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Abstract

We study the homogeneously precessing domain (HPD) in superfluid *He-B in a
regular continuous-wave nuclear magnetic resonance (CW NMR) experiment. Using
Fourier analysis of CW NMR time traces, we identify several oscillation modes with
frequency monotonically increasing with the frequency shift of the HPD. Some
of these modes are localized near the cell walls, while others are localized in bulk
liquid and can be interpreted as oscillations of 9-solitons. We also observe chaotic
motion of the HPD in a certain range of temperatures and frequency shifts.

1 Introduction

Nuclear magnetic resonance (NMR) in superfluid *He has played an important role
in studies of its properties since the discovery of superfluid phases in 1972 [1]. The
condensate in superfluid *He is formed by p-wave pairing of fermions (pairs having
spin 1 and orbital angular momentum 1), which allows the order parameter of the
system to be written as 3X3 complex matrix. A few superfluid phases with distinct
broken symmetries have been observed [2]; the most studied phases are the A phase
and the B phase [3]. In the B phase, the order parameter structure involves an arbi-
trary 3D rotation matrix which sets the mutual orientation of spin and orbital spaces.
The degrees of freedom of this matrix lead to three possible spin-wave modes,
strongly affected by spin-orbit interaction. As a result, many unique phenomena
can be observed in NMR experiments, including signatures of non-uniform spatial
distribution and topological defects in the order parameter field [4—6], longitudinal
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NMR [7], and homogeneously precessing domain (HPD) [10]. Fundamental con-
nections to physics in other areas have also been established [8, 9].

The HPD was discovered in 1985 [10, 11]. Since then, it has been used as a con-
venient probe in experiments with spin supercurrents [12] and vortices [13]. Various
oscillation modes of HPD have been studied, including uniform rotational oscilla-
tions around magnetic field [14, 15], corresponding non-uniform oscillations [16],
and oscillations of the HPD surface [17-19].

One of possible 2D topological defects in *He-B is the so-called d-soliton. It
appears between two regions where the order parameter rotation matrix stays in dif-
ferent configurations at the minimum of spin-orbit interaction energy. In the regime
of linear NMR, the analysis of the J-soliton is quite straightforward [5]. The solitons
can also be present in the HPD state [20], but their structure is more involved. 9
-solitons in HPD have been observed experimentally in conjunction with spin-mass
vortices in Ref. [21]. Recently, dynamics of a J-soliton in the HPD has been con-
sidered in numerical simulations [22]. In this work, we experimentally observe spa-
tially localized HPD oscillation modes that can be compared with simulations and
attributed to oscillations of the 9-soliton, which so far have remained unidentified in
experiments.

2 Theoretical Background

In the B phase of superfluid *He, broken symmetries of the order parameter can be
described by a 3 X 3 matrix

Aaj = Raj(ﬁ3 S)ei(p’ (1)

where R, is a rotation matrix with axis fi and angle 9, and €'? is a complex phase
factor. Various spatial distributions of ¢ and R; are possible, as well as a few types
of topological defects. Spin dynamics of *He-B is described by nonlinear Leggett

equations [3, 23] for spin S and matrix R ;:

. 4 By
S, =[SxyB], + 2 sind(4cosd+1)n, — Vi Ju,
14

P ©)
Raj =eabcch<;S - YB)b.

Here y is the gyromagnetic ratio of *He, B denotes the external magnetic field, y is
the magnetic susceptibility, e, is a permutation tensor, J,, specifies the spin cur-
rent which carries component a of spin in the direction &, and £2; is the Leggett fre-
quency, a measure of spin-orbit interaction strength in superfluid *He. All relaxation
terms are neglected for simplicity.

Homogeneously precessing domain is a solution of these nonlinear equations
[11]. Consider a coordinate system having axis Z along the magnetic field, and rotat-
ing around this direction with some frequency @ > yB. Then, the HPD state is given
by

@ Springer



Journal of Low Temperature Physics (2024) 214:385-398 387

—vB —vB

n=y. cosg=—L_Bee-yB o orl i 9ri(coso— 22|
4 16 Q2 2 ®

3

Note that this solution can have an arbitrary orientation around the Z axis because
the system is symmetric, but in a regular continuous-wave nuclear magnetic reso-
nance (CW NMR) experiment, the presence of a radio-frequency field along % axis
stabilizes HPD in n || § orientation in the rotating frame. The important parameter
here is the frequency shift 6,, = w — yB. Usually, the shift is small, i.e., angle 9 is
slightly bigger than the so-called Leggett angle, 9, = cos™!(—1/4) =~ 104°, and the
spin is tilted by approximately the same angle in the direction of the axis X. The
fact that the deflection of the spin is connected with the precession frequency w
makes an HPD state stable in a non-uniform magnetic field. If some spatial gradient
appears in the precession frequency, spin currents transfer magnetization and com-
pensate the difference. As a result, homogeneous precession takes place in the whole
volume where the HPD exists. In fact, the HPD behaves like a liquid which fills low-
field parts of the experimental cell up to the level @ = yB. In the case of free preces-
sion, this level is determined by the total system energy which decreases because of
relaxation. In a continuous-wave NMR experiment with a sufficient feed of energy,
the level can be controlled by the pumping frequency or magnetic field.

The topology of the HPD state is more complicated than that of an equi-
librium state of *He-B because, in addition to the orbital order parameter dis-
tribution, one can have a non-trivial distribution of the spin. One possible 2D
topological defect in this state is the J-soliton [20]. The minimum of spin-orbit
interaction energy in *He-B is achieved at the Leggett angle 9, = cos™!(—=1/4),
the soliton appears between two different energy minima, 9, and 2z — §,. There
are two characteristic length scales in the J-soliton in the HPD. First, a small
core region of size &, & 10 pm, across which the angle 9 changes; &, is referred
to as “the dipolar length” because its scale is governed by the dipolar energy in
comparison to gradient terms. Second, outside the core region, the magnetiza-
tion varies on the length scale &, that is inversely proportional to the square root
of the frequency shift [20]:

‘)
£y =
Vo(w —yB) @

where ¢ is the spin-wave velocity. The typical range of frequency shifts in our
experiments is 10-100 Hz. This corresponds to &, =0.15-0.5 mm.

An analytical calculation of 9-solitons in HPD is quite an involved task. In
Ref. [22], we have performed numerical simulations in one-dimensional geom-
etry, to obtain the structure and dynamics of the J-soliton in HPD. A few low-
frequency modes were identified in the simulation, and their dependencies on
temperature, frequency shift, and radio-frequency field were determined. We use
the simulated signatures and their characteristics to identify the measured oscil-
lation modes in this work.
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3 Experiment

Our experiments were performed on a pulse-tube-based nuclear demagnetization
cryostat with the minimum temperature of 0.2 mK [24]. The experimental chamber
was made using epoxy Stycast-1266 (see Fig. 1). It has a cylindrical shape with an
inner diameter of 7.8 mm and a length of 9 mm. The experimental volume is con-
nected to the heat exchanger of the nuclear stage through a channel having a diam-
eter of I mm in its most narrow section.

The magnet system for a uniform static field includes a solenoid with a bore
diameter of 36 mm, a gradient coil and a quadratic field coil. The magnet system,
thermally anchored to the mixing chamber of the cryostat, is surrounded by a super-
conductive niobium shield. By contact to the nuclear stage, this shield provides
mechanical stabilization, while keeping thermal isolation between the magnet sys-
tem and the demagnetization cooling stage. The field homogeneity in the cell vol-
ume was measured using NMR linewidth in normal 3He. By adjusting the current
in the gradient and quadratic field coils to their optimal values, it was possible to
achieve a homogeneity of 1.5 x 107 over the sample volume. These normal-state
NMR measurements also gave us a calibration of the gradient coil: 0.157 (T/m)/A.

Our NMR spectrometer consists of two pairs of RF coils, aligned perpendicular
to each other, located symmetrically at a distance of 7 mm from the central axis of
the cell. These RF coils with a diameter of 12 mm are made of 50 pm copper wire.
The inductance of each coil pair is 55.5 pH, and the calculated value of the RF field
in the center is 1.66 mT/A. One coil pair is used for applying NMR excitation from
a signal generator, while the other one is embedded into an LC tank circuit with a
resonant frequency of 1.124 MHz and Q = 200. The signal from the receiving coils
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Fig. 1 Experimental cell with NMR magnet (left), close-up of the NMR coils and the cylindrical volume
(center), and schematics of the NMR spectrometer (right). Detailed description of the setup is given in
the text

@ Springer



Journal of Low Temperature Physics (2024) 214:385-398 389

is amplified by a home-made HEMT amplifier [25]. Differential input of the ampli-
fier is used to compensate for the background signal received away from the NMR
resonance. By using the excitation and compensation voltages and the parameters of
the electric circuit, one can calculate currents in both coil pairs and the total ampli-
tude of RF-field. At an RF excitation of 1 V,,, (on the generator output), we need
compensation voltage of 5.73 V ,, which corresponds to the RF-field rms amplitude
Bgr =297.6 nT. The NMR signal is recorded by a lock-in amplifier tuned at the
excitation frequency and, in parallel, by a digital oscilloscope.

Our experiments were done at a pressure of 25.7 bar in a magnetic field of
34.67 mT (the NMR frequency equals to the resonant frequency of the tank circuit).
Cooling capacity of the cryostat allowed us to measure a few hours in superfluid *He
in each demagnetization cycle. Measurements were done both during demagnetiza-
tion to the lowest temperature and while warming up.

Temperature was measured using a SQUID-based noise thermometer attached
to the nuclear stage. Since it is possible to observe the superfluid transition tem-
perature 7, by means of NMR, we measured temperature difference between lig-
uid helium and the nuclear stage at temperature 7, in the sample volume. The
result can be described using a simple model with a thermalization time 7:
(The — K Tys)/79 = —K T ns» Where Ty, and T g are temperatures of the helium
volume and the nuclear stage, respectively, and K =~ 1 is an adjustment factor for
the noise thermometer calibration. Normally, the noise thermometer is calibrated at
higher temperature against a thermometer at the mixing chamber; the factor K fixes
the inaccuracy of this calibration. Measurements at different rates of cooling give us
a time constant 7, = 1540 s. A rough estimation of the thermalization time using the
Kapitza resistance Ry = 900/T [K>*m?*W] [26] and the normal *He heat capacity
Cy = 34.5T [J/K/mol] [27] for our amount of helium (approximately 1 mole) and
sinter area (20 m?) give a quite similar value 7, = 1550 s.

Below the superfluid transition temperature, the Kapitza resistance is expected to
follow a 1/T law [28], on the basis of which the thermalization time can be estimated
as T = C»z/Cy 1o where Cy and Cj denote the heat capacities of normal phase and B
phase of 3He, respectively. By integrating the heat transfer model, we may estimate
the temperature of He, T He> during the whole experiment as a function of time. The
use of Ty, significantly reduces the observed hysteresis in temperature-dependent
frequency shifts measured during cool-down and warm-up, which indicates that our
simple model works well.

There is also another thermometric uncertainty: during HPD measurements with
strong NMR excitation we have a significant (about 0.2 T,) overheating of the *He
sample. It arises because of the narrow channel between the HPD volume and the
heat exchanger volume. A correction of this overheating is implemented in a sim-
ple fashion (see Fig. 2A): we determine temperature-dependent frequencies of HPD
oscillations (details are given later) and assume that they should extrapolate to zero
at T.. We do extrapolation using a smooth rational function and obtain a tempera-
ture shift, which is naively assumed to be temperature-independent. We do this sepa-
rately for each sequence of measurements, because different measurement param-
eters (RF-field amplitude, gradient, range of magnetic field sweep) result in different
overheating. The correction has been applied to all given values of T except those in
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Fig.2 A Overheating correction for HPD measurements. We measure high-frequency mode gaps (will
be explain later in the Results section) as a function of 7', temperature, assume that they are propor-
tional to each other, and extrapolate them to zero in order to find the actual 7. in the sample volume. Four
different data sets are displayed, taken at different excitation levels. B Typical range of corrected temper-
atures and frequency shifts over which we detect HPD using B g = 357nT (1.2 V) and a field gradient
of VB = —0.94 uT/cm. The dashed red line is a theoretical curve for the maximum frequency shift using
Eq. (6), with the value scaled down by a factor of 0.58 to match the measured data

Fig. 2A where the uncorrected value 7', is used. The accuracy of such temperature
corrections and our thermometry in general is quite poor, of the order of 0.17,. Nev-
ertheless, this does not affect the main results of the work.

The HPD in our experiments was created in the usual continuous-wave method
by sweeping the magnetic field in the presence of large enough RF-pumping at the
resonance frequency of the LC circuit. The sweeping rate was always 0.807 pT/s
(26.2 Hz/s in frequency units). The appearance of the HPD could easily be observed
in the NMR signal recorded by the lock-in amplifier. In parallel, we recorded the
same signal by an oscilloscope to observe the response in a wide range of frequen-
cies. Oscillations of HPD can be seen as modulation of the main signal, with side
bands separated from the main signal by the frequency of the oscillations. The
oscillations were visible without any special excitation. We did measurements as a
function of temperature, field gradient VB, and RF-field amplitude B gp. Because
of overheating, we were able to create the HPD only in a small range of RF fields
and only at small field gradients. Note that the field homogeneity of the NMR mag-
net 1.5 x 10~ corresponds to field variations of about 5 pT across the cell, while
measurements were done at the absolute value of applied gradient from 0 to 20 pT/
cm. This means that the actual field profile and the process of HPD growth in our
experiment are not well-defined. There could be a few field minima and maxima in
the cell which lead to a complicated topology of the HPD surface, and this could be
a possible source of J-solitons. However, the main results in this work are obtained
on a well-defined coherent HPD that is obtained in the regime where the HPD fills
the whole cell.

We were unable to observe uniform oscillations of HPD [14, 15], presumably
because we could not apply a rapid step change in B to excite them. It would have
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been useful to have a separate longitudinal coil around the cell to excite uniform
oscillations and use their frequency for better temperature and B yp calibration.

An important experimental parameter is the frequency shift 6, = w — yB, the dif-
ference between pumping frequency w which is always constant, and the Larmor
frequency proportional to the magnetic field B, which changes during the experi-
ments. The frequency shift varies across the sample because of the field inhomoge-
neity and the applied field gradient VB. The inhomogeneity limits the accuracy of
calibration of B and the absolute value of the frequency shift ¢,,. However, relative
changes in the frequency shift are well-defined and accurate. Normally, we calibrate
the magnetic field using NMR in liquid helium above T, and calculate the frequency
shift using this calibration. We can only say that, at zero frequency shift condition,
o = yB is valid in some region inside the sample chamber. Such frequency shift val-
ues are presented in Figs. 2, 3, and 4. For high-temperature modes (displayed in
Fig. 5), we use a more specific calibration of the magnetic field: we assume that
the field at which the modes appear corresponds to zero frequency shift at the exact
position of the soliton (details will be given in the Results section).

frequency shift [kHz] frequency shift [kHz]
o IS) ~ < © @ o S ~ < © ©
< S > S =) =} < =} > =) S =)

I < I © I

3 '3 g 5 S 2

@ [ 5 © 19 . °
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Fig.3 Typical recorded signals. Upper pictures display spectrograms obtained by Fourier transform on
time-domain magnetization signals captured by a digital oscilloscope. The vertical axis is the frequency
(difference from constant NMR frequency f), horizontal axis is time (bottom axis) or frequency shift
(upper axis), which is changing because of constant ramping of magnetic field, below them are signals
measured with lock-in amplifier at the excitation frequency. A T = 0.54T,, HPD with chaotic region
and “low-temperature modes” (side bands marked with a blue frame). B 7 = 0.62 T,,, “high-temperature
modes” (marked with a blue frame). Data in A and B were taken at pressure 25.7 bar, By = 357 nT,
and VB = —0.94 uT/cm

@ Springer



392 Journal of Low Temperature Physics (2024) 214:385-398
0.12 0.4 0.5 T T T T T T
0.1 . b e C
0.2 B 0.4 B
2 :).oo ® mode 2
5 0.08 1 — w x 0 e
iy 1Y o 4 TosfF Tx, ° .
~ X = .
=.0.06 4= & x o
o o3 3 mode 1 *
G < 0.2 1 ©BO02F eec B
0.04 - o oe
238 nTee
-0.4 = 0.1 ) B
0.02 mode 1 + 7 mode 1 * BRrp: 297 nT
mode 2 - mode 2 -« 357 nT**
0 ! f ! | ! ! 0.6 ! | 1 ! ! 0 1 L 1 1 1 1
0 0.1 02 03 04 05 06 220 -10 0 10 20 30 40 0.46  0.50 0.54 0.58
frequency shift [kHz] VB [uT/cm] T/Te

Fig.4 Characteristics of low-temperature modes. A Example of mode frequencies as a function of the
frequency shift, extracted from two signals measured using two different field gradients: (a) VB = —13p
T/cm, (b) VB = —0.6 pT/cm. Both signals contain two modes which are indicated in green (mode 1) and
magenta (mode 2). One can see a linear dependence of £ on §,,. Both signals have been measured with
B g =297 nT and temperature 7 = 0.58 ... B Mode offset position 62] as a function of the field gradient.
Solid lines are frequency shifts at cell ends calculated using the known field profile of the gradient coil
and the cell size. Signals were measured with By =298 and 358 nT in the whole temperature range
over which the low-temperature modes were visible. C Temperature dependence of mode slopes S, .
Different symbols are used for signals measured with different RF-field amplitudes: (), (o), () corre-
spond to B pr = 238,297,357 nT, respectively. VB = —0.6 pT/cm. The two colors are the same as in the
other panels for the two different modes

1.2 T T T T

T = 0.66T¢ T =0.61Tc

0 | | | | | 0 | | | | |
0 50 100 150 200 250 0 50 100 150 200 250

frequency shift [Hz] frequency shift [Hz]

Fig.5 Examples of high-temperature modes. Bz = 297 nT, VB = —0.9 pT/cm. The frequency shift is
counted from the point where mode 2 appears, as explained in the text. AT =0.667,, B: T = 0.61T,.
Different modes are marked by numbers 1...8. Black lines is a quadratic fit of modes 1 and 2 with a sin-
gle frequency shift dependence and different gaps. Red dashed lines “num 17 and “num 2” are results of
numerical simulations in Ref. [22]

4 Results
Figure 2B displays a typical range of temperatures and frequency shifts, over which

we can observe the HPD state. During each measurement, the magnetic field is swept
continuously upwards, the HPD appears when the frequency shift crosses zero in some
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part of the cell and exists until a maximum frequency shift is reached. We found that
this maximum value can be estimated in the following way. Using Leggett’s equations
with radio-frequency field B gy and including the Leggett—Takagi relaxation term [29],
one can find the steady state that corresponds to the HPD. In the presence of Leg-
gett—Takagi relaxation, the vector n is deflected from the direction given by Eq. (3), in
such a way that

_VIS% 1

T4 -Q_éyBRF;

(&)

ny

where 7 is the Leggett—Takagi relaxation time which is of the order of the mean
Bogolyubov quasiparticle relaxation time (we use values calculated in Ref. [30]).
We do not know the exact conditions at which the HPD becomes unstable, but
we can say that it should happen before the vector n is rotated by 90 degrees, i.e.,
n, = 1. Due to these approximations, we cannot have an exact expression, but only
an estimation for the maximum frequency shift:

5(1) max ~ ‘QB V ]/B RF T (6)

In Fig. 2B, we display this estimation which matches the experimental results quite
well when scaled by a factor of 0.58. Furthermore, the good agreement in the tem-
perature dependence indicates that our thermometry corrections described in the
Experiment section are realistic.

We find an HPD state at temperatures above approximately 0.5 7. Below this
temperature the HPD is unstable because of catastrophic relaxation effects ([31,
32]). We distinguish two temperature ranges, below and above T = 0.59T,, with
completely different HPD oscillation modes. We call them “low-temperature” and
“high-temperature” modes. At low temperatures and high frequency shifts we also
observe chaotic motion of the HPD. This effect was studied numerically by Y. Bun-
kov in Ref. [33]. All these features can be seen in the spectrograms displayed in
Fig. 3. The frequency spectrum is plotted as a function of time (bottom scale) and
the frequency shift corresponding to the change of magnetic field in frequency units
(upper scale). The left plot of Fig. 3A illustrates data recorded at 0.54 T, on the low-
temperature modes and chaotic motion of the HPD; the right plot Fig. 3B presents
data of the high-temperature modes recorded at 0.62 T,.. All modes are seen as sym-
metric side bands of the NMR frequency . From the measured signals, we extract
the mode frequencies (2 as a function of the frequency shift 6,,. We can see a clear
dependence of the mode frequencies on the frequency shift in the presence of field
inhomogeneity and different values of the applied field gradient. This indicates that
the oscillation modes are localized.

Low-temperature modes are seen at 7 < 0.597,.. We observe two different
modes and their harmonics at 2%, 3X the fundamental frequency (see the blue frame
in Fig. 3A). The mode frequencies are proportional to the square root of the fre-
quency shift and can be written as

.Qz = SLT (5(0 - 52,)7 (7)
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where the slope S and offset 52) are mode-dependent parameters as seen for the data
in Fig. 4A. We can assume that the low-temperature modes do not have any intrinsic
frequency gap and the offset 52 is determined only by the location inside the cell in
the presence of a field gradient. We found that 52 does not depend on temperature
nor on the amplitude of the RF field, but it does depend on the field gradient in a
way as if the modes are localized at the upper and lower ends of the experimental
cell (Fig. 4B). The temperature and RF-field dependence of the slope parameter S, ;
of mode frequencies is illustrated in Fig. 4C.

High-temperature modes At higher temperature we observe a different set of
oscillation modes (see the blue frame in Fig. 3B). In some rare cases they coexist
with low-temperature modes, but usually there is a clear transition between these
two regimes. There are many high-temperature modes, some are more common,
while some appear only in a few measurements. Examples of two measurements are
shown in Fig. 5, and different modes are marked by numbers 1...8.

Modes 1 and 2 are the most common ones, they appear in almost all measure-
ments in the high-temperature regime. If we try to extrapolate their frequencies to
zero, like we did with low-temperature modes, we find a big negative frequency shift
which cannot be explained by field inhomogeneity. It means that the modes have
some intrinsic frequency gap. We found that at the point where mode 2 becomes
visible, a tiny but clear feature on the HPD signal can be observed ("oscillations
start”" line in Fig. 3B). We assume that this corresponds to the localization point of
the modes, and the frequency shift should be measured from this value. We find that
this point is always located in a random place inside the cell. (We can convert the
magnetic field value to a position using the field gradient.) This allows us to deter-
mine the mode gaps 4, and 4,. We see that the modes 1 and 2 have exactly the same
frequency shift dependence, but there is a constant separation specified by the differ-
ence of 4, and 4, (see Fig. 5).

This information leads us to formulate our central conjecture: We reason that the
high-temperature modes are oscillations of a J-soliton localized somewhere in the
cell volume. Low-frequency oscillations of the 9-soliton are calculated using 1D
geometry as discussed in Ref. [22]. In our experiment, the soliton is comprised of
a 3D circular membrane, in which case the radial part of oscillations should give an
additional frequency gap

4,=a,C/r, 8)

where C is the wave velocity along the membrane, r is the radius, and g, denote
the zeros of the Bessel function of the first kind. For the two first radial modes
a, =2.405, a, = 5.520. Note that Ref. [22] discusses another type of oscillation of
the circular membrane, namely one in which the whole soliton is moving. These
modes should have much larger frequency, but we do not find them in the experi-
ment. In Fig. 5, the dashed lines marked as “num 1” and “num 2” display results of
the 1D numerical simulation, given by the approximative formulas Eqgs. (9) and (10)
of Ref. [22], shifted by A,. Apart from the gaps 4, and 4,, we see that the measured
modes 1 and 2 behave closely to the second calculated mode for the 9-soliton. The
behavior observed for modes 7 or 8 could correspond to the first mode, but it’s hard
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to conclude with certainty owing to the small visibility range of the mode in our
experiment.

Further basic information on the high-temperature modes 1 and 2 is presented
in Fig. 6. The mode gaps 4, and 4, are plotted as a function of temperature in
Fig. 6A. These data are the same as in Fig. 2A, but with the temperature correc-
tion applied. We do not observe any noticeable dependence of the gaps on B g
and VB. In Fig. 6B, the ratio 4, /A, is plotted for measurements where both modes
exist. The observed ratio is pretty close to the theoretical ratio given by
a,/a, = 2.295. The values deduced for the wave velocity C = A;r/a, are depicted
in Fig. 6C. In Fig. 6D we compare the linear term in the mode frequency
Syr = (‘;T“Q(éw = (0) with numerical simulation. We find good agreement with the

calculated second mode of soliton oscillations, with only a weak dependence on
temperature and B gg. The fact that we can have a separate temperature-dependent
gap and an almost temperature-independent soliton mode supports our choice of
6, = 0 for the frequency shift scale.

We leave the detailed analysis of the other high-temperature modes outside the
scope of this paper. Modes 3 and 4 (see Fig. 5A) were quite common, but they
existed only in a small frequency shift range. They look like the next two modes
of 9-soliton oscillations obtained in the numerical simulation, but at the moment
we cannot confirm it. Modes 5 and 6 (see Fig. 5B) appeared in pairs with a fre-
quency ratio of 2. They do not extrapolate to the same energy gap as modes 1
and 2, and probably they do not have a gap. Modes 7 and 8 were visible only in a
few signals, which is unfortunate as they seem to bear resemblance with the first
mode in our simulations. However, due to scarce information we could not ana-
lyze and classify them accurately.
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Fig.6 High-temperature modes 1 and 2 vs. 7. Colors refer to different data sets measured in different
cooling cycles using B gr = 238,297,357 nT and VB = —0.9 pT/cm. A Gaps 4, and 4, vs. temperature.
The data are the same as in Fig. 2A but now with temperature correction. B Ratio 4,/4, for measure-
ments where both modes exist. C Wave velocity C evaluated from 4, and 4, using Eq. (8). D Slope Sy
of mode frequency £2 vs. frequency shift 6, in comparison with numerical simulations (lines “num1” and
“num2”). Dashed lines are calculated using B g = 238 nT and the solid ones using B pg = 357 nT
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5 Conclusions

In this work, we measured the response of the HPD state in an about 10 kHz band
around the NMR frequency and could make interesting observations: new oscilla-
tion modes localized near the cell walls, additional modes in the bulk volume of
the HPD that we attribute to oscillations of J-solitons, and chaotic motion at high
frequency shifts. We also estimated the maximum frequency shift at which the HPD
state is stable and found that our experimental result matches our estimations based
on Leggett—Takagi relaxation.

The richness of the observed soliton oscillation modes makes the most interesting
finding of our experiments. Our work shows that, overall, the observed mode fre-
quencies match with numerical simulations, but there are still more questions than
answers: how these modes are excited, how the solitons are created, how to classify
them and explain all the observed modes. Further investigation is certainly needed,
in experiment, theory, and numerical simulations. It would be interesting to study
how solitons are created at different magnetic field ramping rates, to isolate a single
soliton by tuning experimental conditions without destroying the HPD, to populate
certain modes by using additional RF-field excitation pulses, etc. It would be impor-
tant to study how the creation of a soliton is affected by the magnetic field profile
and sweeping rate. Altogether, the soliton dynamics would be a sophisticated and
quite fundamental problem for further investigations.
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