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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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Experimental Test of Parity Conservation
in Beta Decay*
C. S. Wu, Columbia University, New YVork, New York
AND

E. AMBLER, R. W. Havywarp, D. D. HoppEs, anp R. P. Hubsox,
National Bureau of Standards, Washington, D. C.
(Received January 15, 1957)

» T.D. Lee and C. N. Yang, Phys Rev 104, 204 (1956)
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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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The ®He Paradigm: Maximal Symmetry G = S0(3)s x S0(3)L X U(1)y X P X T

BCS Condensate Amplitude: ~ Yas(p) = (Ya(p)¥s(—p)) )
“Isotropic” BW State

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?
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
V() = [¥(r) e

C

Chiral Symmetry ~~
Topology in Momentum Space

U(p) = A(ps £ ipy) ~ e=%®

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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Confinement: Superfluid Phases of *He in Thin Films

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

» Length Scale for Strong Confinement:
fo = wa/Zﬂ'kBTc ~ 20 — 80 nm
A. Vorontsov & JAS, PRL, 2007
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~~ Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian

Hamiltonian for quasi-2D Chiral Superconductor (Sr2RuO4 & 3He-A Film):
~ [((pl?/2m =) e(pe +ipy) L5
H= - 9 y =m(p) T
c(pe —ipy)  —(pl"/2m" — p)

? = (Ipl*/2m — ) + [pl* > 0, #0

)
\ Sl gy

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

N

\V\: \% =l /Y 4
NSNS
NG 34 A s ATII A TA TN
w3 A V&v’,{l” iy

Topological Invariant for 2D chiral SC — QED ind = 2+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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Angular Momentum of Chiral P-wave Condensates

Chiral P-wave BEC Molecules or BCS Pairs (N Fermions):

N/2

|on) = [//drldrz Poysy(r1 — 12) W (r1)¥l, (r2)|  |vac) i

@ worsy(r) = f(Ir[/€) (z+1y) Xo1s2(S =1, Ms =0)
@ BEC (¢ < a) vs. BCS (£ > a)

L. = (N/2)k

L. = (N/2)h(a/€)® < (N/2)h ? (P.W. Anderson & P. Morel, 1960, A. Leggett, 1975)
> L.|®y) = (N/2)h |®y) independent of (a/¢)! - McClure-Takagi (PRL, 1979)

BCS Limit: Currents are confined on the Edge
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Weyl Fermions in the 2D Chiral SroRuO4and 3He-A Films

TA[pq|
£ +1iv — euw(p)))
Confinement: & = vy /2A = 10% — 10> A > h/p;

Edge Fermions: G%,_.(p,€;x) = e~/

® &y, = —cp)| with @ Broken P & T ~» Edge Current
c=A/py L vy

Chiral Edge State Dispersion

Unoccupied

0.0|Fermi Energy

05 Occupied

0 08 06 x| 0z 00 0.2 x| 06 05 T0
pi/Ps
» M. Stone, R. Roy, PRB 69, 184511 (2004) » J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

@ Ri,Ra,R1 — R > &o

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

1
@ Counter-propagating Edge Currents: J; = —Jy = 1 nh

@ Angular Momentum:

L.=2rh(R: - R) x inh — (N/2)h  McClure-Takagi Result
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Long-Standing Challenge: The Ground-State Angular Momentum of *He-A

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

Thermal Signature of Chiral Edge States

T

N
l?::;o Dissipationless »Power Law for T' < 0.57,

AXIS ——| Chiral Edge L. = (N/Q)h (1 _ C(T/A)2 )

C t
Specular E9_t] urrents

- ’ Non-Specular Edge Toroidal Geometry with Engineered Surfaces

@ “ [ » Incomplete Screening
APPLIED ROTATIONAL o
VELOGITY Equilibriom L. > (N/2)h

Angular Momentum

SUPERFLUID GYROSCOPE

T=wxL,

Direct Signature of Edge Currents )
J. Clow and J. Reppy, Phys. Rev. A 5, 424-438

P J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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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: 1=+4z
@ Angular Momentum: L, = 21 h R® x (—i nh) = —(Nhole/2) Fi

Niole = 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, Knudsen limit
Olnmo Ay KR <L >80nm o \iopility of 3He is independent of T for
@ Effective mass M ~ 100ms T. <T <50 mK
(m3 — atomic mass of 3He) B. Josephson and J. Leckner, PRL 23, 111 (1969)
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Determination of the Electron Bubble Radius

(i) Energy required to create a bubble:
4
E(R, P) = Ey(Up, R) + 4m Ry + %RSP, 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



Van
o Electric current: v = ) € + pan€ X 1 saimelin et al. PRL 63, 868 (1989)

Ve

e Hall ratio:  tana = vau/ve = |pan/pe | 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—-6Hz left electrode i
Viy=01-1V I, =1 +’1L
right electrode 4@}
Q cyi

— O
- electron - O O O O
bubbles

Transverse Force from Skew Scattering

~ Al =1,-1, =0
U= ,uLE_‘+ /1.‘,..,/!?><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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Mobility of Electron Bubbles in “He-A

P> H. Ikegami et al., Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)
0.4

45 I=+2

m / e
_o_.) Z 02 mal
I @ phase

Ig .
— =_Z 0
I=-2 0 05 1
Temperature (mK)
Ve VaH
——

Electric current: v = 71, € + pan€ x 1 Hall ratio: tan o = van/ve = |ptan/pL |

T T T T 0.5 T T T
10F T 14 negative ion o=
8 |
T T T z [ - stl [
negative ion g ——— 0.4 1 1
ol egative io : 5 0 ¥ ® 47x10" m?
| 3 L 1A ° 12
| 310* g 2 N/ I 0gl t 720" m |
£ ! 3 . 0 | B 4 0
5 | E 20 T T T T © —b‘ *Qé
10F | 3 1 - | ™ |
I 410° 10 [ 0.2 N
| 2 +0.34T, 1 i*
: =0 . éi
1 1 1 1 g +0. stT ! 01r
0.2 0.4 06 08 T, 1 =-0r Tis 1
T (mK) 20 . . Ll 0 L
02 o4 06 08 T 1 02 04 06 ] 1
Temperature (mK) T (mK)

. Sauls The Left Hand of the Electron in Superfluid >He




Forces on the Electron bubble in 2He-A:

. d . -
(i) McTZ =e€ +Fqp, Fgp — force from quasiparticle collisions
(i) Fop = —77) -V, 77) — generalized Stokes tensor

o nL Nan O )
(i) m=1-nwm nL O for chiral symmetry with 1 || e,
0 0 77”
d .
(iv) M%Zeg_nLV+EVXBeﬁ, for & L1
@
(vV) B = —maul Beg~103—10*T !l
e
N d -1
(vi) d‘t, =0 ~ v:(ﬁg, where ﬁ:eﬁ
€ L Tan
M = —, /.LJ_ = e = % ¢ /J/ = =@
= n+nd n? + 0k

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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T-matrix description of Quasiparticle-lon scattering

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

~R ./ alifa i dBkN " " AR (1,1 SRy 11
TR0 K B) =T 0 + [ TR0 KO[GEK' 1) - GROC B) TR k. )
AR 1 e+&  —Ak) _ R
GS“””@(—N(&) sffk>' Be = VAR, & =5

(ii) Normal-state T-matrix:

R {./ 1
THREK k) = (tN(lg k) 7[&(7%77&”) in p-h (Nambu) space, where

tR (K k) = _LN 2(21 +1)e” sin§, P (k' - k), Pi(z) — Legendre function
TS0

» Hard-sphere potential ~ tand; = ji(kfR)/ni(ksR) - spherical Bessel functions

kR — the only parameter to be determined by experiment!
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Calculation of LDOS and Current Density

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

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

A 1 €+ & —A(IA() .
R +
G5k, E) = 12(( k) e—¢ )" e=FE+in, n—0

N(r, E) — —%Im {1+ |68 x, B)| }

s h SM ()
j(r) = 4—l<:BT Z 31—{? Tr [(V - V.)G" (v, r, )
gAg(r',r,E):gAy(r’,r,en) ‘ , forn >0
1€n—>€
R & T
ggﬂ(kvklv _en) = gg/[(klvk7 En)
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Weyl Fermion Spectrum bound to the Electron Bubble

2
€ exp —6 M
= — =1.7x107"° —
BN n3proy = N x Vs
> (U +1)sin* (41 —6) ~  kgR=1117
1=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= (@ zi)) z
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Angular momentum of an electron bubble in *He-A (k;R = 11.17)

L(T — 0) ~ —hANpuowel /2 Noubble = 13 §R3 ~ 200 *He atoms
3 S A S L
C 1.4 T T T T ]
s 2} 4 7
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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 incomin
’ 27 ®p Sp 1 VA I - - 2
L(K' k) = =W (K k(B — Bx), Wk k) =3 > (Ko 7| Ts | k,0,7) ]

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

Fop = — Y h(k' — k) [hk’vfk (7 6@%) — hkv(l — fi) G%)} INUAS

k.k’

(iii) Broken microscopic reversibility:

. W(k' k) # W(k,Kk
Broken TR and mirror symmetries in *He-A = fixed 1 ~ ( ) ( )

(iv) Generalized Stokes tensor:

_ < of\ ne man 0
FQP — _? Ve Nij = n3p‘f‘/0 dE (_28E> Tij (E) l' ? = [ —nan nL 0
0 0 T]H

k3
ﬁ - 3He particle density, o;;(E) — transport scattering cross section,
f(E) = [exp(E/kgT) +1]"' - Fermi Distribution
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Mirror-symmetric scattering = longitudinal drag force

Subdivide by mirror symmetry:

Kk’ k
W R) = WOE L) WO R R), \/

oii(E) = o (B) + 0 (E), m Ym

v

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

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

=+
o ik B) = ( 2> WO R k)
ko/ 2l / k/ |2 /E2 _ ‘A(f{)‘?
~ Stokes Drag ngm) = 77(+> N1, 7]2?) =, No transverse force [nl(j)] » =0
i#j
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Mirror-antisymmetric scattering = transverse force

“— o 0
Fop=—1n-v, ny= nsiﬂf/0 dE (728%) 0ij(E)

Subdivide by mirror symmetry:

K’ k
W(IA(/JA() — W(+)(f{/7f()+ W(i)(f(,,f() ' \/

0ij(E) = o (BE) + o (B) , m YM

i)
(-) _3/ / dQx fron [ 1]
0. (B)=— dQys 2k (K x k kK k E)|f(E)— =
! ( ) 4 E>|A(K)] < E>|A(K)| dm [ ]k( )k] dSher ( ) ( )

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

‘Z) (K k; E) = <2h2) WO R k) -
¥ B |A)E VE? = AR
Transverse force m(:;) = 7171(/;) =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

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)

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




AH/TIN

.

(1[()]

0.02

0.01+

HAH = —

nL/nx

TIAH

¢ 2 2 tana = ‘
N7 + Man
106
10°
10"
Z
= 10°
102
10
0
000
0.3 | |
—  theory
& Exp red
¥ # Exp. blue
0.2+
0.1 Hﬁt “
|
090 02

|
0.8

1.0




@ 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
~ L, & *(Nbubble/2)h ~ —100A

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

@ Scattering of Bogoliubov QPs by the dressed lon
~ Drag Force (—nv) and Transverse Force (Ev X Bess) on the lon
¢

@ Anomalous Hall Field: B = f—(; k3 (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 Novel Transport in *He-A & Chiral Superconductors
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