc are plotted in

Fig. 5.4d. For both condensates the dependence is ∝ H−1
0 like expected

for relaxation via nonhydrodynamic-spin-diffusion, Eq. (2.54). If also as-
suming similar (harmonic) dependence on the trapping frequencies ωr and
ωz for τ−1

SD of both condensates, we get the ratio 2.7 between the slopes
using the measured frequency differences between the levels shown in
Figs. 5.3e,f. The fitted curves in Fig. 5.4d give the same ratio 2.7. Finally,
in Fig. 5.4c, we plot τ−1

M,surf against τ−1
M,bulk in wide temperature range at

two frequencies. Observed linear dependence and the expected value for
the ratio of the slopes strongly suggest that the temperature-dependent
part of the relaxation in both the surface and the bulk condensates origi-
nates from the same physical mechanism. We conclude that both types of
condensates relax via temperature- and field-dependent nonhydrodynamic
spin diffusion and field-dependent radiation damping, while the additional
surface-induced relaxation rate is almost temperature independent in the
studied temperature range and has a magnetic-field dependence τ−1

s ∝ H−2
0

in our field regime [PVII].
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Geometry of the magnon trap controlled with Im affects the value of
τ−1

s . Increasing the current deepens the magnetic potential in the bulk,
thus elongating the trapped surface condensate in axial direction and de-
creasing the contact area between the condensate and the surface. This is
manifested as a decrease of τ−1

s as a function of Im as seen in the extrapo-
lated relaxation rate data in the surface region in Fig. 5.4a.

Besides orbital damping, one can in principle suggest various mecha-
nisms through which surface-bound quasiparticle states contribute to mag-
netic relaxation. First, the created magnons in surface region could decay
into two surface-bound fermions. In our sufficiently high magnetic fields
these states are not exactly gapless Majoranas but have a small gap [130].
At the moment it is not clear whether such process is energetically allowed.
Another possibility is the creation of spin currents which transport the spin
away from the condensate along the surface layer, in which Fso = 0 and
there is no radial confinement for magnons, towards wall of the container.
Third option is the enhancement of Leggett-Takagi relaxation in the sur-
face region due to greatly increased density of thermal quasiparticles, or
normal component, as the gap gradually vanishes within 10ξ0 from the
surface [130]. The Leggett-Takagi relaxation rate in the surface region can
be calculated along the same path as in bulk but taking into account the
appropriate quasiparticle density, collision time, and the fact that the re-
laxation is concentrated in the surface region, while the energy is stored in
the whole condensate. In Supplementary Information in Publication VII,
we reach a result

τ−1
s = 8ρbsFcΩmns

τLT(F2
c −1)2ωL + 1

τLTωL
(2+2F2

c + (ωLτLT)−2)
, (5.6)

where the relative number of magnons at the surface is

ns =
ξ0

∫
S |Ψ|2dS∫

V |Ψ|2dV
. (5.7)

The integral in the numerator is over the surface, ρbs is the relative den-
sity of the surface-bound quasiparticles, Ωm is the difference between the
condensate precession frequency and the Larmor frequency ωL at the sur-
face, τLT is the Leggett-Takagi relaxation rate at the surface (Sec. 2.4.3),
and Fc = 1−χB,sZ0/(4χ0

N) ≈ 4.5 is the Fermi-liquid correction factor to the
external magnetic field at the low temperatures. Here the spin susceptibil-
ity χB,s ≈ 4χB at the surface is increased from the bulk value due to finite
density of states at the subgap energies [130, 144]. Useful approximative
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dependence for the change in the relaxation rate Δτ−1
s as a function of the

change in the contact area ΔAc between the surface condensate and the
surface is Δτ−1

s ∝Δ
(∫

S |Ψ|2dS
)∝ΔAc.

Direct application of Eq. (5.6) for explanation of the observed relaxation
encounters a difficulty. While the experimentally measured τs seems to
be temperature-independent, Eq. (5.6) has temperature-dependent compo-
nents: relative density ρbs of quasiparticles at the surface and the Leggett-
Takagi relaxation time τLT (usually about quasiparticle collision time). Since
the density of surface-bound states is linear to energy [130], we get ρbs ∝ T,
and in collision time approximation τLT ∝ T−2. One way around this prob-
lem is to propose that the SBS are overheated due to the energy dissipated
by them similar to what may happen in the vortex cores [145]. If we as-
sume that the effective temperature of SBS is a sizeable fraction of Tc, we
calculate the relaxation rate τ−1

s which is of the same order as the mea-
sured values [PVII].

As mentioned before, we have not been able to calculate satisfactorily
magnon wave function in the surface trap. Thus, for the purpose of compar-
ison of Eq. (5.6) with measured dependences of τ−1

s on various parameters,
we develop a simpler model which is introduced in detail in Supplemen-
tary Information of Publication VII. The main point of the model is that ns
and Ωm in Eq. (5.6) depend only on effective dimensions of the condensate
along the z-axis and along the radius. The resulting dependence of τ−1

s on
H0 and on Im agrees reasonably well with the measured behaviour, see
Fig. 4 in Publication VII.

To summarize, we have found a significant enhancement in the mag-
netic dissipation rate at the free surface of superfluid 3He-B as compared
to bulk. The most likely origin of this dissipation is the interaction between
the precessing spin of the magnon BEC and the surface-bound fermion
states. To prove the Majorana-nature of the bound states, it will be of great
interest to extend the experimental NMR work to fields below 2.5 mT in
order to detect the anisotropy of the dynamic spin susceptibility predicted
for Majorana fermions in Refs. [141, 142]. While the usage of electron [141]
or metal ion [146] spins immersed into 3He-B just below the surface was
suggested as a probe for this anisotropy, we suggest that due to its extreme
sensitivity to external relaxation sources, trapped magnon BEC seems to
be a perfect tool for this kind of experiments.
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the pinch coil.

5.3.2 Gravity waves

So far we have considered the stationary free surface. To study surface-
related dynamics, we can set the surface to oscillating motion and monitor
the resonant gravity-supported surface waves in the cylindrical geometry.
We excite surface waves by tilting the cryostat at a frequency ftilt, as ex-
plained in Sec. 3.1. This tilting motion is recorded with geophone sensor
(Fig. 3.1), and transforms essentially to horizontal oscillations of the sam-
ple container located 1.5 m below the air-spring dampers. The generated
surface waves periodically distort the orbital texture and trapping poten-
tial for magnons trapped in close proximity to the surface. The change
in the potential results in the modulation of magnetization precession fre-
quency ωnrnz which is observed in the experiment as sketched in Fig. 5.5.
Besides the oscillating surface, we can generate time-dependent trapping
potential for magnons by modulation of the magnetic field created by the
pinch coil.

An example measurement of surface waves is shown in Fig. 5.6. The
frequency spectrum of the geophone response is plotted in Fig. 5.6a. The
peak corresponding to the excitation frequency is marked red, but since
the cryostat is not absolutely rigid, other mechanical resonances are seen.
Figure 5.6b shows the Fourier-transformed signal from the ground state
magnon BEC which is kept alive via small continuous pumping onto higher
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Fig. 5.6 Excitation and detection of surface waves on free surface of 3He-B. (a)
Spectrum of mechanical vibrations of the cryostat is measured by the geophone
sensor attached on the horizontal platform, see Fig. 3.1. The red peak corresponds
to the intentionally excited tilting motion which generates waves on the free sur-
face of 3He sample. (b) Windowed Fourier transform of the NMR signal produced
by the magnon BEC. The loss of magnons from the condensate is compensated by
continuous off-resonance pumping. Modulation of the precession frequency by the
surface waves is seen as multiple side bands around the bright main peak f00. (c)
Dependence of the ground-state precession frequency on time. Only short period
of the full 50 s long signal is shown. (d) The spectrum of the frequency modulation
of magnetization precession. The peaks marked with arrows correspond to two
lowest-frequency modes of gravity waves on surface of liquid in cylindrical con-
tainer, and their harmonics. The surface profiles for these mode are sketched on
the right. Amplitude A2 f of the peak at frequency 2 ftilt is used in further analysis.
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energy levels through off-resonant excitation. Since the window of the
Fourier transform (1.04 s) is longer than the period of surface oscillation,
the modulation of the precession frequency results in a number of side
bands around the average precession frequency. Here at the pinch coil
current Im = 0.5A we follow the condensate in the bulk trap (see Fig. 5.3)
centered 3.6 mm from the surface. Texture modulation, however, extends
also to this region. To find the time dependence of the ground-state pre-
cession frequency f00(t), we apply a band-pass filter to the signal encom-
passing all side bands and determine time differences between consequent
zeros in the filtered signal. Dependence f00(t) plotted in Fig. 5.6c clearly
shows periodic modulation.

Fourier-transform of f00(t) shown in Fig. 5.6d reveals a set of trap mod-
ulation frequencies (coloured red) which are related to the forced vibration
of the cryostat seen in the geophone response. These frequencies can be at-
tributed to the lowest-frequency gravity-wave mode in a vertical cylinder.
For the case of irrotational and incompressible flow in the container where
liquid depth significantly exceeds the diameter, the frequency spectrum of
gravity waves is [147, 148]

ω2
i j,0 = gki j

(
1+

k2
i jσ

gρ

)
, (5.8)

where g is the free-fall acceleration, σ= 155 μN
m [149] is the surface tension,

and ρ = 82 kg
m3 is the density of 3He. Wave numbers ki j satisfy boundary

conditions ∂φ /∂r|r=R = J′
i(ki jR) = 0 on the cylinder wall. Here φ is the

velocity potential so that the fluid velocity v = ∇φ, and Ji are the Bessel
functions of the first kind [150]. The above equation does not take into
account the effect of meniscus which modifies the resonance frequencies
according to relation [151]

ω2
i j =ω2

i j,0

(
1− 2ki jσ

gρR

)
, (5.9)

where we assumed fixed static contact angle θc0 = 0 between the superfluid
and the container wall, i.e., the perfect wetting condition.

The lowest-frequency mode (1,1) has k11R = 1.841, which corresponds
to frequency ω11,0/2π= 13.0Hz without meniscus and to ω11/(2π) = 12.4Hz
with meniscus effect included. The frequency modulation spectrum of the
magnon trap includes the peak at the frequency of this mode and another
peak at double frequency which is the most prominent peak. The fre-
quency doubling occurs since the shape of the trapping potential results
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in the same spin-wave frequency twice during one period of antisymmet-
ric gravity-wave mode, such as mode (1,1). Our measured resonance fre-
quency (12.5 Hz, see insert in Fig. 5.7) agrees well with the theoretical one.
Model in Eq. (5.9) assumes the liquid to be inviscid, and the boundary con-
dition for the contact angle allows the contact line between the surface and
the wall to move freely without pinning. Possible friction of the contact
line could in principle lead to dissipation and change the resonance fre-
quency [148, 152]. In addition, a small effect to calculated value is possible
from the geometrical inaccuracies: the sample container is not perfectly
straight and its radius is known with accuracy of about 0.05 mm.

We see also small peak at a frequency of 33.0 Hz in Fig. 5.6d which
is the second harmonic of the second-lowest frequency mode k21R = 3.054
with frequency ω21/2π = 16.5Hz. This mode is not directly excited by tilt-
ing the cryostat and it appears only when the excitation frequency ftilt is
close to the resonance frequency of mode (1,1) and thus when the ampli-
tude of this mode is the highest. This implicates a small nonlinear inter-
action between different surface-wave modes, also adding to the dissipa-
tion. The three-dimensional waveforms of both detected modes are shown
in Fig. 5.6d. Peaks at 50 Hz both in the geophone response and in the
magnon BEC frequency modulation result from electrical noise: neither
the amplitude nor the frequency is affected by the excitation parameters.
It is merely a coincidence that this frequency matches with the multiple of
mode (1,1) resonance frequency.

The damping of the oscillating surface can be determined by measuring
the resonance width Δ fsurf of forced oscillations while sweeping the excita-
tion frequency ftilt around the resonance. One measurement for mode (1,1)
is shown in insert in Fig. 5.7. The response amplitude A2 f of the precession
frequency modulation is measured at double excitation frequency 2 ftilt.
The amplitude of excitation is kept low enough to keep the surface response
linear and the resulting resonance curve Lorentzian. Note that the preces-
sion frequency modulation amplitude A2 f ∝ A2

gw ∝ ΔAsurf where Agw is
the actual amplitude (maximum height) of the gravity waves and ΔAsurf is
the change of the surface area during the oscillation. As shown in Fig. 5.7,
Δ fsurf depends linearly on the fork resonance width Δ ff ∝ exp(−Δ/kBT).
We conclude that the main source of the temperature-dependent damp-
ing of the surface oscillations is the scattering of bulk quasiparticles from
the surface [153] in a similar manner as they damp the other oscillating
mechanical objects in 3He-B, including forks in ballistic regime [100]. The-
oretical model for this damping suggested in Ref. [153] is also plotted in
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Fig. 5.7 Damping of surface waves as a function of temperature (symbols). Lin-
ear dependence of the surface resonance width of (1,1) mode, Δ fsurf, on the ther-
mometer fork width (fitted solid lines) shows that the damping vanishes exponen-
tially as temperature decreases, as expected for the quasiparticle-caused damping.
The non-zero extrapolation of damping to zero temperature indicates that there is
an additional so far unidentified dissipation mechanism. Within our measurement
accuracy the damping does not depend on the magnetic field, or Larmor frequency
fL. The broken line is the theoretical prediction from Ref. [153]. Insert shows an
example measurement of Δ fsurf. Modulation amplitude A2 f of the magnetization
precession frequency in magnon BEC is plotted against the excitation frequency
ftilt. Excitation is produced by tilting the cryostat. The modulation amplitude A2 f
is the height of the peak at 2 ftilt frequency (the highest peak) in the spectrum
similar to that in Fig. 5.6d.
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Fig. 5.7. It clearly overestimates the effect as experimental results in
Ref. [153] also demonstrated. The reason for this disagreement remains
unknown. Temperatures in Fig. 5.7 include correction for the heating in
the surface region due to dissipation of the waves as described below. Ad-
ditionally, we observe that the damping does not depend on the applied
magnetic field H0.

A more striking difference between the quasiparticle damping model
and the measurements is the non-zero extrapolation of damping (≈ 0.1Hz)
to T = 0. This value of additional damping is reproducible in all measure-
ment runs, meaning there is some additional damping mechanism in ac-
tion. Due to our limited temperature range, we cannot conclude whether
the additional damping is temperature-independent or has a weak, e.g.,
power-law dependence. To resolve this uncertainty, one needs to reach
lower temperatures to detect possible deviation from the linear fits in Fig. 5.7.
Among plausible sources of additional damping is the capillary damping of
inviscid surface waves, i.e., a friction on the cylindrical wall of the sample
container as the contact line between the surface and the wall moves [152].
Nonlinear interaction between different surface wave modes resulting in
creation of dissipative wave turbulence [154, 155] should be avoided by us-
ing low excitation amplitude, but as seen in Fig. 5.7d, the mode (2,1) is ex-
cited in some occasions which may indicate formation of wave turbulence
cascade. Third possibility is the surface-bound-state-induced dissipation.
The bound states are gapless, or have a gap much smaller than tempera-
ture. This results in the increased density of quasiparticles at the surface
(Sec. 5.3) which should increase number of scattering processes from the
surface and thus the damping of gravity waves. As an outcome of this pro-
cess, the surface-bound quasiparticles are expected to scatter into bulk due
to moving surface [133, 137]. We have not made any quantitative estima-
tions for the above-mentioned dissipation processes. Thus, the resolution
of the origin of the extra damping of the surface waves remains a task for
the future.

Oscillating surface causes increase of temperature, or quasiparticle den-
sity, in the sample as seen from the increase of the thermometer fork width.
Since the fork is located far from the surface region with almost 15 cm col-
umn of 3He-B in between, it is more accurate to measure the tempera-
ture change in the surface region with magnon BEC located close to the
surface. We use the condensate located in bulk (Fig. 5.3) as a thermome-
ter (Sec. 5.1, [PIV]) by measuring the change in its relaxation rate as a
function of the cryostat tilting amplitude, Fig. 5.8a. We assume that all
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Fig. 5.8 Thermal effect related to trap modulation. (a) Change in the magneti-
zation relaxation rate for bulk and surface condensates as a function of cryostat
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to height of the forced oscillation peak (red peak) in Fig. 5.6a. When cryostat vi-
bration frequency is not in resonance with the gravity-waves, the surface is not
excited and thus both τ−1

M and T stay constant (green diamonds). (b) Increase
of temperature due to surface-wave dissipation measured with the magnon BEC
close to the surface and by the fork 14 cm below it. (c) Change in the relaxation
rate as a function of the trap modulation at frequency 2 ftilt, characterized by am-
plitude A2 f of frequency modulation. The effect is bigger for the surface-attached
condensate, since in addition to temperature-dependent spin diffusion relaxation
τ−1

SD,s, also the surface-related relaxation τ−1
s increases [see panel (d)]. The mag-

netic modulation of the trap (green triangles) at comparable amplitudes does not
change the relaxation rate. (d) The change of the relaxation rate of the surface-
attached condensate (squares) is split to the temperature increase (triangles) and
to the increase of the surface-related relaxation (circles). The latter increases lin-
early (line) with the change of the surface area, ΔAsurf.



5.3. Probing the free surface of 3He-B 87

the change is caused solely by the increased spin diffusion due to heating,
Fig. 5.4b. Thus, we can convert the increase of relaxation rate to the in-
crease of surface-region temperature ΔTsurf, Fig. 5.8b. The change in tem-
perature measured this way is taken into account in analysis of dissipation
in Fig. 5.7.

We also measure the relaxation rate of the magnon BEC attached to the
surface. It has two contributions: τ−1

SD,s from the spin diffusion and τ−1
s from

the surface itself, the latter of which is proportional to the contact area Ac
between the condensate and the surface, Eq. (5.6). During the mode (1,1)
surface oscillation, the contact area changes proportionally to the change of
the total surface area: ΔAc ∝ΔAsurf. Using temperature change measured
with bulk magnon BEC, we can subtract the spin-diffusion-caused thermal
effect Δτ−1

SD,s from the increased surface-condensate relaxation rate Δτ−1
M,surf

to find the additional surface relaxation Δτ−1
s following from the movement

of the surface. As a result we get Δτ−1
s ∝ ΔAsurf, Fig. 5.8d. Thus, the

gravity waves have no direct contribution to magnetic relaxation of magnon
BEC, but they introduce an indirect effect due to heating and surface-area
change.

It is instructive to compare the effects on the magnon BEC resulting
from two types of modulation of the trap: the oscillation of the surface and
the oscillation of the magnetic part of the trapping potential, as sketched
in Fig. 5.5. The trap is modified magnetically by applying modulation
with frequency fmod to the current Im in the pinch coil. Figure 5.8c shows
that modulation with the same amplitude and frequency ( fmod = 25Hz) as
caused by the surface waves has no effect on the relaxation rate of the bulk
condensate. Same holds true for any frequency fmod as shown in Fig. 5.9a
where constant-amplitude magnetic modulation is swept over a range of
300 Hz. Clearly, magnetic modulation does not affect the temperature. This
justifies our assumption that the trap modulation of bulk magnon BEC due
to surface waves causes increased relaxation only because of the risen tem-
perature, not because of the changing shape of the trap. There is a distinct
effect, however, seen in Fig. 5.9b when the trap modulation occurs at a
frequency difference between the two lowest spin-wave levels in the trap,
namely f02 − f00 ≈ 250Hz at Im = 2A. In this case the magnons are able
to jump from the ground state to the excited level due to time-dependent
potential. This is seen as an artificial peak in the modulation amplitude
since our frequency analysis by counting zero crossings in the signal breaks
when the precession occurs simultaneously at two close frequencies. Sim-
ilar type of resonant excitation of BEC of cold atoms by mechanical mod-
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sate shows still unexplained resonances in the relaxation rate as a function of
fmod. (d) Modulation amplitude of the surface condensate precession frequency
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bulk condensate in (b). Some of the others coincide with the resonances seen in
panel (c).
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ulation of the trap has been observed in Ref. [156]. While in cold gases
this effect led to depletion of the condensate, in our case this phenomenon
does not substantially affect the total relaxation rate τ−1

M since the relax-
ation rates of the levels (nr,nz) = (0,0) and (nr,nz) = (0,2) due to radiation
damping and spin diffusion turn out to be practically the same.

We have performed similar magnetic trap modulation measurement for
the surface-attached condensate, Fig. 5.9c,d. In this case multiple reso-
nances are observed, and also the relaxation rate is affected. Few of the res-
onances in modulation amplitude can be identified as transitions to higher
levels in the trap found by spectroscopic measurements such as shown in
Fig. 5.3e, but the origin of most of the relaxation-rate-affecting resonances
remains unclear. There is an intriguing possibility that the detected modes
may be related to the properties of the free surface and possibly to the
surface-bound states. This shall be investigated further in the future.

5.4 Dynamics of AB interface
Close to the interface between the A and B phases the orbital anisotropy
axis in the B phase is pulled parallel to the interface, i.e., βl = 90◦ in our
geometry [157]. Thus, any disturbance or motion of the AB interface gen-
erates a disturbance in the B-phase texture. Time-dependent evolution of
the texture can be probed via changes in the trapping potential by using
magnon BEC. Previously, dynamics of quantized vortices was observed in a
similar way [158]. On the basis of quasiparticle transport measurements,
the Lancaster group has proposed that annihilation of an A-phase layer
leaves textural defects in the B phase [120, 123]. As has been described in
Sec. 5.1, we have not detected change in the thermal impedance between
the top and bottom ends of the sample container before and after having
an A-phase layer in the middle. Instead, in some measurements both after
annihilation and after creation of the A-phase layer, we have observed tex-
tural dynamics which we interpret as evidence for the existence of defects
and their time evolution.

An example of a fluctuating texture after rapid annihilation of A-phase
layer is shown in Fig. 6 in Publication IV. Experimental signature of tex-
tural fluctuation is the oscillation of precession frequency ω00 due to the
orbital texture modifying the trapping potential and thus ωr. As another
example, Fig. 5.10 shows long-living (5 hours!) textural fluctuations trig-
gered by the quick formation of A-phase layer [PIV]. The fluctuations in
the spin-precession signals are observed from the moment of the first cre-
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Fig. 5.10 Long-lasting textural dynamics observed in the B phase after fast cre-
ation or annihilation of an A-phase layer. Magnon BEC relaxation signals, such
as examples (a)–(f), have been measured every 3 minutes over the period of about
10 h. Fluctuations in the B-phase texture are triggered by the formation of A
phase from strongly overmagnetized B phase at time 2 h and last until the second
annihilation of A phase after time 7 h. Between these moments every measure-
ment indicates various distortions of the magnon trap, such as examples (b)–(e)
show. Before 2 h and after 7 h, the signals show usual exponential relaxation both
in the amplitude and in the frequency as exemplified by (a) and (f). The third cy-
cle of creation and annihilation of A phase does not cause any fluctuations in the
texture.
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ation of A-phase layer until the second annihilation of it. Remarkably, the
distortion exists even in the entirely weakly-magnetized B phase (Ib = 0A)
and does not seem to be affected by the first annihilation and the second
creation of A-phase layer.

The very long-living fluctuations have been seen in multiple occasions
where the current Ib is swept relatively rapidly to result in significant over-
magnetization of the B phase before nucleation of the A phase, but not in
all such cases. They have taken rather diverse appearances as seen in ex-
ample signals (b)–(e) in Fig. 5.10, which indicate the existence of multitude
of different type of changes both in the trap location and shape. The notion
of long-living defects being formed during the creation of A-phase layer
does not contradict with the earlier thermal resistance measurements since
there the total thermal impedance was monitored before, during, and after
the A-phase existence in the sample. Thus, there is no way to tell if the
defects already penetrated into the B-phase region after the creation of the
A phase and continued to exist after the A-phase annihilation. In line with
the earlier measurements is also the diverse appearance of defects: the
measured additional thermal impedance was not reproducible either but
varied between measurements described in Ref. [123].

Textural defects lasting for hours in 3He-B and modifying the trapping
potential could be connected for example with remanent mass [159] or spin-
mass vortices [160] which both are known to be created due to moving AB
interface [54, 161], although only in a rotating sample. But whether the
defects we have observed are created due to merging or splitting of the
AB interface during the creation or the annihilation of the A-phase layer,
as was originally suggested in Ref. [123], or due to the rapidly-moving AB
interface, is an open question which requires further studies. The magnon
BEC turns out to be an effective tool in these studies since it can monitor
time-dependent changes in texture locally. Unfortunately, relaxation-based
thermometry is not possible simultaneously due to the unknown trap shape
while the texture fluctuates. Thus, a combination of magnon BEC for time-
dependent probing of texture and a mechanical resonator for thermometry
in both ends of the sample container could probably clarify the experiments
on textural dynamics related to the motion and collision of AB interfaces
in the future.
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Chapter 6

Summary and conclusions

Since the first experimental realizations of Bose-Einstein condensation
in a dilute atom gas in 1995 [162–164] it has proved to be a useful and
rather widely exploited tool in the studies of macroscopic quantum phe-
nomena and fundamental questions in physics. Later, the various coher-
ent phenomena in different materials has been described as Bose-Einstein
condensation of quasiparticles, such as exciton polaritons in semiconductor
microcavity [77], photons in optical microcavity [78], phonons in quantum
crystal [165], and magnons in superfluid 3He [38], in ferromagnet [74], and
in hydrogen [76].

The existence of coherent magnetization states in superfluid B-phase of
3He dates back to 1984 when homogeneously precessing domain (HPD) was
discovered [42, 43]. Later, HPD was used as a productive tool in various
experiments, e.g., to measure dissipationless spin transport over macro-
scopic distances [44, 45], spin-current Josephson effect [46], spin-current
vortex [47], and the broken axial symmetry of vortices [53] in 3He-B. In
this dissertation we have focused on coherent trapped spin-wave states liv-
ing at lower temperatures than where HPD is stable. Discovery of these
states dates back to 1992 [60]. Both these coherent states were later ex-
plained as a BEC of magnon quasiparticles [73] which are the quanta of
spin waves.

Our research goal has been to characterize the creation and relaxation
properties of trapped magnon BEC and to use it as a probe of superfluid
3He-B at ultra-low temperatures below 0.2Tc. The creation of the conden-
sate and manipulation of magneto-textural trapping potential have been
presented in Secs. 4.1 and 4.2 and in Publications I, II, and III. The mod-
ification of the trapping potential by changing the magnetic confinement
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combined to spectroscopy of spin-wave frequency levels in the trap has al-
lowed us to measure the anisotropic spin-wave velocities. In addition to ex-
ternal trap modification, we have shown that magnons themselves modify
the trapping potential via spin-orbit interaction, making them analogous
to Q balls in quantum field theories.

Relaxation of magnetization in bulk 3He-B as a function of tempera-
ture and trapping-potential parameters has been studied in Sec. 4.3 and
in Publications III and IV. Relaxation on each of the levels in the trap
has been found to be coherent and long-living below a threshold excita-
tion amplitude. Above that, the magnons from populated higher energy
levels drop to the ground state where they form the magnon BEC. We
have studied quantitatively the relaxation rate of the ground-state con-
densate which has been found to proceed via diffusion-like spin transport
in the normal component and via losses in the pick-up circuitry. The for-
mer mechanism allows for potentially stand-alone thermometry extending
to the lowest achievable temperatures, as described in Sec. 5.1.

The textural part of the trapping potential has proved its usefulness
in probing the properties of 3He-B, as explained in Chap. 5. In particu-
lar, order-parameter defects, such as vortices, have been detected, as re-
ported in Publications VI and IV. Detection of interplay between the low-
energy collective modes via Suhl instability in Publication V provides an
interesting analogue to Little Higgs extension of the Standard Model [90].
We have also found that the free surface of 3He-B modifies the trapping
region in such a manner that creation of magnon BEC in two different
locations becomes possible. Studying the difference between the relax-
ation rates of the surface-bound condensate and the bulk condensate has
revealed temperature-independent magnetic relaxation mechanism at the
surface [PVII]. This is probably caused by the surface-bound states at the
subgap energies, the zero-energy mode of which is the Majorana mode [130].

We have observed that periodically moving surface adds modulation
to magnetization precession frequency via time-dependent texture in the
surface region. With the help of this effect, we have distinguished two
lowest-frequency gravity-wave modes on the surface of 3He-B in cylindri-
cal container and measured their damping as well as investigated the ef-
fect of dynamic trapping potential on the relaxation rate of magnon BEC.
Damping of surface waves has revealed so far unexplained finite value at
zero temperature; magnetic relaxation rate shows no additional effect be-
sides the heating and the surface-area change during the surface oscil-
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lations, whereas magnetic modulation of the trap results in unexplained
resonances in the relaxation rate of the surface-bound condensate [PVIII].

In future, even more diverse physics can be studied using trapped mag-
non BEC in superfluid 3He. For example, an analogue of “true” Q ball –
magnon BEC in a fully self-constructed potential trap – could be realized.
Another possibility is to study two magnon BECs with only a weak link
between them, such as the surface condensate and the bulk condensate in
the intermediate region marked in Fig. 5.4a. This supposedly reveals a
Josephson-effect-like interaction between them. One interesting endeav-
our will be the study of trapped subgap states in the vortex cores which
are also expected to show Majorana character [166]. They can be probed
with magnon BEC since the nonaxisymmetric vortices in low-temperature
3He-B are driven to oscillation by the precessing magnetization and intro-
duce a frictional torque resulting in energy loss from the spin system [114].
Another vortex-related possibility is to try to identify the Kelvin-wave cas-
cade [167–175] by probing the movement of vortices of 3He-B passing thr-
ough magnon BEC. Given the knowledge obtained in this work, all these
possibilities look feasible. One additional suggestion is to investigate the
Josephson effect between two magnon BECs formed on the opposite sides
of the graphene membrane to study the spin currents in graphene and
through graphene [176].

The research on 3He continuously leads to new discoveries not only im-
portant in the field of 3He itself, but related to more general properties
of the topological matter, hydrodynamics, and even high-energy physics
and cosmology [126]. Some of this is demonstrated for example by recent
studies [8, 177] and predictions [178, 179] of new phases in confined ge-
ometries, the on-going strive towards finding the Majorana character of
the surface-bound states [136, 138–141, 146, 180–183], the discovery of
distorted and new phases [7, 184–189] and half-quantum vortices [190] in
samples with aerogel strands, and various measurements on quantum tur-
bulence [111, 121, 191–203]. Within this versatile field, understanding the
behaviour of dissipationless spin transport and its possibilities in detect-
ing the changes in various properties such as temperature, magnetization,
defects, and boundaries, has turned out to be of great experimental useful-
ness.
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