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Aerogels in superfluid 3He
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P-wave Cooper pairing (I=1, s=1).
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Self-supporting structure — aerogel (SiO2).
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Porosity P up to 99.5% .
Usually about 98%
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FIG. 2: The pair correlation length of superfluid *He in
acrogel (solid curve) as a function of pressure is shown in 1 . .
comparison with an aerogel strand-strand c-.l..lrrelmil..ln_ length, ® SI ICa a Slze.
La = d0nm. A cross-over occurs near p == 15 bar. The bulk
*He correlation length is also shown {dashed curve).

o~ 3 nm

Correlation length:
&, ~10-100 nm
Superfluid coherence length:
E=20-80nm (P=34-0 bar)
Expect interesting physics
when: &~ &,

DLCA simulation of a silica aerogel depicting
the length scales 6 and &, (courtesy of T.M.
Lippman).
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FIG. 1: Phase diagram for superfluid *He in two different
samples of 98% aerogel. The known superfluid phases of
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Squeezed aerogel
—
A phase: | =mxn rzn Polar distorted A (PdA) phase: Polar:
A, =4d,(m, +in,) N A =4e7d, (am, +ibn,)| | A =Ae“d m,
Gap vanishes at 2 points X Gap is zero on the circle

on Fermi sphere
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on Fermi sphere

Il

|

U

m

m

1.0
08
06} |
0.4
02f

Tas Tea Tca
Tempetature

m




Spin dynamics in the LIM state can be obtained from Leggett equations
M= MxH+R,

(L » . 0% (T Qp(TY oc A(T)
d(k)zyd(k)x[H_Mj . e F'-r. ) pidl) AL
X

CW NMR frequency shift in A, PdA and polar phases:

] CW NMR ,
H HI Wf u=0.  2wAw =K,
M ] u=m/2: 2001w =0
. . 1
A, = dﬂ(mv +1n) A phase (2D LIM): K = 5
d ib PdA phase (2D LIM): K = 4-6b°
A,uv — y(amv +1 nv) phase ( ): - 3_4a2b2
K — 4
A, = dﬂmv Polar phase: 3

NOTE: Here K has been calculated in the weak coupling limit. Experiments show that K in the
polar phase is decreasing (from 4/3 down to 1.15) with the increase of pressure from 0 to 29.3 bar.



“Obninsk aerogel”
Al,O5; aerogel produced in Leypunskiy Institute of Power Engeneering (Obninsk, Moscow region)

R.Sh.Askhadullin et al., J. of Phys.: Conf. Ser.,98,072012 (2008)
Effective density: 8-40 mg/cm3
Diameter of strands: 6-10 nm

Distance between strands: ~100 nm
For 30 mg/cm?3 sample mean free paths along and transverse to strands are 850 and 450 nm.
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Samples have been supplied
by R.Sh.Askhadullin,
P.N.Martynov, A.A.Osipov
(Leypunsky Institute, Obninsk,
Russia) SEM picture for 30 mg/cm3 sample




Sample A. Normalized frequency shift on cooling (ESP phase)
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Phase diagram of superfluid *He in “nematically ordered” aerogel

R.Sh. Askhadullin®, V. V. Dmitrdev, D. A, Krasnikhin, P N. Martynovt, A, A Osipov?, A A, Senin, A. N. Yadin
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Fig. 6. The effective NMR-frequency shift versus tempera-
ture (P = 6.5 bar, p = 0, Ty = 09627, and H = 346 Oe:
1 — the ESP1 phase; 2 — the LTP. Solid and dashed lines
(see Section 5 for the explanation ). Insert: corresponding

 phase
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he phase diagram of Liquid “He in “nematically or-
erogel obtained on cooling from the normal phase.
t the temperature 15 normalized to the superfhud
n temperature in bulk *He. See text for explana-



Al,O; aerogel (“Nafen”) produced by ANF Technology Ltd (Tallinn, Estonia)

Effective density: 90 mg/cm3 (97.8% open) or 243 mg/cm? (94% open)

Diameter of strands: ~10 nm

Distance between strands: ~40-70 nm

For 90 mg/cm?3 sample mean free paths along and transverse to strands are 950 and 250 nm,
for 240 mg/cm?3 sample mean free paths along and transverse to strands are 560 and 60 nm.

Samples have been

supplied by I.Grodnenskiy
(ANF Technology Ltd, Tallinn,
Estonia) — “Nafen’.

200nm NAFEN10 ¢

SEM picture for 90 mg/cm?3 sample



Normalized frequency shift in superfluid ESP phase of 3He in Nafen-90 (red) and in

Nafen-240 (blue).
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!‘} r FIG. 4 (color online). Continuous wave NMR frequency shifts
r versus temperature in “He in nafen at P = 7.1 bar. Open
I % =0 symbols: the SN state; filled symbols: data obtained after attem-
'.\Q’\ pts to create the SG state. ¢ = 0 (circles), g = x/2 (triangles).
2 - ‘M (a) Nafen-243. T_.,~0.94T.. The dashed line corresponds
“u;% to Eq. (4) with K = 1.245. (b) Nafen-90. T, =~ 0.955T .. The
i % dashed line corresponds to Eq. (4) with K = 1.24.
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FIG. 5 (color online). K in the polar phase versus pressure.
Open triangles— He in nafen-90, filled circles—He in nafen-
243, Dotted and dashed lines correspond to K expected from
Eq. (3) for polar and A phases, respectively. Depending on the
temperature range used for determination of K, the obtained
values vary by £2% that limits the accuracy.
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FIG. 2 (color onling). Phase diagram of *He in nafen-243 (a)
and in nafen-90 (b). Filled circles mark the superfluid transition
of *He in nafen. Open circles mark the tansition between polar
and polar-distorted A phases. Filled triangles mark the begimnmg
af the transition into the polar-distorted 8 phase on cooling. Open
triangles mark the beginning of the tnsition into the distorted A
phase on warming from the distorted & phase. The widths of the
A-B and B-A transitons arc ~02T,,. The whie ama shows
mgions with no experimental data,

Polar Phase of Superfluid 3He in
Anisotropic Aerogel

V. V. Dmitriev,1,* A. A. Senin,1 A. A.
Soldatov,1,2 and A. N. Yudinl

PRL 115, 165304 (2015) PHYSICAL
REVIEW LETTERS week ending
16 OCTOBER 2015

Figure 1: SEM image of the surface of nafen-90.



Topological nodal line in superfluid *He and the Anderson theorem

V.B. Eltsov.,! T. Kamppinen,! J. Rysti,! and G.E. Volovik!-?

'Low Temperature Laboratory, School of Science and Technology,
Aalto University, POB 15100, FI.00076 AALTO, Finland
L.D. Landau Institute for Theoretical Physics, Moscow, Russia
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“Quest for the polar phase” is success. Now we

know how to prepare the polar phase as well as a polar
distorted A-phase. But some Important questions still have
to be clarified:

1) What aerogel is "good”, or which property of e.g. nafen
Is crucial for stabilization of the polar phase.

2) Why the global anisotropy induced by Obninsk aerogel
IS not sufficient for stabilization of the polar phase In spite
of theoretical predictions.

3) Why nafen-243 having porosity smaller than 94% does
not suppress superfluidity of 3He completely.

There Is important input from the experiment.






Effect of Magnetic Boundary Conditions on Superfluid *He in Nematic Aerogel

V. V. Dmitriev,"” A. A. Soldatov,"* and A.N. Yudin'
'P.L. Kapitza nstiture for Physical Problems of RAS, 119334 Moscow, Russia
*Moscow Institute aof Physics and Technology, 14170k Dolgoprudny, Russia

(Received 27 September 2017; revised manuscript received 19 December 2017; published 13 February 2018)

PHYSICAL REVIEW LETTERS 120, 075301 (2018)

TABLE 1. Characteristics of the samples: p i1s the overall
density, d 1s the mean distance between axes of adjacent strands.

Sample I fn1gf::n13) Porosity (%) d (nm) I| (nm) /, (nm)

nafen-72 72 08.2 04 e EE
nafen-90 90 97.8 38 960 290
nafen-243 243 093.9 35 570 70
nafen-910° 910 78 18

“Prepared from nafen with density 72 mg/cm® (see Ref. [38]).
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A. A. Abrikosov and L. P. Gorkov, Zh. Eksp. Teor. Fiz. 35, 1558 (1958).
A. A. Abrikosov and L. P. Gorkov, Zh. Eksp. Teor. Fiz. 36, 319 (1959).

U(r) =, u(p—pa). 31ecs p = (z,y)

=
oY

specular reflection

J1J Uk) =2md(k,)u(k) Zr: #Pa

V(k k') = 3g(k - K

|.LA.Fomin, JETP 127, 933 (2018):



(i — &€ — G)G(k) + (A + FI)F' (k) =

+E—G)F (k) + (A + F)G(k) =0

a - -ng/'| (k— I)? -E.L:J—thrdgk;
(2m) €2 + @2 + A

-

T , A

U(k) =2md(k, )u(r) ZE* pPa, A~k




(1 &
W = 1w A= Apg
1
n=1+ . 1
27V w? + A?

{w, A} = {wn, Anj

n (and 7 ) drop out of the equation for A(T)
A(T,7) =A(T, 7 — o0)

T.=1T.(17 — o)

Anderson theorem



Apparent conflict with the well known statement for unconventional
Cooper paring: detrimental effect of potential impurities
(A.l. Larkin, JETP Letters 2, 130, (1965))

PRCCMOTDEM CHAYANA BARAHES NpEMecell EA BeRTOpPHOE COADNBA-
Eme, Yopemmesme ypapEeHES xas Qymxouil I'pwss OpOESEONNTCE TEE
%8, XAK ¥ UPN CRANAPEOM CEApNBAmEE|i)¥ mpEpoxET X NOTRESMED
codcTPeHNEy sEeprerEvecnix wacrel § m F

(ia, » (B-F)G(a+F)F" =4,

(1w, +i G+ 3)F*+ (& +F*)G =0, 0

e G=influ(B-F) 6 B Fenflud-F ) FErghr2

n - ROENeETPamEd Tpmeecell, (L(3) = $ypre~FOMIOREHTE NOTEHINAIA
BESAMMORERCTENS SEGETPOEA ¢ ATOMOM NPEMECH.
Eyfiest OUNTATL, YTO BO BAMMONeRCTREN MOXINY SJUSKTDOBAME
npecOxamaeT TPETEXSHES B D - COCTONENN (CHMMSTDEGHO® 0O
CONHOBMEM MHEORCAM) :
V=g(R )76, (s'0°Y),p, #=FlB. ()
YpasHenme XL mnml nmpan'pu moxysaercs ¥8 (5) mpra—(.

190 2 o & tnr =¥+ gzdp)- Y ().







Magnetic scattering

A. A. Abrikosov and L. P. Gorkov, Zh. Eksp. Teor. Fiz. 39, 1781 (1960).

uul — Z }L .‘LSL T(rﬁ:}?

T,f 2 2mT d .. 2 ;
1 7w NongJ? T.—T.. < (N, })_ J ~ 100 mK
T _ ~ 0/ )"

I.LA.Fomin, JETP 127, 933 (2018): Magnetic scattering seems to be too small
V.P.Mineev, Phys.Rev.B 98, 014501 (2018): Magnetic scattering can decrease effective
anisotropy

Magnetic scattering lowers the transition temperature, but does not “spoil”
the order parameter of the polar phase.







Specular reflection versus diffuse

Specular reflection — pure m=0 state (polar
phase) — Anderson theorem.

Diffuse reflection — admixture of other
components — Larkin situation

m Admixture of two

m=0 ,\ other projections
m=-1, m=+1 |

@ makes the phase

v “unconventional”



A test for unconventional Cooper pairing in metallic superconductors and
new materials (cuprates, Fe-based, ruthenates etc.).
Concept of superconducting fithess for multi-orbital superconductors.

A. Ramires and M. Sigrist, Phys. Rev. B 94, 104501 (2016)

[Ho(k), A(k)]* = F(k)(io2).

F(k) = O condition of the “compatibility of arbitrary pairing states
with a given normal state Hamiltonian”.

Generalized Anderson's theorem for superconductors derived from
topological insulators., L. Andersen, A. Ramires, Z Wang, T. Lorenz, and
Y. Ando, arXiv: 1908.08766 (23 Aug 2019)



1) What aerogel is "good”, or which property of e.g. nafen
Is crucial for stabilization of the polar phase.

1a) Long straight strands with specular reflection.
2) Why the global anisotropy induced by Obninsk aerogel
IS not sufficient for stabilization of the polar phase in spite

of theoretical predictions.

2a) Because of admixture of m=1 and m=-1 components
due to diffuse part of scattering amplitude.

3) Why nafen-243 having porosity smaller than 94% does
not suppress superfluidity of 3He completely.

3a) Because of Anderson theorem.



Three samples were cut from the same piece of mullite nematic aerogel) with porosity
~96%. One sample was used in experiments with vibrating wire (poster P2.9). One of
2 remaining samples was squeezed by 30% in the direction transverse to the strands
(“squeezed sample”) and was used in NMR experiments together with unsqueezed
sample (“original sample’). All samples have a characteristic sizes ~ 2.5- 4 mm.

SEM picture ofthe mullite sample

pacipocTpa
mullite sample
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Spin diffusion

Spin diffusion in the original sample
(along and transverse to the strands)

50 | A T .. . . T
D, P=2.9 bar In the limit T=0 the diffusion is limited by
. the aerogel strands.
10 \V 4
@ sl D, We may introduce the effective mean
5 free paths of 3He qusiparticles which are
3 determined only by aerogel. In case of
° i i specular scattering in ideal nematic
05 | aerogel we expect thatat T =0
Ay —> 0
é 4 6 8 1IO 4IO 6I0 8I0
T (mK)
Sample Porosi 1 s AL A (nm)
ty (%) | at7.1bar
nafen-90 97.8 0.955 290 960
original mullite 96 0.968 235 1350
squeezed mullite 94.3 0.957 130 550




Phase diagrams of 3He in mullite samples (the strands are covered by “He)

original sample squeezed sample
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V.V. Dmitriev, QFS 2019

1. In 3He in ideal nematic aerogel (/Il — 0 at T=0) T =T,

2. Region of existence of the polar phase is proportional to 50 [ A 1



