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The Phases of Pure Superfluid *He- Spin-Triplet Pairing

Dat‘a: 34bar W

St itf e T as| i T Zassts — |
[}
(S

BIkG] 1 A/ % 2 1
— E

% 5 By A1 g 15 - T 4

E } } } | | | S 1t gt B o
T[mK] )

B = | |

()] H /ﬁ%:;/ t H H H 00.9 o.‘95 ‘1 1‘05 1.1
1l 2 M "

» Suppression of 1) Cooper pairs: Tpag = T — g B>
PP T per p as=Tc—¢g AT, = (T# — T#) = (AM +A%) B

» Linear splitting of T. for ESP Cooper pairs:
PITHNg of fe perp AM AR ~ 6. 1K /KG

» Theory: AN ~ ‘%h’ (kzjc)

» 11 Cooper pairs condense at TCA1 =T.+AMB

» || Cooper pairs condense at TCA2 =T.—A"B

P D. Osheroff, R. Richardson, D. Lee, Evidence for a New Phase of Solid 3He, PRL 28, 885 (1972)
P W. Halperin, C. Archie, F. Rasmussen, T. Alvesalo, and R. Richardson, Specific heat of superfluid 3He on the melting curve, PRB 13, 2124 (1976)
P V. Ambegaokar and N. D. Mermin, Thermal Anomalies of 3He: Pairing in a Magnetic Field, PRL 30, 81 (1973)



Superfluid *He

Spin-Fluctuation Mediated Pairing



Paramagnon Exchange: Ferromagnetic Spin Fluctuations ~» Odd-Parity, Spin-Triplet Pairing for *He

» A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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> Feedback on Vi ~~ Multiple Stable Superfluid Phases
> —g; is a function of g~ 0.75 & &¢~5h/py

> [ =1 (p-wave) is dominant pairing channel p’T\. /(P'T

> petipy~singy ¢ vl =41 PA/ \"T

> Pz ~ cos fa ~1;=0
> pe—ipy ~singy e P =1 éxpair
= 1 il
» S=1, §;=0, £1 pairing fluctuations XA~ XN > XB ~ 3XN ~ Superfluid A-phase
» W. Brinkman, J. Serene, and P. Anderson, PRA 10, 2386 (1974)
> Not the Whole Story: Liquid >He is near a Mott transition & Solid is AFM Ordered

» Normal 3He: an almost localized Fermi liquid, D. Vollhardt, RMP 56, 99 (1984) | See Poster P.966, Joshua Wiman



Maximal Symmetry of *He: G = S0(3), x S0(3), X U(1)y xP x T —
Chiral AM State [ =12

‘Isotropic” BW State

Superfluid Phases of 3He

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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¥ H=50(3),xT H=U(1)s xU(1) _y X Z2
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Spin-Triplet BCS Condensate Amplitude: W= <$§ iﬁ) — o (p) = (Wa(p)¥s(—p))
px—ipy~ e p: G, _ [Petipy~ e 0
, +i Fam = - +ig
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Ginzburg-Landau Functional for Superfluid 3He
» Maximal Symmetry of *He: G =80(3), X S0(3)s x U(1)y X P X T x C

» Order Parameter for P-wave (L = 1), Spin-Triplet (S = 1) Pairing

Orbital Basis
R % [Aw Ay Ay Py
AU‘ AZ}’ AZZ ﬁz

» GL Functional: Ag; ~- vector under both S0(3)s [et] and SO(3), [i]

— [ @rfamy AA*}H;I\Tr{AAv}\ + B2 (Tr{aat})’
+ &Tr{AA”(AA“) }+ BaTr {(AAT)?} + BsTr {AAT(AAT)"}
+ K18iAaj8,-Aaj+K28iAai8jA* +1<38A0U8A*}

» Mermin, Ambegaokar, Brinkman, Anderson, circa 1974



Dynamical Consequences of Spontaneous Symmetry Breaking

Acoustic Cavity Modes



Lagrangian Field Theory for Bosonic Excitations of Superfluid 3He-B
1

3He-B: Bai:%A&xi L=1, S=1 ~J=0 C=+1

» Symmetry of *He-B: H=1S0(3), x T

(/m)
ai

» Fluctuations: Py(r,t) = Agi(r,t) — Byi :Z Dyu(r,t) t
Jm

» Lagrangian:
5 3
e /d%{rTr{@@T}—aTr{@@T} =Y Boup(2)-Y, Klvl(r?@)}
p=1 =1

1 ()
T nJ,m

with  J={0,1,2},ym=—J...+J,C==l1

» Time-Dependent GL Theory for Bosonic Excitations of Superfluid 3 He-B: JAS & T. Mizushima, PRB 95, 094515 (2017)

9Dy +Epp(a) DS, =

m



Spectrum of Bosonic Modes of Superfluid *He-B : Condensate is J¢ =07

» 4 Nambu-Goldstone Modes & 14 Higgs modes

2

Ejo() = \/ Mo+ (<55, lal)
Mode Symmetry Mass | Name
D(()j;z J=0,C=+1 2A Amplitude Higgs
Dy) [J=0,c=—~1| 0 | NG Phase Mode
Dgtr)l J=1,C=+1 0 NG Spin-Orbit Modes
D) |J=1,c=—1| 2A | AH Spin-Orbit Modes
DY) | 7=2,c=+1] \/2A | 2% AH Modes
DS, | J=2,C=—1|/12A| 2" AH Modes

» Vdovin, Maki, Wolfle, Serene, Nagai, Volovik, Schopohl, McKenzie, JAS ...

» JAS and J. W. Serene, Coupling of Order-Parameter Modes with L>1 to Zero Sound in 3He-B, Phys. Rev. B 23, 4798 (1982)



Collective Mode Spectrum for *He-B

Bosonic Excitations of 3He-B
) = jja| p(q,w)
——

Goldstone Mode w/ J=0-

(9F — 5V?) Doy = ...

Pair Excitons w/ J=2+/

(0F +95c)

(©) _ Anderson-Higgs Modes
DJM — ... <\1 g8 ‘

coupling to internal &

external fields

’ Nuclear Zeeman levels I

H#£0

JAS & J. Serene, PRL 1982

1€, q



Dynamical Consequences of Spontaneous Symmetry Breaking
First Observations of Higgs Bosons in a BCS Condensate - Superfluid 3He-B

Observation of a New Sound-Attenuation Peak in Superfluid He-8

R. W. Giannetta, ™ A. Ahonen, (" E. Polturak, J. Saunders,
E. K. Zeise, R. C. Richardson, and D, M, Lee
Laboratory of Atomic and Solid State Physics and Materials Science Centey, Cornell Untvarsily,
Ithaca, New Yovk 14853
(Recelved 256 March 1980)

Results of zero-sound attenuation measurements in *He-B, at frequencles up to 60
MHz and pressures between 0 and 20 bars, are reported. At frequoncies of 30 Mz
and above, a new attenuatlon feature is observed which bears the signature of a colloc-

tive mode of the superfluid,

VoLuME 45, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JuLy 1980

Measurements of High-Frequency Sound Propagation in *He-8

D. B. Mast, Bimal K. Sarma, J. R. Owers-Bradley, I. D. Calder,
J. B. Ketterson, and W, P. Halperin
Department of Physics and Astronomy and Materials Research Center, Northwestern Universily,

Evanston, linois 60201
(Received 10 April 1980)

of the ion and velacity of pulsed high-frequency sound have been
performed up to 133 MHz in superfluid *He-8. A new collective mode of the order para=
meter was at a freq extrapolated to T, of w =(1,165+ 0,05)Aps(T,),

where Apes(T) s the cnergy gap in the weak-coupling BCS theory. The group velocity
has been observed to decrease by as much as § of the zero-sound velocity,



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M =500 neV and spin J¢ =2 at ULT-Northwestern
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J =27, m= =1 Higgs Modes Transport Mass and Spin

» “Transverse Waves in Superfluid 3HefB”, G. Moores and JAS, JLTP 91, 13 (1993)
» “Electromagnetic Absorption in Anisotropic Superconductors”, P. Hirschfeld et al., PRB 40, 6695 (1989)

1
F 2 ; :
Gla)= \@Vf [Pn(“” s { (@+iT)? - g.zAz —3@>)) H

Dyl

Transverse Zero Sound Propagation in Superfluid 3He-B: Cavity Oscillations of TZS
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» Y. Lee et al. Nature 400 (1999) B -— 3



Faraday Rotation: Magneto-Acoustic Birefringence of Transverse Currents

» “Magneto-Acoustic Rotation of Transverse Waves in 3He-B", J. A. Sauls et al., Physica B, 284,267 (2000)

2
F$ 2F¢ o?
Cfgg(w)=\’f %Pn(w)+ 751 ps(®@) =
(0+i)?— Q, /()
(-)
D, [y
) M=+1
o) > 12, ;{i_'_/:_ \ do=g YHeff <A
Q (@) =1/ 5A L8 YHerr 5
N M=
» Circular Birefringence = Crcp # Ccp = Faraday Rotation
Crep —Cicp \ ([ YHest
G S o
. . (=) 4nCy
» Faraday Rotation Period (YHesr < (0 —Q; 7)): A~ m ~ 500um , H=200G
2

B Discovery of the acoustic Faraday effect in superfluid >He-B, Y. Lee, et al. Nature 400, 431 (1999)



Faraday Rotation: Magneto-Acoustic Birefringence of Transverse Currents
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» “Broken Symmetry & Non-Equilibrium Superfluid 3He”, J. A. Sauls, Lecture Notes - Les Houches 1999, Eds. H. Godfrin & Y. Bunkov, Elsievier (2000)



Large Faraday Rotations vs. “"Blue Tuning’’B = 1097 G
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Liquid *He in Random Media

Superfluidity in the Presence of Disorder



Liquid 3He is the purest known form of condensed matter

» 3He is Chemically Inert  » Large Zero-point Motion  » Even *He is expelled at 7 < 1K

The discovery of superfluidity of *He infused into Silica Aerogel
opened up new and wide-ranging investigations into the effects
of disorder, confinement and random fields on matter with
well-understood broken symmetry breaking phases.




If you had asked me in 1994 if Superfluidity would be able to exist if *He were infused into
Silica Aerogel, | likely would have bet against.

» Size of Pure *He Cooper Pairs: & ~ 100nm

» For 98% Porosity Silica Aerogel: p, = 0.02/a” with a ~ 1nm
» 3He Quasiparticle-lmpurity Cross-Section: ¢ = a*

» Mean-Free Path: [ =1/p,0 =50nm < &

~» Collisions would destroy the Orbital Correlations of P-wave Cooper Pairs

However, mean values can be misleading J




Discovery of Superfluidity of *He in Silica Aerogel - Torsional Oscillator
04

L
08 —_ zH epure
— “>Heaerogel
% 0.6 1
p = 29bar
0' 37 0.4
02
08510 15 20 25
a0, T[mK]
~
S — p=>50bar
— p=~60bar
— p=280bar
— p=10.0bar
0.1 —  p=150bar
— p=20.0bar
\ —  p=29.0bar
0. N

15 2.0 25
TImK ]

P Porto and J. Parpia, Superfluid 3He in Aerogel, Phys. Rev. Lett. 74, 4667 (1995)
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Discovery of Superfluidity of *He in Silica Aerogel - NMR
40 ‘ 40
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» b Sprague, T. Haard, J. Kycia, M. Rand, Y. Lee, P. Hamot, and W. Halperin,

Homogeneous Equal-Spin Pairing Superfluid State of 3He in Aerogel, Phys. Rev. Lett. 75, 661 (1995)

X [arbitrary units]

v

v

v

v

v

Aw >0 ~ “A-like” Phase
Solid 3He ~» Y = C/T
Xiquia = XN ~> ESP State
ESP @ P = 12bar

Strong Suppression of T,

Stronger Suppression of A®



Research on Unconventional Superconductivity circa 1995

PHYSICAL REVIEW B VOLUME 51, NUMBER 22

Nonlinear Meissner effect in unconventional superconductors

D. Xu, S. K. Yip, and J. A. Sauls
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208
(Received 16 August 1994)

1 JUNE 1995-11

PHYSICAL REVIEW B VOLUME 52, NUMBER 14 1 OCTOBER 1995-11

Infrared conductivity in layered d-wave superconductors

M. J. Graf,* Mario Palumbo, and D. Rainer
Physikalisches Institut, Universitat Bayreuth, D-95440 Bayreuth, Germany

J. A. Sauls
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208
(Received 13 October 1994; revised manuscript received 17 March 1995)

PHYSICAL REVIEW B VOLUME 53, NUMBER 22

Electronic thermal conductivity and the Wiedemann-Franz law
for unconventional superconductors

M. J. Graf, S-K. Yip, and J. A. Sauls
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208

D. Rainer
Physikalisches Institut, Universitat Bayreuth, D-95440 Bayreuth, Germany

1 JUNE 1996-11



Liquid *He in (1 —p) ~98% Silica Aerogel

£ TR

Northwestern Aerogel Lab

Characteristic Length Scales in Silica Aerogel

Strand/Cluster Model

\ o
€,~300 A

d=30 A

2D Solid *He

. . .3 Cooper Pair Radius in Superfluid 3He
Quasiparticle Mean-free Path in “He-aerogel

. h
ggeom = 371:/8 (d/p) ~ 2000A J 60 Vf

= 2n-kBTCbqu

~ 200 — 8004 J

» E. Thuneberg, S.K. Yip and JAS, 1996
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Sound Propagation and Transport Properties of
Liquid *He in Aerogel

D. Rainer' and J. A. Sauls®

* Physikalisches Institut, Universitét Bayreuth, Bayreuth, Germany
2 Department of Physics & A rthy University, Evanston, Illinois
(Received August 31, 1997) | )
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—— ql=10 e L 0.5 j
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T/T,

“Fourth Sound Measurement of Superfluid 3He in Aerogel”, Y. Nago, K. Obara, R. Kado, H. Yano, O. Ishikawa, T. Ha/tac,o JLTP 148, 597 (2007)
“High-Frequency Acoustics of 3He in Aerogel”, R. Nomura, G. Gervais, T. Haard, Y. Lee, N. Mulders, and W. P. Halperin, PRL 85, 4325 (2000)
“Ultrasound Attenuation of Superfluid 3He in Aerogel”, H. C. Choi, N. Masuhara, B. H. Moon, P. Bhupathi, M. W. Meisel, Y. Lee, N. Mulders,

S. Higashitani, M. Miura, and K. Nagai, PRL 98, 225301 (2007)

“Transverse Sound in Liquid-3HeAerogel System”, S. Higashitani, M. Miura, T. Ichikawa, M. Yamamoto, and K. Nagai PRL 89, 215301 (2002)

“Collision Drag Eect on Propagation of Sound in Liquid 3He in Aerogel”, T. Ichikawa , M. Yamamoto, S. Higashitani and K. Nagai, JPSJ 70, 3483 (2001)



Spin Diffusion in Normal *He-Aerogel: J, = — D, VM

1x10™ T
[N -3
é 1x10
o
g
S
3l 8 \
A Ix10 F e p= 0.5bar E
F = p=29.5 bar .
-5 Ll L
Ix107y 10 100

T(mK)
Exact Solutions to the Landau-Boltzmann Transport Equation: Dy = 1(1 +Fy) v% (T, ¢)
pure _, -2 * 3
T =~ TineI(T) <T =, T>T

o (T,0) — 4
(T, £) Tgnty% TelastiCZE/vf, T < T*~10—30mK

P Transport properties of normal liquid 3He in aerogel, P. Venkataramani (Sharma), J.A. Sauls, Physica B 284-288, 297 (2000)
P> Magnetization & spin diffusion of liquid 3He in Aerogel, J. A. Sauls, Yu. M. Bunkov, E. Collin, H. Godfrin and P. Sharma, PRB 72, 024507 (2005)



Diffusion Limited Cluster Aggregation - Simulation of the SiO, Stucture Formation

DLCA Numerical Simulation of 98% Aerogel, Sarosh Ali and JAS




Fractal Structure of Silica Aerogel
- . . DLCA Simulations - S. Ali & JAS

i y RS

V—_—

da = ’/T/ ga
v
; N N
0.0025 0.0125 0.0625 0.3125

qlA™

Radial mass distribution

Static Structure Factor S. Sinha (ANL 1999)

S(g) = | d’re"" g(r)

9(T) = Netusters (1) /7°

D
. LR . nclusters (/r) ~T
There is another distribution
characterizing the random fractal D~ 1.7
corresponding free flights in the open T. Witten and Sander, PRL (1981)

structure. P. Meakin, PRL (1983) 17




Effects of Aerogel Anisotropy on Superfluidity of 3He

Local “Strand” Orientation

= §(r)

Short-range correlations:
2 . e
&; &~ &a

Long-range Orientational Order

2
3(r)§(0) ~e !
5(6)-50) — |, 0< I8 <1

Local Anisotropy: &~ &, < § =hvy/2mksT, ~~ 3He in “Isotropic” Aerogels ~ “Gapless’ B-phase
Random Anisotropy: fluctuations in the nemaic axis: §, (r) =8(r) —sz ~ Orbital “Glass Phases”
Global Anisotropy: (e.g. “Stretched” Aerogels) ~~ Chiral-ESP, Polar-ESP and Bi-Axial-ESP Phases

Models for Superfluid 3He in Aerogel, E. Thuneberg, S.K. Yip, M. Fogelstrom, J.A. Sauls, Arxiv:cond-mat/9601148 (1996) & PRL 80, 2861 (1998)

Glass state of superfluid >He-A in an aerogel, G. Volovik, JETP Lett 63, 301 (1996)

Pairing States of 3Hein a Uniaxially Anisotropic Aerogel, K. Aoyama and R. lkeda, Phys. Rev. B 73, 060504 (2006).

Calculation of Orientational Effect of Deformed Aerogel on the Order Parameter of Superfluid 3He, E. V. Surovtsev & |. A. Fomin, JLTP 159, 487 (2008)
On Larkin-Imry-Ma State of >He-A in Aerogel, G. Volovik, JLTP 150, 453 (2008)

Chiral Phases of Superfluid 3He in an Anisotropic Medium, J. A. Sauls, PRB 88, 214503 (2013)

VVYVVVV VYV



Phase Diagram for Superfluid *He in “Isotropic” 98 % Silica Aerogel
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Phase Diagram for Superfluid *He in “Isotropic” 98 % Silica Aerogel

VYyVVYY

11

L

ulk — k' Quk' —k)
i k R ’ \ '

> ¢ L 1T gyt T i

22

S([k - k)

» Un-correlated Impurities (mean field)

o
N
%
» Correlated Disorder ~~ Random Voids
> &2 VE)!L
&a

R 2
¥in 33 > %oids(p) = <@)
Ca
> 98% Aerogel: &, ~420A, ¢~ 1450A
» 3He-aerogel: &(p) = hwy/2rkgT:(p)

1/f = l/ﬁwm + l/vﬁfmids

o &o(pc) =0.28¢
®p. ~ Sbar

Models for Superfluid 3He in Aerogel, E. Thuneberg, S.K. Yip, M. Fogelstrom, J.A. Sauls, Arxiv:cond-mat/9601148 (1996) & PRL 80, 2861 (1998)
Impurity effects on the A-A; splitting of superfluid 3He in Aerogel, J. A. Sauls & P. Sharma, PRB 68, 224502 (2003)

Quantum Phase Transition of *He in Aerogel, K. Matsumoto, J. V. Porto, L. Pollack, E. N. Smith, T.L. Ho, and J. M. Parpia, PRL 79, 253 (1997)
Phase diagram of the superfluid phases of 3He in 98% aerogel, G. Gervais, K.Yawata, N. Mulders, and W.P. Halperin, PRB 66, 054528 (2002)
Magnetization & spin diffusion of liquid 3He in Aerogel, J. A. Sauls, Yu. M. Bunkov, E. Collin, H. Godfrin and P. Sharma, PRB 72, 024507 (2005)



Phase Diagram for Superfluid *He in “Isotropic” 98 % Silica Aerogel
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Gapless B-phase in “Isotropic” 98 % Silica Aerogel

S 06 -

z |
2\7’2 " 8, =2 B-phase

1=180 nm i

" /T, =02 il

I 1 I 1 I 1 I 1 I 1 I 1
5 10 15 20 25 30
P (bar)

P> Magnetic Susceptibility of the Balian-Werthamer Phase of 3He in Aerogel, P. Sharma and J. A. Sauls, JLTP 125, 115-142 (2001)




Gapless B-phase in “Isotropic” 98 % Silica Aerogel

» Quasiparticle Density of States

N

1 o
Ns(p,E) = B ImTr{1:3GR(p,E)}

w(e) = [ GIe.E) |

3

[
) %

NT /LN / NT /NN
NI /TN / NT /NN
NI (N /N 70N
Ny(®) /N(0)
— n
n

P> Magnetic Susceptibility of the Balian-Werthamer Phase of 3He in Aerogel, P. Sharma and J. A. Sauls,

» Pair-breaking «— Quasiparticle-Aerogel Scattering

‘ p(bar)

T
8, =m/2
1= 180nm

T/T, =02 |

B-phase

E/A

g
=N
T

=3
IS
T

o
)
T

Disordered Fermi Liquid

3, =m2
1=180 nm
T/T,=02

B-phase
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Specific Heat of 3He in 98%
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» Specific Heat of Disordered Superfluid 3He, H. Choi, K. Yawata, T. Haard, J. Davis, G.
Gervais, N. Mulders, P. Sharma, J. A. Sauls, and W. P. Halperin, PRL 93, 145301 (2004)

» Models for Superfluid 3He in Aerogel, E. Thuneberg, S.K. Yip, M. Fogelstrom, J.A. Sauls,
Arxiv:cond-mat/9601148 (1996) & PRL 80, 2861 (1998)



Extending the Ginzburg-Landau Theory for 3He—aerogel

» Quasiclassical Reduction of the Luttinger-Ward Functional - Serene, Rainer, Thuneberg, Kurkijarvi, JAS:

AQ[G, 3] :—Nf/d3R/%T;Tr4{fé—&—/dfp {m (—is,,?3+ép+i+ Vimp [{R3}] ) —In(—ig, T+ ép)} } + ®[C]

: Ny e =l
» Ensemble Averaged Propagator: &(p,R;€,) :/dép H/d3RiP({R,~}) <ie,,?3 —&p—A— Vimp[{Ri}] )
i=1

» Thermodynamic Potential for Superfluid 3He in Aerogel, S. Ali, L. Zhang and J. A. Sauls, JLTP 162, 233242 (2010)



Specific Heat of Superfluid *He in Aerogel - Experiment vs. Theory
P=20.06bar a=0.075 ACs/%T,=1.098 Ns/N,=0.39
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» Specific Heat of Disordered Superfluid 3He, H. Choi, K. Yawata, T. Haard, J. Davis, G. Gervais, N. Mulders, P. Sharma, J. A. Sauls, and W. P. Halperin, PRL 93,

145301 (2004)



Theory:

3.0

m m Experiment: p = 11.31 bar
m m Experiment: p = 14.11 bar
m m Experiment: p = 20.06 bar
m m Experiment: p = 24.90 bar
LI

Experiment: p = 29.02 bar

Theory: p ~Iiatbar, a — 0110, A(}./~‘7’, ~0.941, N(0)/Ny = 0.49
Theory: p = 14.11bar, a = 0.094, AC,/7T. = 1.012, N(0)/N} = 0.45

0.06bar, a = 0.075, AC,/y 8,
Theory: p = 24.90bar, a = 0.064, AC,/7T. = 1.147, N(0)/Ny = 0.36
Theory: p = 29.02bar, a = 0.057, AC,/7T, = 1.179, N(0)/N; = 0.33

N(0)/Ny = 0.39

V, = 1.028cm®

V, = 1.028 cm*
V, = 1.028 em® [l
V, = 1.028cm*
V, = 1.028 em®
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Gapless B-phase in “Isotropic” 98 % Silica Aerogel
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P> Magnetic Susceptibility of the Balian-Werthamer Phase of 3He in Aerogel, P. Sharma and J. A. Sauls, JLTP 125, 115-142 (2001)




Nuclear Magnetization of the Gapless Balian-Werthamer Phase of 3He

» Nuclear Magnetization of >He Fermi Liquid:

2 Ny
X = U2 ———— with = y—h Fy = —0.75
1+ F¢ 2
*
DOS: No(E) = Na(0) =Ny = ;:rz;f m*/m3 ~ 6

» Superfluid *He: M = yxy (H+ %)

zs

T 1+RG I +IRG+ I+ IR Y

»Y(I,T)=1-aT)

38 e
Effect of Magnetic Scattering on Superfluid 3He—aerogel, D. Sprague, T. Haard, J. Kycia, M. Rand, Y. Lee, P. Hamot & W. Halperin, PRL 77, 4568 (1996)
Magnetic Susceptibility of the Balian-Werthamer Phase of 3He in Aerogel, P. Sharma and J. A. Sauls, JLTP 125, 115-142 (2001)
Spin susceptibility of the superfluid 3He-B in aerogel, V. P. Mineev and P. L. Krotkov, PRB, 65, 024501 (2001)
Models for Superfluid 3He in Aerogel, E. Thuneberg, S.K. Yip, M. Fogelstrom, J.A. Sauls, Arxiv:cond-mat/9601148 (1996) & PRL 80, 2861 (1998)
The Quasiclassical Approach to *He, J. W. Serene and D. Rainer, Phys. Rep. 101, 221 (1983)
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Spin Diffusion & Magnetization ~~ Aerogel Correlation Length

» Spin Diffusion of *He Fermi Liquid: Jy = — Dy VM

Dy = %(1 +F) v} (T, 0)
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» Y. Sasaki, Kyoto (LT26)
» 97.5% Aerogel
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> Magnetization & spin diffusion of liquid 3He in Aerogel, J. A. Sauls, Yu. M. Bunkov, E. Collin, H. Godfrin and P. Sharma, PRB 72, 024507 (2005)
P> Transport properties of normal liquid 3He in aerogel, P. Venkataramani (Sharma), J.A. Sauls, Physica B 284-288, 297 (2000)



Suppression of the A; - A, Splitting in Superfluid 3He—AerogeI
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. c =05 —A
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» Anti-Ferromagnetic Exchange (J > 0)
1 ~ suppressed A-A; Splitting (B < 1Tesla)

2 > Forg,=1.8x1074
Q 2'12.’ .......................................................... - J:O.lmK/quuid-3He spin J
g L —
:U 211 ® Gervais et al. » High B/T: uB/kgT — 2(B/Bs,T/Oc)
S R B -1 -1 B 1 ~ Solid *He AFM Order: @c = 0.4mK
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P> Phase diagram of the superfluid phases of 3He in 98% aerogel, G. Gervais, K.Yawata, N. Mulders, and W.P. Halperin, PRB 66, 054528 (2002)
P> Impurity effects on the Aj-A; splitting of superfluid 3He in Aerogel, J. A. Sauls & P. Sharma, PRB 68, 224502 (2003)
P Two-dimensional nuclear magnets, H. Godfrin and R.E. Rapp, Adv. Phys. 44, 113 1995



Superfluid *He in Globally Isotropic Aerogel

Pressure (bar)

35
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25 -

50 ] » No A-phase
» Suppressed Transition: T., < T

15 7] » QCP at P~ 5bar

10 - » Aerogel Structure ~ AT, & T,

5 ] » Order survives the Random Field
» *He-B is a “Robust phase”
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P> Torsional Oscillator: Matsumoto et al. PRL 79, 253 (1997) B> Acoustic Attenuation: Gervais et al., PRL 87 035701 (2002)
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Superfluid 3He in Globally Ansotropic Aerogels |
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Two Equal-Spin-Pairing Phases
No Polar Phase for T > T,

ESP-1 ~» Strain-aligned A phase: 1| 2
ESP-2 ~+ Bi-axial/Chiral: i(r) )t 2
Random Anisotropy ~» ESP-2: variant
of the Larkin-Imry-Ma Phase

“Engineering” New Phases of *He
V. Dmitriev (Kapitza):

Nematic Aerogels ~~ Polar Phase
A. Zimmerman (Northwestern):
Compressed Aerogels

J. Wiman, JAS (Northwestern):
S. Laine, E. Thuneberg (Oulu)
GL Theory Nematic Aerogels

New Chiral phases of superfluid 3He in anisotropic aerogel, J. Pollanen, J. Li, C. Collett, W. Gannon, W. Halperin & J. Sauls, Nat Phys. 8, 317 (2012)
The Angular Momentum in 3He-A in a Stretched Aerogel, J. Li, A. Zimmerman, J. Pollanen, C. Collett, W. Gannon, W. Halperin, JLTP 175, 31 (2014)
Chiral phases of superfluid He in an anisotropic medium, J. A. Sauls, Phys. Rev. B 88, 214503 (2013)

Pairing states of superfluid >He in uniaxially anisotropic aerogel, K. Aoyama and R. lkeda, PRB 73, 060504(R) (2006)

Anisotropic strong-coupling effects on superfluid 3He in aerogels: Conventional spin-fluctuation approach, R. lkeda, PRB B 91, 174515 (2015)



New Phases of Superfluid *He Under Strong Confinement
100nm Por(\as- S4 - Spiral Phase

»>& » J.J. Wiman & JAS, PRB 92, 144515 (2015)

» 5 phases of *He
» Polar P, Phase
» Spiral Phase

0.0 0.5 1

Chiral Anomaly

0 15
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»> V. Dmitriev et al.,PRL (2015) » J.J. Wiman, S. Laine, E. Thuneberg & JAS, LT28.
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» 3He Confined in Nematic Aerogel » Discovery of %Tf)uantum Vortices - S. Autti et
Al PRI (2°01R)



Superfluid *He Under Strong Confinement

New Phases with Spontaneously Broken Translational & Time-Reversal Symmetries

» A. Vorontsov & JAS, PRL (2007)

» J. J. Wiman & JAS JLTP (2016)
100nm-10um Films & Cavities
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0
» Dynamical instability of the J =27, m; =0 Higgs field in confined superfluid *He, T. Mizushima & JAS, LT28

Laterally confined films of 3He

1.0,
[ 04 Polar
=
=
04 Chiral
g NG) A 0.2
Chiral Edge Currents in “He-A Films
~ Anomalous Hall Effects 0.0
» Hao Wu, PhD Thesis (2016) Hybridization of Chiral Edge States —




Superfluid *He as Topological Quantum Matter

Confinement, Excitations & New Phases



Spontaneously Broken Relative Spin-Orbit Symmetry in
3
He-B
4

Symmetry Protected Topology in Momentum Space

v

Massless Helical Majorana Fermions

v

Spin-Momentum Locked Vacuum Spin-Currents

v

Ising Magnetic Response

v

Ground-State Helical Spin-Currents

v

Thermal Signatures of Helical Majorana Fermions

v

Topological Phase Transitions

» G Volovik, The Universe in a Helium Droplet, Oxford Press (2003)

> T Mizushima, Y. Tsutsumi, M. Sato & K. Machida, Symmetry protected topological 3He-B, J. Phys. Cond. Mat. 27 113203 (2015)

P> Y. Nagato, S. Higashitani & K. Nagai, Strong Anisotropy in Spin Suceptibility of >He-B Films, JPSJ 78, 123603 (2009)

P> Hao Wu and J. Sauls, Majorana excitations, spin & mass currents on the surface of topological superfluid 3He-B, Phys. Rev. B 88, 184506 (2013)



Condensate Flow and Backflow from Majorana Excitations

h
Condensate Flow: py=mv, = 5qu

» Flow Field Breaks T-symmetry, but not Topological Protection
» Doppler Shifted Majorana Spectrum: € — & =c|p)|| + pj- Vs

3
s T
» Thermal Signature: J= npy x | 1 - —2"222 = <_>

» T. Mizushima et al., PRL 109, 165301, (2012) » Hao Wu, JAS, PRB 88, 18 184506 (2013)



The End



Diffusion Limited Cluster Aggregation - Simulation of the SiO, Stucture Formation

DLCA Numerical Simulation of 98% Aerogel, Sarosh Ali and JAS




Vacuum Polarization ~+ Mass shift of the J° =27 Higgs Mode in 3He-B

1.30

> Measurements: D. Mast et al. PRL 45, 266 (1980)

> exchange p-h channel: Fy' = —0.88 (from Magnetic
susceptibility of *He-B)

» attractive f-wave interaction ~
T Higgs Modes with J = 4T with M < 2Al

! = —007
31 =-010

— =020
wmm  yn-renormalized

0.25 0.50 0.75 1.00
T/T,

1.00

» JAS and J. W. Serene, Coupling of Order-Parameter Modes with L>1 to Zero Sound in 3He—B, Phys. Rev. B 23, 4798 (1982)
» JAS and T. Mizushima, On Nambu's Boson-Fermion Mass Relations, Phys. Rev. B 95, 094515 (2017)



The A; - A, Transitions of Superfluid 3He
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Linear splitting of T, for ESP Cooper pairs:
AT AR >~ 6.1uK kG
» 11 Cooper pairs condense at TCA1 =T.+AMB KK/
» || Cooper pairs condense at T2 =T, —A**B » Theory: AN =~ ‘%h’ (kZTC)
f

Requires: Broken Time-Reversal & Particle-Hole Symmetries

P W. Halperin, C. Archie, F. Rasmussen, T. Alvesalo, and R. Richardson, Specific heat of superfluid 3He on the melting curve, PRB 13, 2124 (1976)
P> U. Israelsson, B. Crooker, H. Bozler, and C. Gould, Phase Diagram of Superfluid 3He—A, PRL 53, 1943 (1984)
P V. Ambegaokar and N. D. Mermin, Thermal Anomalies of 3He: Pairing in a Magnetic Field, PRL 30, 81 (1973)



Suppression of the A; - A, Splitting in Superfluid 3He—AerogeI
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» Anti-Ferromagnetic Exchange (J > 0)
1 ~ suppressed A-A; Splitting (B < 1Tesla)

2 > Forg,=1.8x1074
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P> Phase diagram of the superfluid phases of 3He in 98% aerogel, G. Gervais, K.Yawata, N. Mulders, and W.P. Halperin, PRB 66, 054528 (2002)
P> Impurity effects on the Aj-A; splitting of superfluid 3He in Aerogel, J. A. Sauls & P. Sharma, PRB 68, 224502 (2003)
P Two-dimensional nuclear magnets, H. Godfrin and R.E. Rapp, Adv. Phys. 44, 113 1995



Liquid-Solid Exchange Coupling in *He-aerogel

Liquid3He

Liquid-Solid Exchange _
Tins| S,
U:upot+ JG~S|OC J J } *’U,
™ 3 : e ’ N
» o = itinerant “He spin oo’ =

> Sioc = localized *He spin ) _ _
» J = exchange interaction » Asymmetry in Scattering Cross-Sections

> Polarized Solid: (Sy..) =s2(B)B for 1 (+) versus | (—) Quasiparticles:
,@(B)m(ﬁ) — LT i L:§<L—¢)

kgT e T T s T \O.+0_

h
Asymmetry in QP scattering: o= ngsJ P(T,B) \/oy(1—cp)>/?
3

S 2

Asymmetric pair-breaking of 11 (+) and || (=) Cooper pairs: 7= =T, + ( A4 — Ay )B for uB < kT

|“|) (W> R(&y/l,E./&) where gy =27NgJs J

A =g (
B

/%

P Impurity effects on the A-A; splitting of superfluid >He in Aerogel, J. A. Sauls & P. Sharma, PRB 68, 224502 (2003)
» Cooper pairing in 3He in the presence of spin-polarized scattering centers, G. Baramidze and G. Kharadze, Physica B 284, 305 (2000)



The A; - A, Splitting at High Magnetic Fields in Superfluid *He-Aerogel
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> A; & A, Transitions in 98% 3He Aerogel, H.C. Choi, A. Gray, C. Vicente, J. Xia, G. Gervais, W. Halperin, N. Mulders, and Y. Lee, PRL 93, 145302 (2004)
P> Phase diagram of the superfluid phases of 3He in 98% aerogel, G. Gervais, K.Yawata, N. Mulders, and W.P. Halperin, PRB 66, 054528 (2002)
P> Impurity effects on the Aj-A; splitting of superfluid 3He in Aerogel, J. A. Sauls & P. Sharma, PRB 68, 224502 (2003)
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Ballistic Flights in a Random Fractal

Lévy Flight: () = 1,11 = 1.20

120

100

80

G0

10

20

-20

20

0 20 10 60 80 100 120 140 160

s»Ballistic flights interrupted by elastic scattering from aerogel clusters
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Ballistic Flights in a Random Fractal

" Lévy Flight: fo = 1.y = 120 P Gaussian Random Walk with

probable ballistic flight = o= &,
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s#Ballistic flights interrupted by elastic scattering from aerogel clusters

“*Most probable ballistic flight = o= &,
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Ballistic Flights in a Random Fractal

Lévy Distribution

. Lévy Flight: {; = 1, = 1.20
Iy - f y

120

100

Paul Lévy (1937)

0

2 p(O) = £ (t/t)” | -
0

1<u<2 ||

Foutissens: 0 Jla
3 8 10 12

o0 0 40 8010

20 10 16

_ 12 V Diffusion in turbulent fluids, Richardson (1926); Kolmogorov (1941)
(€)= [ dlp(€)€=——=Lo| Rotting Flow in 2D, Solomon ct al. PRL (1995)
K V Foraging patterns of albatrosses, ... (c.f. Edwards et al. Nature 2007)

v Human mobility patterns, spread of infectious diseases, ...
([2> = / dﬂp(f) 2 = o (c.f. D. Brockmann et al. 2006 & M. Shleshinger (Nature Phys. 2006)

Anomalous Diffusion (B =opt" 0< v <2
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Thermal Conductivity - k/T - in Normal >He-Aerogel
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P> Thermal Conductivity of Normal Liquid 3He in Aerogel P. Reeves, G. Tvalashvili, S. Fisher, A. Gunault, and G. Pickett, J. Low Temp. Phys. 129, 185 (2002)
> Spin Dynamics of 3He in Aerogel, B. Barker, L. Polukhina, J. Poco, L. Hrubesh, D. Osheroff, JLTP 113, 635 (1998)
> Theory of heat transport of normal liquid 3He in aerogel, J. A. Sauls & P. Sharma, NJP 12, 083056 (2010)



Existing % vs. T in *He-Aerogel
Evidence for Spin-Flip Scattering between Solid *He and Liquid *He
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Predicted Scaling Behavior for SHe-Aerogel V All pressures
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Cross-Over in % vs. T for *He-Aerogel - Pressure Dependence
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Possible signature of Lévy Flights in 5He-Aerogel
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Possible signature of Lévy Flights in *He-Aerogel
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Possible signature of Lévy Flights in 5He-Aerogel
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