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We report results of low frequency nuclear magnetic resonance (NMR) experiments in the superfluid polar

phase of 3He which is stabilized by a new type of “nematic” aerogel – nafen. We have found that an interaction

between transverse and longitudinal NMR modes may essentially influence the spin dynamics. Theoretical

formulas for NMR resonant frequencies are derived and applied for interpretation of the experimental results.

DOI: 10.7868/S0370274X16100076

1. Introduction. “Nematic” aerogels (N-aerogels)

consist of strands which are oriented along the same di-

rection. Diameters of the strands (∼ 10 nm) are less than

the superfluid coherence length of 3He, so in the case of

liquid 3He confined in N-aerogel these strands play a

role of anisotropic impurities, and theory predicts that

superfluid phases which do not exist in bulk 3He may be-

come favorable, namely the polar-distorted A phase, the

polar-distorted B phase and the pure polar phase [1–4].

There are two types of N-aerogel: “Obninsk aerogel” and

nafen [5]. Polar-distorted A and B phases have been ob-

served in 3He confined in “Obninsk aerogel” [6–8], while

the pure polar phase is realized in 3He in nafen [9]. As

well as in other superfluid phases of 3He, in the polar

phase two NMR modes may be observed. Frequencies

of these modes depend on temperature, on a magnetic

field (H) and on the orientation of H with respect to

the orbital part of the order parameter. Here we present

results of continuous wave (CW) NMR experiments in

the polar phase of 3He in nafen which demonstrate a

strong interaction between these two resonant modes at

certain conditions. Exact expressions for NMR frequen-

cies in the polar phase in the limit of small excitations

are derived and used to explain experimental data.

2. Theory. The order parameter of the polar phase

is

Ajk = ∆0e
iφdjmk, (1)

where ∆0 is the gap parameter, φ is the phase factor, d

is the unit spin vector and m is the unit vector in the

orbital space which direction is fixed along the direc-

tion of strands of N-aerogel [1]. We choose H = H ẑ and
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my = 0, so that mz = cosϕ and mx = sinϕ, where ϕ is

the angle between H and m. In the equilibrium state ori-

entation of d is determined by minimization of the sum

of dipole (UD ∝ (dm)2) and magnetic (UH ∝ (dH)2)

energies, that is d ‖ ŷ.

Spin dynamics of the polar phase is described by

Leggett equations [10]:

Ṁ = γM×H−
Ω2

P

ωL

(d×m) (dm) ,

ḋ = d× (γH− ωLM) ,

(2)

where γ ≈ 20378 rad/s ·Oe is the gyromagnetic ratio of
3He, ωL = γH is the Larmor frequency, M is the mag-

netization normalized to its equilibrium value (χH), χ

is the magnetic susceptibility and ΩP is the Leggett fre-

quency of the polar phase, which is zero at the super-

fluid transition temperature and grows up to ∼ 100 kHz

on cooling. Introducing M̃z = Mz − 1 Eqs. (2) can be

rewritten as follows:

Ṁx = ωLMy −
Ω2

P

ωL

(dm) dymz,

Ṁy = −ωLMx −
Ω2

P

ωL

(dm) (dzmx − dxmz) ,

˙̃
Mz =

Ω2

P

ωL

(dm) dymx,

ḋx = ωL

(
dzMy − dyM̃z

)
,

ḋy = ωL

(
dxM̃z − dzMx

)
,

ḋz = ωL (dyMx − dxMy) .

(3)
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We consider small deviations of M and d from the equi-

librium state, that is: M̃z ≪ 1, Mx,y ≪ 1, dx,z ≪ 1, and

dy ≈ 1. Then from Eqs. (3) it follows:

M̈x = −
(
ω2
L +Ω2

P cos2 ϕ
)
Mx +Ω2

P M̃z sinϕ cosϕ,

¨̃
Mz = Ω2

PMx sinϕ cosϕ− Ω2
P M̃z sin

2 ϕ,

(4)

that results in the equation for NMR frequencies ω:

ω4 −
(
ω2
L +Ω2

P

)
ω2 +Ω2

Pω
2
L sin2 ϕ = 0. (5)

Eq. (5) has two solutions:

ω2
± =

1

2

(
ω2
L +Ω2

P ±

±

√
(ω2

L +Ω2
P )

2
− 4ω2

LΩ
2
P sin2 ϕ

)
. (6)

We note that there is a frequency gap between ω+

and ω− modes: there are no solutions of Eq. (5) for

ΩP > ω > ΩP sinϕ. In general, both modes represent

coupled oscillations of transverse and longitudinal com-

ponents of M, and the ratio of amplitudes of transverse

and longitudinal oscillations for a given ω is

R =
|ω2 − Ω2

P sin2 ϕ|

Ω2
P sinϕ cosϕ

. (7)

Expressions for NMR frequencies in the polar phase de-

rived in previous papers [1, 6, 9, 11] were obtained in

the assumption that equations for Mz(t) and Mx,y(t)

are decoupled. In this case we get two noninteracting

NMR modes: longitudinal and transverse. Frequencies

of these modes for small amplitudes are

ω‖ = ΩP sinϕ,

ω⊥ =
√
ω2
L +Ω2

P cos2 ϕ.
(8)

Eqs. (8) are valid only for ϕ = 0 and ϕ = 90◦, or if

ωL ≫ ΩP . In other cases, as it follows from Eqs. (4),

the coupling of longitudinal and transverse modes be-

comes essential. This is illustrated by Fig. 1a, where we

present calculated field dependencies of ω+, ω−, ω‖, and

ω⊥ for realistic experimental conditions. It is seen that

the coupling between resonant modes results in their

“repulsion” and transformation into two nonintersecting

branches with frequencies ω+ and ω−. We note that at

ϕ = 90◦ we get two intersecting modes, but even at

small deflections of ϕ from 90◦ a qualitative change of

the NMR spectrum occurs (Fig. 1b).

2. Details of experiment. In the present work we

use the same experimental chamber as in experiments

described in [12]. The chamber is made of Stycast 1266

Fig. 1. CW NMR frequencies in the polar phase versus H at

ΩP /2π = 82 kHz. (a) – From Eq. (6) (thick solid lines) and

from Eqs. (8) (thin solid lines). Dashed line corresponds

to the Larmor frequency. ϕ = 68
◦. (b) – From Eq. (6) for

ϕ = 89
◦ (solid lines) and for ϕ = 90

◦ (short-dashed lines)

epoxy resin and has two cells with nafen samples which

were produced by ANF Technology Ltd (Tallinn, Esto-

nia). In the experiments described below we use the cell

with nafen with overall density of 243 mg/cm3 (nafen-

243). The sample has a cuboid shape with sizes of 4 mm

and is placed freely in the cell. It consists of Al2O3

strands with diameters of ∼ 9 nm and has a porosity

of 93.9 %. More information about the sample can be

found in [5].

The necessary temperatures were obtained by a

nuclear demagnetization cryostat and measured by a

quartz tuning fork calibrated by measurements of the

Leggett frequency in bulk 3He-B. To avoid a param-

agnetic signal from surface solid 3He, the sample was

preplated by ∼ 2.5 atomic monolayers of 4He.

Experiments were performed using transverse CW

NMR in magnetic fields of 25 ÷ 111Oe (corresponding

NMR frequencies were 82 ÷ 360 kHz) and at a pres-

sure of 29.3 bar. The superfluid phase diagram of 3He

in nafen-243 is presented in [9]. At 29.3 bar the super-
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fluid transition temperature of 3He in nafen-243 is sup-

pressed by ∼ 2% with respect to the superfluid transi-

tion temperature (Tc) in bulk 3He, and down to the low-

est reached temperature (∼ 0.47Tc) the only observed

superfluid phase is the polar phase.

Two solenoids were used in order to apply the ex-

ternal magnetic field in directions parallel (H‖, longitu-

dinal field) and perpendicular (H⊥, transverse field) to

nafen strands. So, the resultant field H = H‖+H⊥ could

be rotated by an arbitrary angle ϕ with respect to the

anisotropy axis of nafen. CW NMR measurements in the

normal phase of 3He show that an angle between axes of

longitudinal and transverse solenoids is 90◦±0.2◦. How-

ever, we estimate an accuracy of setting ϕ as ±1◦ due

to a possible misalignment between the axis of the lon-

gitudinal solenoid and the anisotropy axis of the nafen

sample. For H⊥ ∼ 25Oe it limits an accuracy in deter-

mining of H‖ to 0.4 Oe.

4. Results. Experiments were carried out using

transverse CW NMR at a fixed frequency ω for ϕ ≈ 68◦

and for ϕ close to 90◦. We applied fixed field H‖ and

swept H⊥ to record the NMR line. In terms of H‖ and

H⊥ Eq. (5) can be rewritten as follows:

(γH⊥)
2
= ω2

[
1−

(
γH‖

)2
/
(
ω2 − Ω2

P

)]
. (9)

In this case H⊥/H‖ = tanϕ 6= const, but the change

of H⊥ during the sweep through the NMR line is small,

and the corresponding change of ϕ is less than 0.1◦.

The measured dependence of the resonant field H⊥

on temperature (and ΩP ) at ϕ ≈ 68◦ is shown in Fig. 2.

It is seen that the experimental data are in a good agree-

ment with Eq. (9) (solid curve) which fits the data much

better than Eq. (8) (dashed curve). We note that small

variations of H‖ in the equations result only in verti-

cal shift of the theoretical curves (by ∼ 100 kHz2 for

δH‖ = 0.2Oe), but their slopes practically remain the

same. Therefore, we think that a small difference be-

tween set and fitted values of H‖ is due to the inaccu-

racy in setting of H‖ caused by the above mentioned

misalignment.

In experiments presented in Fig. 2 only the mode

with frequency ω+ was excited because ω was always

greater than ΩP . The transition between ω+ and ω−

modes can be observed if at a fixed ω the temperature

(and consequently ΩP ) is changed, so that we cross the

frequency gap between modes. Maximal value of ΩP

which we could obtain at T ≈ 0.47Tc was 107 kHz.

Therefore, in order to observe the transition between

modes we used the NMR frequency of 82 kHz, although

our NMR setup was not optimal for such a low fre-

quency, and the signal-to-noise ratio was rather poor. It

Fig. 2. CW NMR transverse magnetic field in the polar

phase as a function of temperature (upper scale) and

ΩP (lower scale). Open circles are experimental data at

ω/2π = 146.8 kHz, H‖ ≈ 16.4 Oe. H⊥ is in the range of

40.4 ÷ 41.0Oe, so that ϕ is in the range of 67.9◦ ÷ 68.2◦.

Solid curve is best fit by Eq. (9) with a single fit parameter

of H‖ which was found to be equal to 16.53 Oe. Dashed

curve corresponds to Eq. (8) rewritten in terms of H‖ and

H⊥ with H‖ = 16.53Oe. Temperature dependence of ΩP

was measured independently by CW NMR at ϕ = 0

is also worth noting that an absolute value of ∂ω/∂H⊥

decreases if ω is approaching ΩP (or ΩP sinϕ) resulting

in a broadening of the NMR line and in an additional

decrease of the signal-to-noise ratio near the transition

region. For these reasons we were able to see the tran-

sition between the modes only if ϕ is close to 90◦ where

the frequency gap is small enough. Transverse CW NMR

absorption lines recorded at ϕ ≈ 89◦ during slow warm-

ing in the polar phase are shown in Fig. 3. The tran-

sition between ω+ and ω− modes occurs in a narrow

temperature region near ∼ 0.8Tc where the NMR sig-

nal practically disappears. At higher temperatures we

excite ω+-mode while at lower temperatures ω−-mode

is observed.

The dependence of the resonant field H⊥ on ΩP (cal-

culated from the first moment of the NMR line) is shown

in Fig. 4 by filled circles. It agrees well with the depen-

dence following from Eq. (9) if we assume that the real

value of H‖ equals 0.54 Oe (solid curve).

We also have done a similar experiment where we

set H‖ to be equal to 0.17 Oe (open circles in Fig. 4). In

this case the NMR signal was almost absent in essen-

tially smaller range of temperatures (between 0.79Tc

and 0.81Tc) and at temperatures 0.81Tc < T < 0.83Tc

the experimental data cannot be fitted by Eq. (9). We
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Fig. 3. CW NMR absorption lines recorded during warm-

ing in the polar phase. The lines at different tempera-

tures are shifted in vertical direction for a better view.

H‖ was set to 0.29 Oe, but further analysis (see Fig. 4)

pointed out that it corresponds to 0.54 Oe (ϕ ≈ 88.8◦)

that may be due to misalignment between the axis of the

longitudinal solenoid and the direction of nafen strands.

ω/2π = 82 kHz, H ≈ 25Oe

assume that this is explained by variations of ϕ inside

the sample about the mean value. If we do not take into

account the data in this temperature range then best fit

by Eq. (9) corresponds to H‖ = 0.27Oe (i.e. ϕ ≈ 89.4◦),

and the variations of ϕ may be estimated as ∼ 0.6◦.

To sum up, our results of low frequency transverse

CW NMR experiments in the polar phase of 3He in

nafen are in a good agreement with the developed theo-

retical model. Experiments at ϕ ≈ 68◦ (Fig. 2) confirm

the validity of Eqs. (6), (9), while experiments at angles

ϕ close to 90◦ (Figs. 3 and 4) prove the existence of two

non-intersecting branches of the NMR spectrum.

5. Conclusions. It was observed for the first time

that in the polar phase of 3He at even small devia-

Fig. 4. The dependence of H⊥ on temperature (upper

scale) and ΩP (lower scale). H‖ was set to 0.29 Oe (filled

circles) and to 0.17 Oe (open circles). Lines are best fits

of the data by Eq. (9) with H‖ = 0.54Oe (solid line) and

H‖ = 0.27Oe (dashed line). ω/2π = 82 kHz, H ≈ 25Oe

tions of ϕ from 90◦ the longitudinal and transverse

NMR modes become coupled that results in their re-

pulsion and transformation into two non-intersecting

branches of the NMR spectrum. The coupling between

these modes is possible due to N-aerogel which fixes m

along the aerogel strands. In contrast, in equilibrium

homogeneous state in bulk superfluid 3He the coupling

of longitudinal and transverse NMR modes cannot be

observed because the magnetic field orients order pa-

rameters of A and B phases so that the modes do not

interact. However, the coupling may appear in restricted

geometry. For example, Eq. (6) is similar to the equa-

tion for NMR frequencies in 3He-B confined in a nar-

row gap [13]. Inhomogeneities of the order parameter,

caused by boundaries or by textural defects (solitons or

vortices) also should result in the coupling. So, a de-

cay of the transverse mode into two longitudinal modes

with nonzero wave vectors, as well as the decay of the

transverse mode due to emission of short wave acoustic

magnons in the presence of quantized vortices, has been

observed in recent experiments in the B phase [14].

The phenomenon we discuss is also known in other

systems with interacting resonant modes. In particular,

our results are quite similar to results of experiments in

MnCO3 [15] where field dependencies of two AFM res-

onant modes were measured for different orientations of

a magnetic field.
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