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Bulk superfluid 3He Cooper pairing into the state with L=1 and S=1.
Order parameter: 3x3 matrix A v

Fo=—aSp(AA*) + By | Sp (44) [P + B, [Sp (4412 +
+ By Sp [(A*A4) (A+A)*] 4 B,Sp [(A4+)2] + BsSp [(44+) (44%)*]

In bulk superfluid 3He in isotropic space, T, and -
the free energy are degenerate with respect to 3

projections of orbital angular momentum and to 3
projections of spin. In principal, many superfluid 30
phases are possible, but only phases with the
lowest energy are realized (A and B phases).

A phase: A4,,=A4d, (m, +in,) § 20
o

B phase: A4,,= Ae'’’R(n,0)
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In the A phase projection of spin of Cooper normal
pairs on a specific direction is +1 or -1, i.e. phase

here only 11 and || spin states are present. 0 ; 5 3
T, MK

The degeneracy over spin projections is lifted by magnetic field -- the additional term in free
energy (o< H, H A, A)appears and A, phase with only 11 pairs becomes favorable in a
narrow (~0.02 T in field of 10 kOe) region near T_.. So we have the splitting of T_into 2

transitions: at T,=T+nH and at T,,=T_-n,H.



Landau free energy for bulk superfluid *He in aerogel:

Fo=—aSp(AA*) + By | Sp (44) * + B, [Sp (4412 +
+ B3 Sp [(4*4) (A*A)*] - B,Sp [(AA4*)] + B;Sp [(447) (A4%)*]
+kle,ujAul

In the bulk superfluid *He, where Cooper pairs are formed into a state with L= 1,
T, is degenerate with respect to 3 projections of orbital angular momentum.

Degeneracy of T, over the orbital projections is lifted by a global orbital

anisotropy. Such anisotropy can be induced by a large stretching anisotropy of
aerogel where the substate with L, = 0 should be favorable in comparison with

substates with L,=+1 or -1.



K.Aoyama,R.lkeda, Phys.Rev. B (2006) — polar phase may be realized in anisotropic aerogel in case of an
effective mean free path of 3He quasiparticles is longer along some specific direction.
This prediction is supported by further theoretical works: J.A.Sauls (2013), . A.Fomin (2014), R.Ikeda (2015)

Pure ABM: ;1 Polar:
— ; _ ip
A4, =Ad, (m, +in,) B A, =Ae"d, m,
Gap vanishes at 2 points Yy Gap is zero on the circle
on Fermi sphere X l [=mxn on Fermi sphere
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Nematic aerogels:

Obninsk aerogel (Leypunskiy Institute, Obninsk).

Material: AIOOH (produced for the first time in 2002).

Overall densities (mg/cm?3): 8-50
Corresponding porosities: 99.7 - 97.9%
Mean diameter of the strands: ~8 nm
Nafen (ANF Technology Ltd, Tallinn)
Material: Al,O,.

Overall densities (mg/cm3): 72, 90, 243 and 910
Corresponding porosities: 98.2 - 77.2%
Mean diameter of the strands: ~9 nm
Mullite (Metallurg Eng., Tallinn)
Material: Al,O,+SiO.,.

Overall density (mg/cm3): 150
Corresponding porosity: 95.2 %

Mean diameter of the strands: <14 nm

nafen-243: D,/ D, ~8.1

nafen-90:  D,/D, ~3.3
Muliite-150: D, /D, =3.8

Obninsk-30: D,/ D, ~1.9
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One of the experimental cells

P=0-29.3 bar
H= 104 — 425 Oe (0.338 — 1.39 MHz)

In most of experiments samples of aerogel were preplated with ~2.5 atomic layers of *He!



Phase diagrams (the strands are covered by ~2.5 atomic layers of “He)
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Askhadullin et al.,JETP Lett. (2012, 2014).

Dmitriev et al., JETP (2014, 2020).
Dmitriev et al., PRL (2015).




ontification of polar and polar distorted A phases by NMR

G.E.Volovik, JLTP (2008): local inhomogeneties of aerogel may destroy
long-range order of A phase  ——»>  Larkin-Imry-Ma (LIM) state of [ and n.
LIM length (~1 um) << dipole length (~10 um)

Experimental confirmation: Dmitriev at al. JETP Lett. (2010)

Polar distorted A phase (or pure A phase) in nematic aerogel also should be in 2D LIM state:

= Ae'’d (am, +ibn,); I=mxn

Aerogel strands n orl in real space
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Spin vector d is oriented normal to magnetization and its uniform distribution has the lowest energy
(spin nematic, SN, state).
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NMR frequency shift in A, distorted A and polar phases:
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NMR frequency shift in A, distorted A and polar phases:
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In the weak coupling limit €2, for polar distorted A and pure polar phases can be calculated in
terms of the Leggett frequency of the pure A phase:

4 4—6b°
_ i A N . . 2 2
A, =Ae"d, (am,+ibn,) Distorted A (2D LIM). Q; = RPETE Q°
A =Ae’d m : 92—492
i ulm Polar: ;= 5 4
. 4
For the pure polar phase CW NMR shift for u=0: 20A@0 = 3 Q7
. |
For the pure A phase CW NMR shift for u=0: 20Am = 5 €

If suppression of T, is small then we can use the bulk value of Qj for comparison.



Phase diagrams (the strands are covered by ~2.5 atomic layers of “He)
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CW NMR frequency shifts in 3He in nafen samples for H oriented along the strands

nafen-90 nafen-243
0.15 — , , : : dpansoe | | | d:Datal140320a
4 0.10
2
— Q2 x1.05
0.10 | 3 i
. T
E S 0.05
2 005 1 2
N ~
0.00 0.00
| | L | L | | |
0.80 0.85 0.90 0.95 0.80 0.85 0.90 0.95
T, T
P=2.9 bar
Z




CW NMR frequency shifts in 3He in different samples for H oriented along the strands
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Dependence of K =2wAw/ Qi in different samples on pressure
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NMR frequency shift in original (red) and squeezed (blue) mullite nematic aerogel
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Thus, identification of the observed distorted A and pure polar phases in *He
in namatic aerogel is based on the following points:

Susceptibility and pulse NMR measurements show that the observed high
temperature phases can be A, distorted A or polar.

Measurements of the absolute value of the NMR frequency shift in nafen
and mullite samples with different densities show that near T, we always get

the polar phase. In low density samples at lower temperatures the 2" order
transition into the polar distorted A phase occurs.

For u=n/2 the nonzero NMR frequency shift appears in the polar distorted A
phase in squeezed sample .



In the polar phase also there are only ™t and ! pairs. In strong magnetic field we
can expect that the degeneracy over spin projections will be lifted and in a narrow
region near the superfluid transition so called phase (with only *tpairs) will be

favorable instead of the polar phase.

The order parameter of the fphase is A4, = Ao(c;’ . tie, )m,
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Width of the main resonance of VW. H=10.25 kOe, P=15.4 bar
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Our interpretation:

Arrows mark transitions (on cooling): to A, and then to A, phases (in bulk 3He);
then to B phase (T,) in aerogel, and to distorted p phase (T,,), which then continuously is
transformed to polar phase.



Width of the main resonance of VW in different H. P=15.4 bar
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T.,and T,,vs H. P=15.4 bar
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Theory predicts that this ratio equals —p,/p,,:,s - In bulk 3He this value at 15.4 bar is 1.36.



Conclusions:
1. Using vibrating wire we observe the superfluid transition into the polar phase in
3He confined by nematic aerogel.

2. In high magnetic field we observe splitting of the superfluid transition temperature
due to appearance of the superfluid B phase.
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