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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

THE LEFT HAND
OFTHEELECTRON

» ... And Reflections on Mirror Symmetry in Nature



Parity Violation in Beta Decay of ®’Co - Physical Review 105, 1413 (1957)

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia Universily, New Vork, New York
AND

E. AMBLER, R. W. Havwarp, D. D. HoppEs, aND R. P. Hubpsox,
National Bureau of Standards, Washington, D. C.
(Received January 15, 1957)

BETA RAYS

SPINNING
COBALT
NUCLEI
» T.D. Lee and C. N. Yang, Phys Rev 104, 204 (1956)
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Realization of Broken Time-Reversal and Mirror Symmetry by the Vacuum State of *He Films
» Length Scale for Strong Confinement: S0(3)s x SO(3)L X U(1)y x T x [P
50 = hvf/Qﬂ‘kBTc ~ 20 — 80 nm
» L. Levitov et al., Science 340, 6134 (2013)

» A. Vorontsov & J. A. Sauls, PRL 98, 045301 (2007)

Stripe Phase
I L.=1,5.=0
% 0 20
/50 Ground-State Angular Momentum
) ~ N
(‘IJTT ‘I’“) _ [Pz Fipy ~ et 0 (L2) = Eh
Uy U/ au 0 po +ipy ~ et » M. McClure and S. Takagi PRL 43, 506 (1979)



Signatures of Broken T and P Symmetry in *He-A

» Spontaneous Symmetry Breaking ~» Emergent Topology of the *He-A Ground State
» Chirality + Topology ~~ Weyl-Majorana Edge States ~» Chiral Edge Currents
» Broken T and P ~» Anomalous Hall Effects in Chiral Superfluids, e.g. 3He-A

» Confinement ~» Edge State Hybridization and New Broken Symmetry Phases of 3 He



Real-Space vs. Momentum-Space Topology

Topology in Real Space
U(r) = |[T(r)] "

(o

Chiral Symmetry ~~
Topology in Momentum Space

U(p) = A(ps L ipy) ~ e='%®

Phase Winding

1 .1
N = ﬂ?{c Al g ImV Y] € {0, %1, £2,...

» Massless Fermions confined in the
Vortex Core

Topological Quantum Number: L, = +1

1 1
Nopp = — @ dp- ———| )4 =L,
» Massless Chiral Fermions
» Nodal Fermions in 3D
» Edge Fermions in 2D



Massless Chiral Fermions in the 2D ®He-A Film

Edge Fermions: G%, (p,e;z) = T pr’ e~v/¢a =hvp/2A ~10° A > h
g edge(p ) € + Z'y o Ebs(pH) gA f/ /pf

> & = —cpj with c = A/p; < vy » Broken P & T ~» Edge Current
1.0—= Chiral Edge State Dispersion
~ | . | — &(n)
. Unoccupied | bet 1
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» J. A Sauls. Phvs. Rev. B 84 214500 (2011)



Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

> Ri, Rz, R1 — R2 > &

> Sheet Current: J = %lnh (n = N/V = *He density)

1
» Counter-propagating Edge Currents: J1 = —J2 = 1 nh

» Angular Momentum:

L. =2rh (R} — R3) x inh = (N/2)h McClure-Takagi's Global Symmetry Result PRL 43, 596 (1979)



Long-Standing Challenge: Detect the Ground-State Angular Momentum of *He-A

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

T

TORSION ..

FIBER Dissipationless

AXIS Chiral Edge
Currents

Specular Edge | _.

APPLIED ROTATIONAL
VELOCITY

Equilibrium
Angular Momentum

SUPERFLUID GYROSCOPE

T=wxl,
J. Clow and J. Reppy, Phys. Rev. A5, 424-438

P Y. Tsutsumi, K. Machida, JPSJ 81, 074607 (2012)

P J. A. Sauls, Phys. Rev. B 84, 214509 (2011)

Thermal Signature of Massless Chiral Fermions

J

»Power Law for T' < 0.5T¢
L. = (N/2)h (1 - e(T/A))
Toroidal Geometry with Engineered Surfaces

» Incomplete Screening
L. > (N/2)h

Direct Signature of Edge Currents

J




Detection of Broken Time-Reversal Symmetry, Mirror Symmetry & Weyl Fermions

Anomalous Hall Effect for Electrons in Chiral Superfluid 3He



Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid
A~(PX+1P2 z

> R> & ~ 100nm

» Sheet Current :

JE/dew(x)

~>

1
> Quantized Sheet Current: 1 nh (n= N/V = *He density)

» Edge Current Counter-Circulates: J = —i nh w.r.t. Chirality: =4z
» Angular Momentum: L, = 27 h R* x (—i nh) = —(Nhote/2) b

Nhole = Number of 3He atoms excluded from the Hole
. An object in ®He-A inherits angular momentum from the Condensate of Chiral Pairs!

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011)



Electron bubbles in the Normal Fermi liquid phase of >He

Z 3
, He E

X
A "
3nm —>
! Ve
-—£&
» Bubble with R ~ 1.5 nm, > QPs mean free path I > R
0.1nm = Ay < B < £o 2 80nm > Mobility of 3He is independent of T for

> Effective mass M ~ 100ms3 T. < T <50 mK

(ms — atomic mass of 3He) B. Josephson and J. Leckner, PRL 23, 111 (1969)



.

ve VaH

> Current: v = | € + pan€ X 1 R saimelin, M. Salomaa & V. Mineev, PRL 63, 868 (1989)

> Hall ratio:  tana = va/ve = |pan/pL| |




Mobility of Electron Bubbles in *He-A
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P> H. lkegami et al., Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)

B(T)

» Hall ratio: tano =

Re(al) (fA)
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Forces on the Electron bubble in *He-A:

d
» MY — cg +Fqp, Fgp — force from quasiparticle collisions

dt
» Fop = —7{ -V, 77) — generalized Stokes tensor
- nL Nan 0 .
> 7 — 9w M1 O for chiral symmetry with 1| e,
0 0 ’I7||
dv A
PME—CE niv+ v>< Beg, for& L1

> Beﬁ=—gnAHi B ~ 103 — 10T 11!

d —il
Mobility: CT: —0 ~ v=1E where ji=en

v

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

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

3 7./
TRk, E)=TE(K k) + / %Tﬁ(k’, k”)[é?(k”, E) - GRK, E)]Tg'(k", K, E)
i
. 1 e+ & —A(k) - h2g2
G§(k,E) = ——; K v Bx=\G+HAK)? &= —
e? — B fAT(k) e — & 2m
» Normal-state T-matrix:
Sy @ tR (K, k) 0 .
THK k)= V'V PO -h (Namb , wh
N ( ) ( 0 (R (-, k)] in p-h (Nambu) space, where
N 1 & ) R
(K k) = ——= > "(2 + 1) sin6iP(k - k), Fi(z) - Legendre function
i

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

» kyR — determined by the Normal-State Mobility



Weyl Fermion Spectrum bound to the Electron Bubble
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Current bound to an electron bubble (kyR = 11.17)

> ®
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016) L(T & a
= O) ~ _ﬁNbubble/2l ~ —100Ah1

» JAS PRB 84 214500 (2011)



Determination of the Stokes Tensor from the QP-lon T-matrix
(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
2 PN PN 1 T
(K, k) = T WK KB - Bo). WK, k) =7 > (Ko7 |Ts]ko,7) [

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

Fop = — > h(k' —k) [hk'vfk <— %fg’) — nkv(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 I ~» W (k' k) # W(k,k') J
(iv) Generalized Stokes tensor:

- of nL man 0
And = dE | —2— i (E hed
Fop=—17-v ~ n3pf/0 ( aE)ag( )J n=/|-nwm no O
0 0 m
kS
ng = 372 — ®He particle density, 0;;(FE) — transport scattering cross section,
™

f(E) = [exp(E/kpT) +1]"" - Fermi Distribution



Mirror-symmetric scattering = longitudinal drag force

e 1o}
FQP = —(1_7> -V, Nig = ngpf/ dFE —27’)“ O’ij(E)
o OF

Subdivide by mirror symmetry: \:k/
W, k) = WORK) + WO, k),

(+) ,3/ / L TR T :
o H(E)="2 A ZE (K - k) (K — k)] S— (K, K E
i (B)=7 N S = I( )G = kj)] S )

Mirror-symmetric cross section: W('”')(l;'7 k) = [W (K, k) + W (k,k')]/2

doH) D &
K k E WK K)——
Qe (ks B) = (27”72) k’ 2
VE )l
~ Stokes Drag nm) = 77(+) L, niz) =mn) ., No transverse force [nfj')} » =0
i#£]



Mirror-antisymmetric scattering = transverse force

s e af
Fop=—1n-v, nij= nspf/o dE (—2@) oi;(E)

Subdivide by mirror symmetry: k/ k
W (k' k) = W (K k) + WK k), \/

0ii(B) = o (B) + o (B) , ‘//ﬁ/g- fﬁj;\\

(=)
=) 3/ A L, s do fpon [
o, (B)=— A — leiin(k’ x k)g k' Kk E)|f(E

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

=) . * 0\ 2 A
o0 @ sm) = (2 E__ wouky—2
dQ ’ 27Th2 o =

k B2 — |A(K)? B2 — |Adk)!2

(=) (

Transverse force  1)g,’ = —ny;)

=naH = anomalous Hall effect

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



Differential cross section for Bogoliubov QP-lon Scattering kyR = 11.17

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



Theoretical Results for the Drag and Transverse Forces

1.0 T T T T 0.0
z [ & r ,’, \
< 05t = 0.01F . -
S g | I |
085 , : 00 ===z~ ""07 06 08 10

T/T, T/T.
2
> Ap, = py g-gz ~ a,tNr ~ TR? > Apy~ h /R Utzry ~ (A(T)/kBTC) UH
~ t
> Fp R s Apy ohy > Fy ~nvs Apy og,
NNV proN ~nv, (h/R)oN(A(T)/ksT.)?
h
|F,/Fy| ~ o & (A(T)/kpT.)? ksR=11.17
f

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



Comparison between Theory and Experiment for the Drag and Transverse Forces

T

10%¢

10°k
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)

tan o

O e e 5 0 B s e e e s e s
r — theory b
i * ® & Exp. red
: [ ] Exp. blue :
0.2 =

[ ¢ :

oif t % 1
* _

0%"!1

.0 0.2 0.4 0.6 0.8 1.0
T/T,
> tana = Bad| _ TAR
JZan nL
» Hard-Sphere Model:
kfR=11.17

» O. Shevtsov and JAS, JLTP 187, 340353 (2017)



Summary

>

>

Electrons in 3He-A are “dressed” by a spectrum of Weyl Fermions

Electrons in ®He-A are “Left handed” in a Right-handed Chiral Vacuum
~ Lz ~ _(Nbubble/Q)h ~ —100h

Experiment: RIKEN mobility experiments ~» Observation an AHE in 3He-A
Scattering of Bogoliubov QPs by the dressed lon

e
~+ Drag Force (—nv) and Transverse Force (—v X Bsy) on the lon

c

P
Anomalous Hall Field: B.; ~ —02 k7 (kgR)? <”A”) 1~10° - 10T1
3 N

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

New directions for Transport in *He-A & Chiral Superconductors

Anomalous Hall and Thermal Hall Effects in Chiral Superconductors: UPtg & SroRuOy4



Comparison between Theory and Experiment for the Drag and Transverse Forces
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Theoretical Models for the QP-ion potential

Uy, r < R,
» U(r)=4q-U1, R<r<ZR,
0, r>R.

v

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

» U(x) =Up [1 —tanh[(xz — b)/c]], = =kyr

v

U(z) = Up/ cosh®[az"], x = ksr (Pdschl-Teller-like potential)

v

Random phase shifts: {0;|/ = 1...lnax} are generated with Jg is an adjustable parameter

v

Parameters for all models are chosen to fit the experimental value of the normal-state
mobility, u5® = 1.7 x 107 m?/V - s



Theoretical Models for the QP-ion potential

Label | Potential Parameters

Model A | hard sphere kfR=11.17

Model B | repulsive core & attractive well | Up = 100E;,Uy = 10Ef,kgR’ =11, R/R' = 0.36
Model C random phase shifts model 1 ez = 111

Model D | random phase shifts model 2 Imax = 11

Model E | Pdschl-Teller-like Uo =1.01Ef,kfR =22.15,a0 = 3 x 1075 n=4
Model F | Pdaschl-Teller-like Up=2E;,kfR=19.28,a =6 x 107%n=4
Model G | hyperbolic tangent Uo = 1.01Ef,ky R = 14.93,b = 12.47,c = 0.246
Model H | hyperbolic tangent Uo =2E;,kyR=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




Hard-sphere model with kR = 11.17 (Model A)
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Comparison with Experiment for Models for the QP-ion potential

0.1

0.0

Label ‘ Potential ‘ Parameters
Model A hard sphere kfR=11.17
Model B attractive well with a repulsive core Up = 100Es,Us = 10E¢, ky R = 11, R/R’ = 0.36
Model C random phase shifts model 1 lmax = 11
Model D random phase shifts model 2 Urnpss = 1k}
Model E Paschl-Teller-like Up =1.01Es, kR =22.15,a = 3 X 10_5, n=4
Model F Paschl-Teller-like Up =2Ef,kyR=19.28, a = 6 X 10_5, n=4
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Stabilizing the A-phase at Low Temperatures

Magnetic field B:

> suppresses | 7)) + | {1) Cooper pairs:
~ disfavors the B-phase

» favors the chiral, p, + ipy, A-phase with:
(A +nB)[ 1) + (1 —nB)[ 1)

> critical field: B.(0) ~ 0.3 T

1.0
T [mK]
Topological Edge states:
> E E
® © N
\s\ & P ) \\k
Chiral 3He-A Helical *He-B
E/ E/




Calculation of LDOS and Current Density
4 d3k a3k’ s e s
R/ _ ik'r’ —ikr AR 1,/
Gs(r',r,E) = / (2r)? / (27r)3€ e "Gg (k' k, E)
GE(K k, E) = (2n)*GE(k, E)ow i + GR(K, E)T5(K , k, E)GE(k, E)

AR _ 1 €+ &k —A(f()> _ . +

Gg(k, E) = 52_E12( (—AT(R) e—& )" e=E+in, n—0
_ 1 5R

N(r,B) = —5-Im {Tr [gs (r,r,E)]}
h .

1) = goghsT Z lim Tr (Vi = V)G (', 7, c0)

gfé(r r,F)= QM(r ren)| , formn >0

1€n—>E

G¥ (1 K, ~en) = [ ¥ (K, K e)]|



Broken Time-Reversal (T) & mirror (II,) symmetries in Chiral Superfluids

v

Broken TRS: T (py + ipy) = (Pz — iDy)

v

Broken mirror symmetry: I, - (pz + ipy) = (Do — iDy)

v

Chiral symmetry: C=T x I, ~ C- (P +iPy) = (Px + iDy)

A A ~

Microscopic reversibility for chiral superfluids: W(R', k; +1 ) =W(k,k'; —1)

v

v

. For BTRS: the chiral axis 1 is fixed ~ W(Elvk; i) # W(f(a Rl§i) J




Determination of the Electron Bubble Radius

(i) Energy required to create a bubble:
4
E(R,P) = Ey(Uo, R) + 4nR2%y + ?WR‘?P, P — pressure

(i) For Uy — oo: Eg = —Uy + 72h*/2m.R? — 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= <87r > ~238nm ~ keR=18.67
MeY

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)
a 47
L(T — 0) ~ —ANuuewel /2; Noubbie = 113 ERS ~ 200 3He atoms
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Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0

1 .
(i) t’(E) = _Tewl sin o

. o Ay . ., do

(iv) oy :/ = (1-— k.k/)ko/ — 2 IE_ (14 1)sin? (841 — &)
: e

(V) Hn ngpfO'H’ by fr N3 32



Calculation of LDOS and Current Density
4 d3k a3k’ s e s
R/ _ ik'r’ —ikr AR 1,/
Gs(r',r,E) = / (2r)? / (27r)3€ e "Gg (k' k, E)
GE(K k, E) = (2n)*GE(k, E)ow i + GR(K, E)T5(K , k, E)GE(k, E)

AR _ 1 €+ &k —A(f()> _ . +

Gg(k, E) = 52_E12( (—AT(R) e—& )" e=E+in, n—0
_ 1 5R

N(r,B) = —5-Im {Tr [gs (r,r,E)]}
h .

1) = goghsT Z lim Tr (Vi = V)G (', 7, c0)

gfé(r r,F)= QM(r ren)| , formn >0

1€n—>E

G¥ (1 K, ~en) = [ ¥ (K, K e)]|



Temperature scaling of the Stokes tensor components

T
» Forl— — —07:
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Multiple Andreev Scattering ~~ Formation of Weyl fermions on e-bubbles

SHe-A

A(k) = Asin fe'®



