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The Left Hand of the Electron, Issac Asimov, circa 1971

» An Essay on the Discovery of Parity Violation by the Weak Interaction
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» Current of Beta electrons is (anti)
correlated with the Spin of the ®Co nucleus.
(S - p) # 0 ~~ Parity violation
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Parity Violation in a Superfluid Vacuum of Liquid *He
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Parity Violation in a Superfluid Vacuum of Liquid *He

Chiral P-wave BCS Condensate .
|on) = V/drler Parsy(r1 — 12) VI, (r1)yl, (r2)} |vac)

©sy155(r) = f(|r|/€) (T + 1Y) Xs1s0

» P.W. Anderson & P. Morel, Phys. Rev. 123, 1911 (1961)
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Parity Violation in a Superfluid Vacuum of Liquid 3He

Chiral P-wave BCS Condensate -
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Parity Violation in a Superfluid Vacuum of Liquid 3He

Chiral P-wave BCS Condensate -
|on) = V/drldrz Paysa (1 —12) YL (r1)Yl, (r2)| | vac)

©sy155(r) = f(|r|/€) (T + 1Y) Xs1s0

» P.W. Anderson & P. Morel, Phys. Rev. 123, 1911 (1961)

S0(3)s x SO(3)L x U(1)n X T X P —> 80(2)g x U(1)y,_ X |Z2

Realized in the Superfluid Ground State of Liquid *He
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The ®He Paradigm: Maximal Symmetry G = S0(3)s x S0(3). X U(1)y X P X T
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The ®He Paradigm: Maximal Symmetry G = S0(3)s x S0(3). X U(1)y X P X T
Yas(p) = ($Ya(p)¥s(-p)) |

BCS Condensate Amplitude:

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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The ®He Paradigm: Maximal Symmetry G = S0(3)s x S0(3). X U(1)y X P X T
Pap(p) = (Ya(p)¥s(—p))
“Isotropic” BW State

BCS Condensate Amplitude:

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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Signatures of Broken T and P Symmetry in He-A

What is the Signature & Evidence for Chirality of Superfluid 3He-A?
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Signatures of Broken T and P Symmetry in He-A

What is the Signature & Evidence for Chirality of Superfluid 3He-A?
Spontaneous Symmetry Breaking ~» Emergent Topology of *He-A
Chirality + Topology ~~ Edge States & Chiral Edge Currents

Broken T and P ~ Anomalous Hall Effect for electrons in *He-A
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Real-Space vs. Momentum-Space Topology

Topology in Real Space
T(r) = |U(r)| ) Phase Winding

C 1
No= 5 dl m|m[V\I/] € {0,£1,+2,.

» Massless Fermions confined in the
Vortex Core
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Real-Space vs. Momentum-Space Topology

Topology in Real Space
U(r) = [¥(r) e

C

Chiral Symmetry ~~
Topology in Momentum Space

U(p) = A(ps £ ip,) ~ e=%P

Phase Winding

1 - 1
Nec = — dl- —Im[VW¥ 0,£1,+2,..
» Massless Fermions confined in the
Vortex Core

Topological Quantum Number: L, = +1

1 1

(P)|

» Massless Chiral Fermions
» Nodal Fermions in 3D
» Edge Fermions in 2D
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Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

@ Ri,R2,R1 — R2 >>£0

@ Sheet Current: J = inh (n = N/V = *He density)

. 1
@ Counter-propagating Edge Currents: J, = —Jo = 1 nh

@ Angular Momentum:

L. =2nh (R} — R3) x inh = (N/2)h McClure-Takagi Result

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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Long-Standing Challenge: The Ground-State Angular Momentum of *He-A

Possible Gyroscopic Experiment to Measure of L.(T)
» Hyoungsoon Choi (KAIST) [sub-micron mechanical gyroscope @ 200 uK]

Thermal Signature of Chiral Edge States

T
TORSION
FIBER Dissipationless »Power Law for T' 5 0.5T,
AXIS —— Chiral Edge

L. = (N/2)h (1 e(T/A)?)

Currents

Toroidal Geometry with Engineered Surfaces

Lo » Incomplete Screening

APPLIED ROTATIONAL S T )
VELOGITY A blq“‘l‘b”“m L, > (N/2)h
ngular Momentum

SUPERFLUID GYROSCOPE

T=wxL,

Direct Signature of Edge Currents J
J. Clow and J. Reppy, Phys. Rev. A5, 424-438

P J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
P> Y. Tsutsumi, K. Machida, JPSJ 81, 074607 (2012)
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Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

Unbounded Film of 3He-A perforated by a Hole

@ R> & ~ 100nm

~>
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Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

Unbounded Film of 3He-A perforated by a Hole

@ R> & ~ 100nm

~>

1
@ Magnitude of the Sheet Current: 1 nh (n= N/V = *He density)

1 .
@ Edge Current Counter-Circulates: J = ~1 nh  w.r.t. Chirality: 1 = +z
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Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

Unbounded Film of 3He-A perforated by a Hole

@ R> & ~ 100nm

~>

@ Magnitude of the Sheet Current: inh (n = N/V = *He density)
@ Edge Current Counter-Circulates: J = —inh w.r.t. Chirality: =4z
@ Angular Momentum: L. = 2w h R? x (—% nh) = —(Nhole/2) Fi

Nhote = Number of *He atoms excluded from the Hole

. An object in ®He-A inherits angular momentum from the Condensate of Chiral Pairs!
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Electron bubbles in the Normal Fermi liquid phase of *He

© 3He E

y
X
A
3nm 4}
1 Ve
—&
@ Bubble with R ~ 1.5 nm, @ QPs mean free path [ > R
Olnmo Ay KR <L >80nm o \iopility of 3He is independent of T for
@ Effective mass M ~ 100m3 T. <T <50 mK
(m3 — atomic mass of 3He) B. Josephson and J. Leckner, PRL 23, 111 (1969)
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Van
—
o Current: v = 1) & + piay€ X 1 R Salmelin, M. Salomaa & V. Mineev, PRL 63, 868 (1989)

Ve

e Hall ratio:  tana = vau/ve = |pan/p | J
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Detection of Broken Time-Reversal Symmetry in *He-A

Measurement of the Transverse e- mobility in
Superfluid *He Films

f=0.06 -6 Hz
Vi,=01-1V
right electrode
O

— O
- electron - 0 O O O
bubbles

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)

J. A. Sauls The Left Hand of the Electron in Superfluid 3He



Detection of Broken Time-Reversal Symmetry in *He-A

Measurement of the Transverse e- mobility in
Superfluid *He Films

f=0.06—-6Hz left electrode i
Viy=01-1V I, =1 +’1L
right electrode 4@}
@) cyi

— O
- electron - 0 O O O
bubbles

Transverse Force from Skew Scattering

~> Al =1,-1, =0
U= ,uLE_‘+ /1.(,.!/!f><E']

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)



Detection of Broken Time-Reversal Symmetry in *He-A

Transverse e bubble current in 3He-A
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H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)
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Detection of Broken Time-Reversal Symmetry in *He-A

Zero Transverse € current in 3He-B (7 - symmetric phase)
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H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)



Detection of Broken Time-Reversal Symmetry in *He-A

Zero Transverse € current in 3He-B (7 - symmetric phase)
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Forces on the Electron bubble in *He-A:

d - - - .
° Md%; =e€ + Fqp, Fgp — force from quasiparticle collisions
° Fop = *?I v, <7] — generalized Stokes tensor
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Forces on the Electron bubble in *He-A:

d L .
° Md%f/ =e€ + Fqp, Fgp — force from quasiparticle collisions
o Fop = —?) -V, ?] — generalized Stokes tensor
o nL Nan 0 R
oen=|-—nmw nr O for chiral symmetry with 1 || e,
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Forces on the Electron bubble in *He-A:

d . ..
° Md%f/ =e€ + Fqp, Fgp — force from quasiparticle collisions
o Fop = —?) -V, ?] — generalized Stokes tensor
o nL Nan 0 R
oen=|-—nmw nr O for chiral symmetry with 1 || e,
dv e R
° ME =e£ —nv+-vXxX Beg, for€ L1
c
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Forces on the Electron bubble in *He-A:

d L .
° Md%f/ =e€ + Fqp, Fgp — force from quasiparticle collisions
o Fop = —?) -V, ?] — generalized Stokes tensor
o nL Nan 0 R
oen=|-—nmw nr O for chiral symmetry with 1 || e,
dv e R
o M—y=c€ vt _vx Bep, for€ Ll
c

° Beﬁ:_gnAHi Beg ~ 103 —10*T Il
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Forces on the Electron bubble in *He-A:

° ME =e€ + Fqp, Fgp — force from quasiparticle collisions
o Fop = —?) -V, ?] — generalized Stokes tensor
o nL Nan 0 R
oen=|-—nmw nr O for chiral symmetry with 1 || e,
dv e R
° ME =e£ —nv+-vXxX Beg, for€ L1
c

° Beﬁ:_gnAHi Beg ~ 103 —10*T Il

d —_
Ay, R v:ﬁg, where ﬁ:e%}

dt

1

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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"\k’ Ak/
T-matrix description of Quasiparticle-lon scattering -

» Lippmann-Schwinger equation for the T-matrix (¢ = E +in; n — 07):
MR/ __ R,/ dBk// ~R ! 1,7\ AR AR " SRy
TS0 b B) =T W) + [ s TR0 KGR B) = RO, B) [T,k )

3 1 e+é&  —AK) - K2k?
Gg(k’E):az_m tL o Bx=1/& +AK), &= ome
k \ —AN(k) & m

» Normal-state T-matrix:

SRD T (t%(ﬁ’,k)

0 .
TH(K k) = . —[tﬁ(—fc',—f()ﬂ) in p-h (Nambu) space
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"\k’ Ak/
T-matrix description of Quasiparticle-lon scattering -

» Lippmann-Schwinger equation for the T-matrix (¢ = E +in; n — 07):

~R 1,/ alida i dBk// " " " "

TR0k D) =TEK ) + [hs SRR B) - GROC B) TR k. )
. ! e+é  —Ak) R
Gs(k, E) = e? — E2 —AT(k) e—&k - G+ 1AM &= om= F

» Normal-state T-matrix:

R/ 1
THE k) = (tN(l(() k) _[tﬁ(—%l,—l;)ﬂ) in p-h (Nambu) space, where

tR (K k) = _FLN Z(2l +1)e” sin§, P (k' - k), Pi(z) - Legendre function
Fizo

» Hard-sphere potential ~ tan; = j;(kyR)/ni(ksR) — spherical Bessel functions

» kyR - determined by the Normal-State Mobility
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Calculation of LDOS and Current Density

. Bk [ BPE g s
65w v B)= [ S / G e G k. )

GR(K k, E) = (21)3GE(k, E)oy i + GR(K, B)T5(K , k, E)GE(k, E)

A 1 e+ & —A(IA() .
R +
Gs(k,E)— 12(( T(A) - é_k ' 5—E+ZT], 77—>O

N(r,E) — —%Im {1 |68 r, B)]}

s h SM ()
j(r) = 4—I<:BT Z 31—{? Tr [(V — V)67 (r',r, )
gAg(r',r,E):gAy(r’,r,en) ‘ , forn >0
1€n—>€E
- T

gAAJS'V[(kvklv _en) — gg/[(klvk? En)
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Weyl Fermion Spectrum bound to the Electron Bubble

2
€ exp —6 M

S =1.7x10"" —

BN n3proy N Vs

>+ 1)sin* (41 —6) ~  kgR=1117
=0

47

tand; = ji(kyR)/mu(ksR) = on = =
f

Imax
N(r,E)= Y Nu(r,E), lmax~ksR

m=—lmax
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Current density bound to an electron bubble (kR = 11.17)

@ A~ (PX‘HPQ z

R
Chiral 2He-A = i‘

O; -

o
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Current density bound to an electron bubble (kR = 11.17)

< 0! A= (@ i) z
0%
g 3 —
Chiral “He-A :
(o) =
(o) =~
&
1 %102 200 T T T T T T T
3.77 T T T T
150+ 1 4
o |
& |
= 100F 14
1.89 X: |
=
‘ .
0 ~0 500 1000 1500 2000 2500 |
]\'/I'
0 1 1 1
0.00 0 20 40 60 80 100 120 140
kyr

j(I‘)/Ufok’BTC = j¢(r)é¢ > L(T — 0) ~ _hNbubblei/Q



Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

Tk, k) = Q%W(lz’,f{)(s(Ek, — E),
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Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
2 SR SR ——— | ——
P, = ZW K, RSB - B, WE. B =5 S 11K, Tk
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Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
PPN PPN — . ——
P, = ZW K, RSB - B, WE. B =5 S 11K, Tk

(ii) Drag force from QP-ion collisions (linear in v): ~ » Baym et al. PRL 22, 20 (1969)

Fop = — Y h(k' — k) [hk’vfk (- %fg’) — hkv(l — fi) (-%)} (k' k)

k,k’
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Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming

Sp & PPN — . ——
P, = ZW K, RSB - B, WE. B =5 S 11K, Tk

T'oliTo

(ii) Drag force from QP-ion collisions (linear in v): ~ » Baym et al. PRL 22, 20 (1969)

Fop = — Y h(k' — k) [hk’vfk (- %J;‘;’) — hkv(l — fi) (-%)} (k' k)

k,k’

(iii) Microscopic reversibility condition: W (k',k : +1) = W (k, k' : 1)

Broken T and mirror symmetries in *He-A = fixed 1 ~» W(f(/f() i W(fﬂ l;/) J
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Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
PPN PPN — . ——
P, = ZW K, RSB - B, WE. B =5 S 11K, Tk

(ii) Drag force from QP-ion collisions (linear in v): ~ » Baym et al. PRL 22, 20 (1969)

Fop = — Y h(k' — k) [hk’vfk (- %J;‘;’) — hkv(l — fi) (-%)} (k' k)

k,k’

(iii) Microscopic reversibility condition: W (k',k : +1) = W (k, k' : 1)

Broken T and mirror symmetries in *He-A = fixed 1 ~» W(f(/f() i W(fﬂ l;/) J

(iv) Generalized Stokes tensor:

<
Fep=—1n-v
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Determination of the Stokes Tensor from the QP-lon T-matrix

(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
PPN PPN — . ——
P, = ZW K, RSB - B, WE. B =5 S 11K, Tk

(ii) Drag force from QP-ion collisions (linear in v): ~ » Baym et al. PRL 22, 20 (1969)

Fop = — Y h(k' — k) [hk’vfk <— %fg’) — hkv(l — fi) (-%)} (k' k)

k,k’

(iii) Microscopic reversibility condition: W (k’,k : +1) = W (k, k' : —1)

Broken T and mirror symmetries in *He-A = fixed 1 ~» W(f(/f() i W(fﬂ l;/) J

(iv) Generalized Stokes tensor:

> of nL  nan O

ij = E(-22= ) oiy(E
Fop=—-v ~ i ngpf/o d ( aE)ag( ) ’ Tl - . ©
0 0 7]”

3
ky

=32 *He particle density, 0:;(E) — transport scattering cross section,
0

n3

f(E) = [exp(E/kgT) +1]' — Fermi Distribution
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Mirror-symmetric scattering = longitudinal drag force

Subdivide by mirror symmetry:

k' k
W k) = WOE L) WO R, \/

oii(E) = a3 (B) + 05 (E), m Ym

v

(+>E_§/ dQ,/ e kK — k) (K, — k; K.k E
oy (B)=7 P = [(k; )(kj — kj)] ko/( k; E)

Mirror-symmetric cross section: W ™ (k' k) = [W (K, k) + W (k, k')]/2

=+
Céag') (k/,k§ E) = (2 h2> W(+) K k E i
¥ T B - Al VE = Ak
~ Stokes Drag 77M> = 77(+> N1, ngy =, , No transverse force [nl(;)] » =0
i#j
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Mirror-antisymmetric scattering = transverse force

“— e 0
Fop=—1n-v, ny= ”3Pf/0 dE (728%) 0ij(E)

Subdivide by mirror symmetry:

K’ k
W(IA(/JA() — W(+)(f(/,f()+ W(i)(f(”f() ' \/

0i(B) = o (BE) + o (B) m YM

i)
(-) 3/ / A fron [ 1]
o, (B)=— Ay = ek x k kL k;E)|f(E)— =
0= Bxia@)l - IB2iad) 4T ol i ko'( )

Mirror-antisymmetric cross section: W ™) (k’, k) = [W (K, k) — W (k, k")]/2

‘Z) (K k; E) = <2h2) WO R k) -
¥ T B A)E VE? = A2
Transverse force ng(c? = 7771(/;) =nan = anomalous Hall effect

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Differential cross section for Bogoliubov QP-lon Scattering [y =117

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Theoretical Results for the Drag and Transverse Forces

1.0 T 0.02 T T T T
é L //I \‘
~ 0.5} 0.01+ ‘ 4
= ! '
D F Il 1
R 00 =001 05 08 10
T/T.
@ Ap, =~ ps o~ oh ~TR? @ Ap,~ h /R ng ~ (A(T)/kBTC)Qa,t\,r
@ [y =nuy Apy a;; 0 Fy = nuv; Apy a;'y
NNV PfON ~ nuy (h/R) oN(A(T)/keT.)”
h
|F,/Fy|  —= (A(T)/kpT:)? k;R=11.17
piR
» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Comparison between Theory and Experiment for the Drag and Transverse Forces

106 L e e S e B AL S B AR S e e e s e s
E r — theory 1
105i [ * ¢ & Exp. red
E [ ® ® Exp. bluel]

E z : } §+ :
1%2 : | T 0.1H +¥ -
1m; p—— I ﬁi* ]

F|O O experiment

f1/pN
=
=
tan «

100 T L L P Y U Y U U N Y O Y O O
0.0 0.2 0.4 0.6 0.8 1o 095 02 0 06 55 )
T/ T/T,
_ nL MAH TAH
O pr=e—-5— "5 @ tana=|—| = —
1+ Nan ‘ js nL
@ uan = —e 2”*%“2 @ Hard-Sphere Model:
N1+ Man kfR=11.17

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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@ Electrons in *He-A are “dressed” by a spectrum of Weyl Fermions

@ Electrons in *He-A are “Left handed” in a Right-handed Chiral Vacuum
~ Lz ~ *(Nbubble/2)h ~ —100h

@ Experiment: RIKEN mobility experiments ~~ Observation an AHE in 3He-A

@ Scattering of Bogoliubov QPs by the dressed lon
~ Drag Force (—n 1 v) and Transverse Force (Ev X Bess) on the lon
c

@ Anomalous Hall Field: Bes = f—“z k7 (ks R)? ("ﬂ> 1~10° —10*T1
s TIN

@ Mechanism: Skew/Andreev Scattering of Bogoliubov QPs by the dressed lon
@ Origin: Broken Mirror & Time-Reversal Symmetry ~ W (k, k') # W(k', k)

@ Theory: ~~ Quantitative account of RIKEN mobility experiments

@ Ongoing: New directions for Transport in *He-A & Chiral Superconductors
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Broken time-reversal (T) & mirror (IL,) symmetries for Chiral Superfluids

(1) Broken TRS: TI= —1

(2) Broken mirror symmetry: II,,1 = —I

(3) Chiral symmetry: C=T x I,

(4) Microscopic reversibility for chiral superfluids: W (k', k;1) = W (k, k’; —1)
(5) .. For BTRS: the chiral axis 1 is fixed ~ W (k',k) # W (k, k')
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Confinement: Superfluid Phases of *He in Thin Films

Symmetry or Normal Liquid ®He: G = S0(3)s x S0(2). X U(1)y X P x T

» Length Scale for Strong Confinement:
fo = FLUf/ZTK‘kBTC ~ 20 — 80 nm
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Confinement: Superfluid Phases of *He in Thin Films

Symmetry or Normal Liquid ®He: G = S0(3)s x S0(2). X U(1)y X P x T

» Length Scale for Strong Confinement:
fo = hvf/Zﬂ'kBTc ~ 20 — 80 nm
A. Vorontsov & JAS, PRL, 2007

Lzzl,SZIO
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~~ Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian

Hamiltonian for quasi-2D Chiral Superconductor (Sr2RuO4 & 3He-A Film):
~ (Upl?/2m =) e(pe +ipy) L
H = - 9 y =m(p) T
c(pe —ipy)  —(p|"/2m" —p)

2= (Ipl?/2m — u)* + Ep* > 0, u #0

b “’zgj

= (cpsx , Fepy,&(pP)) with |m(p

NN \ S /,
\\ \§§\‘V\‘ \*‘\ \\é, 7% / /

R A k3 T AR

Topological Invariant for 2D chiral SC ~ QED ind = —|—1 [G.E. Volovik, JETP 1988]:
d’*p . (arh 8m> +1; p>0adA#0
Nop =7 | —L_ (p) -
® ﬂ—/ (2m)? () Opz ~ Opy 0; uw<0ocA=0

“Vacuum” (A = 0) with Nop = 0 [ *He-A (A # 0) with Nop = 1
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Determination of the Electron Bubble Radius

(i) Energy required to create a bubble:
4
E(R, P) = Eo(Up, R) + 4m Ry + %R?’P, P — pressure

(ii) For Uy — o0
Ey=-Up+ 7r2i'12/2meR2 — ground state energy

(iii) Surface Energy: hydrostatic surface tension ~ v = 0.15 erg/cm?
(iv) Minimizing E w.r.t. R ~ P = 7h?*/4m.R° — 2v/R

(v) For zero pressure, P = 0:

72 1/4
R= (8” ) ~2.38nm ~ kpR=18.67
me?y
Transport ~ kyR = 11.17

» A. Ahonen et al., J. Low Temp. Phys., 30(1):205228, 1978



Angular momentum of an electron bubble in *He-A (k;R = 11.17)

am

L(T —0) =~ _hNbubblei/Q; Npupble = 13 R? ~ 200 ®He atoms

3

s S A 0 A

E 1.4 T T T T E

7;’ 2} =
/C:]\r:_ :;O'S— 7 _:
el < oot 1 7
EN= | ]
= 4 g 5
1 3F .
= of .

0:| ! ! | ! ! ! | ! ! ! ! | I ! ! ! | L ! |-

0 5 10 15 20 25
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Comparison between Theory and Experiment for the Drag and Transverse Forces

106 L e e S e B AL S B AR S e e e s e s
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105i [ * ¢ & Exp. red
E [ ® ® Exp. bluel]
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1%2 : | T 0.1H +¥ -
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F|O O experiment

f1/pN
=
=
tan «

100 T L L P Y U Y U U N Y O Y O O
0.0 0.2 0.4 0.6 0.8 1o 095 02 0 06 55 )
T/ T/T,
_ nL MAH TAH
O pr=e—-5— "5 @ tana=|—| = —
1+ Nan ‘ js nL
@ uan = —e 2”*%“2 @ Hard-Sphere Model:
N1+ Man kfR=11.17

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Theoretical Models for the QP-ion potential

U, r <R,
e U(r)=1-U1, R<r<R,
0, r>R.

~+ Hard-Sphere Potential: U; =0, R' = R, Uy — o0

o U(x) =Uy[l —tanh[(x —b)/c]], x=k¢r

U(x) = U/ coshZ[a:c”], x = kyr (Poschl-Teller-like potential)

Random phase shifts: {§;|l = 1...lnax} are generated with dy is an
adjustable parameter

Parameters for all models are chosen to fit the experimental value of
the normal-state mobility, py" = 1.7 x 107°5m?/V - s
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Theoretical Models for the QP-ion potential

Label ‘ Potential Parameters

Model A | hard sphere kfR=11.17

Model B | repulsive core & attractive well | Ug = 100Ef,U; = 10Ef,kyR' =11, R/R' = 0.36
Model C random phase shifts model 1 Upees = 1Ll

Model D | random phase shifts model 2 Imax = 11

Model E | Pdschl-Teller-like Uo=1.01E,kyR=22.15,a=3 x 1073,n =4
Model F | Pdschl-Teller-like Up=2E¢,kfR=19.28,a = 6 x 1075 n=4
Model G | hyperbolic tangent Uo = 1.01Ef,ky R = 14.93,b = 12.47,c = 0.246
Model H | hyperbolic tangent Uop =2E;,ky R =14.18,b = 11.92,c = 0.226
Model | soft sphere 1 Uo = 1.01Ef,ky R = 12.48

Model J soft sphere 2 Up =2E¢,kyR=11.95
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model with k¢ R
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0.4t - E
® 47x10" m?
e ® 7.2x10" m?
g g o
[ 10
§ [y, AT
02 [N 14
Fog, |
0.1 ﬁ‘b : b
NI
0 1 1 1 !
0.2 0.4 0.6 08 T 1

T (mK)

tan o

tan «

0.3

0.2

0.1

0.0

11

17 (Model A)

L e e e S L A o e e e s
: : S
0.2+ 4

i } ;

0.l }*}% ]
t

(]'?).l) 0!2 l]l4 ().IG (JfS 1.0

T/T,

[ T 1 17 | I . B O ]

: i ]

ok :

L (AR S | I S IS SR S RN S S ]

0 2 8 10

4 6
A/]{BT

J. A. Sauls The Left Hand of the Electron in Superfluid 3He



Comparison with Experiment for Models for the QP-ion potential

e/ By

tan o

Label | Potential

Parameters

Model A hard sphere
Model B attractive well with a repulsive core

Model C random phase shifts model 1
Model D random phase shifts model 2
Model E Poschl-Teller-like
Model F Poschl-Teller-like

kfR=11.17

U = 100E;,Uy = 10Ey,ky R’ = 11, R/R’ = 0.36
Imax = 11

Imax = 11

Up =1.01E5,kyR=22.15,a =3 x 107°,n =4
Up =2Ef,kfR=19.28,a =6 x 107 °,n =4

6 9 106 3
10 T 05T T T (c) 10 (e) 10f T
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Mobility of an electron bubble in the Normal Fermi Liquid

(i) (k' k; B) = > (21 + Dt (E) P (K - k)
=0
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Mobility of an electron bubble in the Normal Fermi Liquid
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Mobility of an electron bubble in the Normal Fermi Liquid

(i) (k' k; B) = > (21 + Dt (E) P (K - k)
=0

(i) t’(F) = —%ewl sin §;
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Mobility of an electron bubble in the Normal Fermi Liquid

(i) (k' k; B) = > (21 + Dt (E) P (K - k)
=0

(i) t’(F) = —%ewl sin §;

. o dQys < o do
(iv) oy :/ 4; (1-— k.k/)kol Z (14 1)sin*(641 — &)
f 1=0
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Mobility of an electron bubble in the Normal Fermi Liquid

(i) (k' k; B) = > (21 + Dt (E) P (K - k)

=0

(i) t’(F) = —Lei‘sl sin §;

! TNy

do m* \?
(1) s = () 1R )
. o dQy <, do
(iv) O'N:/ 4k(1_k'k/)dQ Zl—i— sin?(0;1 — &)

™ k/ f =0

( c hk i
V) Un = ngpfO'tN" pf - I ns = y
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Calculation of LDOS and Current Density

. Bk [ BPE g s
65w v B)= [ S / G e G k. )

GR(K k, E) = (21)3GE(k, E)oy i + GR(K, B)T5(K , k, E)GE(k, E)

A 1 e+ & —A(IA() .
R +
Gs(k,E)— 12(( T(A) - é_k ' 5—E+ZT], 77—>O

N(r,E) — —%Im {1 |68 r, B)]}

s h SM ()
j(r) = 4—I<:BT Z 31—{? Tr [(V — V)67 (r',r, )
gAg(r',r,E):gAy(r’,r,en) ‘ , forn >0
1€n—>€E
- T

gAAJS'V[(kvklv _en) — gg/[(klvk? En)
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Temperature scaling of the Stokes tensor components

T
For1— — — 0™:
@ For TC

T
77—J‘—loc—A(T)oc 1——
UIN T,

Tan
TN 1.
@ For — — 0™:

T 2
()
TN Tc
()
77N Tc
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Multiple Andreev Scattering ~~ Formation of Weyl fermions on e-bubbles

A(k) = Asin e’

J. A. Sauls The Left Hand of the Electron in Superfluid 3He



Chiral Edge Currents

1
Local Density of States: N(p,z;e) = ——Im gR(p, x;€)
o
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Chiral Edge Currents

1
Local Density of States: N(p,z;e) = ——Im gR(p, x;€)
o

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2N v(p) [N(p, z;¢) — N(p', z;¢)]
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Chiral Edge Currents

Local Density of States: N(p,x;¢) = B Im gR(p, x;€)
o

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2N v(p) [N(p, z;¢) — N(p', z;¢)]

Bound-State Edge Current at x =0

50
n
30
20| f(z) ﬂ M

0 05 0.0 05 L0 L5

/A
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Chiral Edge Currents

Local Density of States: N(p,x;¢) = B Im gR(p, x;€)
o

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2N v(p) [N(p, z;¢) — N(p', z;¢)]

Bound-State Edge Current at x = 0 Continuum Edge Current at z = 10&p
20 f(z) ﬂ M

0 05 0.0 05 L0 Lo 5 0 05 0.0 05 10 5

e/A e/A
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Edge Currents and Angular Momentum

. +rs d
Ground-State Current Density: J(z) :/ al / J(p,z;¢€)

_—
Bound-State Contribution (R > £a):

Jo(p,x;e) = 2Njvs Alpz|pe e~ /ea

X [5(c — eus(py)) — 8(e — cus(p'))]

Bound-State Edge Current: / dxJ,(x) = %nh
0

Mass Current: vy — ps ~ J — §
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Edge Currents and Angular Momentum

. +rs d
Ground-State Current Density: J(z) :/ al / J(p,z;¢€)

_—
Bound-State Contribution (R > £a):

Jo(p,756) = 2NjvsAlps|poe™/*2

X [5(c — eus(py)) — 8(e — cus(p'))]

Bound-State Edge Current: / dxJ,(x) = %nh
0
Mass Current: vy — ps ~ J — §

S / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v
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Edge Currents and Angular Momentum

. +rs d
Ground-State Current Density: J(z) :/ al / J(p,z;¢€)

_—
Bound-State Contribution (R > £a):

Jo(p,x;e) = 2Njvs Alpz|pe e~ /ea

X [5(c — eus(py)) — 8(e — cus(p'))]

Bound-State Edge Current: / dxJ,(x) = %nh
0
Mass Current: vy — ps ~ J — §

S / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v

e A2p2
_ ® 3 2 2
» Continuum (e < —A): Jo = 2N; vs [po| (52 —5§s(p”)> St (2 -4 x/vz) ’
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Edge Currents and Angular Momentum

. +rs d
Ground-State Current Density: J(z) :/ al / J(p,z;¢€)

_—
Bound-State Contribution (R > £a):

Jo(p,756) = 2NjvsAlps|poe™/*2

< [6e —en(p)) = 8(e — e’y )]

Bound-State Edge Current: / dxJ,(x) = %nh
0
Mass Current: vy — ps ~ J — §

S / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v

e A2p2
_ ® 3 2 2
» Continuum (e < —A): Jo = 2N; vs [po| (52 —5§S(p”)> S (2 -4 m/vl) ’

> LS :/ d*r [rgf,(r)] = —%Nﬁ s LP® = (N/2)h - MT Result Recovered!
%

J. A. Sauls The Left Hand of the Electron in Superfluid 3He



Thermal Excitation of Chiral Edge Fermions

Thermally Excited Edge Fermions Carry the Opposite Current

Jy(p|. x;€) /2Ngve

50

40

30

20

10 f(¢)for T/T. = 0.5

—10

-20

—30

—40

=50
—1.5 -1.0 —0.5 0.0 0.5 1.0 1.5

e/A
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Angular Momentum of ®He-A vs. Temperature

1
J=7nh % Veage(T) Vedge(T) ® 1 — ¢(T/A)? , T<A
» Thermal Signature of the Chiral Edge States
ps(T)/p= You(T) —1x —e 2T | T<A

— L.(T)/(Nh/2)
— 2D :p,(T)
A(T)/A(0)

U'“All 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

» JAS, Phys. Rev. B 84, 214509 (2011) » Y. Tsutsumi et al., PRB 85, 100506(R) (2012)
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Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

@ Ri,R2,R1 — R2 >>£0

@ Sheet Current: J = inh (n = N/V = *He density)

. 1
@ Counter-propagating Edge Currents: J, = —Jo = 1 nh

@ Angular Momentum:

L. =2nh (R} — R3) x inh = (N/2)h McClure-Takagi Result

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry

Specular Reflection

P

p

Propagating Chiral Fermions:
TA|pe|

€ +1y —ews(p)))
Edge Current: J = inh

g% (p,&;2) = e "/t
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry

Specular Reflection

P

Retro Reflection

)
P ;

Propagating Chiral Fermions:
TA|pe|

€+ —ens(p)))
Edge Current: J = inh

g% (p,&;2) = e "/t
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry

Specular Reflection

P

Retro Reflection

P

Propagating Chiral Fermions:
TA|pe|

€+ —ens(p)))
Edge Current: J = inh

g% (p,&;2) = e "/t
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry

Specular Reflection

P

Retro Reflection

P

Propagating Chiral Fermions:

Zero-Energy Fermions for all p:
gR(pa & 'I") = w e_I/EA R . _ TA —2Az /vy
€+ iy — ebs(Py)) g (pesz)=———c¢€
1 e+ 1y
Edge Current: J = 1 nh ~ Edge Current: J =0
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Non-Extensive Scaling of L. in a Toroidal Geometry
Magnitude of Edge Currents are Protected by Symmetry

1
IHIIHH-, AR +iR, » @ Sheet Current: J = f X Znh

@ Non-Specular Surfaces
0<f<1
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Non-Extensive Scaling of L. in a Toroidal Geometry

Magnitude of Edge Currents are Protected by Symmetry

@ Sheet Current: J = f X inh

@ Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents

Scaling of L. with r = (Ra/R1)? 0<r<l1
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Non-Extensive Scaling of L. in a Toroidal Geometry

Magnitude of Edge Currents are Protected by Symmetry

@ Sheet Current: J = f X inh

@ Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents

Scaling of L. with r = (Ra/R1)? 0<r<l1

» f1=1, f2=0
L, = (N/2) ki x (1—;) > (N/2) h
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Non-Extensive Scaling of L. in a Toroidal Geometry

Magnitude of Edge Currents are Protected by Symmetry

@ Sheet Current: J = f X lnh

4
@ Non-Specular Surfaces
0<r<1
Incomplete Screening of Counter-Propagating Currents
Scaling of L. with 7 = (Ra/R1)°> 0<r<1
> fi=1 fa=0 > f1=0, fo=1
=P
L. = (N/2)hx (%) > (N/2) h L. = (N/2)hx (1> < —(N/2)h
= =

» Strong violations of the McClure-Takagi Result
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Edge States & Edge Currents in Chiral Superconductors & *He-A

» Mesoscopic geometries: Edge states are important for transport

@ Surface states, edge currents, and the angular momentum of chiral p-wave
superfluids and superconductors,
JAS, Phys. Rev. B 84, 214509 (2011) [arXiv:1209.5501]

@ Symmetry Protected Topological Superfluids and Superconductors — From the
Basics to 3He,
T. Mizushima, Y. Tsutsumi , T. Kawakami, M. Sato, M. Ichioka, K. Machida
[arXiv:1508.00787]
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