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Chirality in Nature
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Handedness: Broken Mirror Symmetry
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Chirality in Nature

Chiral Diatomic Molecules

Molecular Chiral Enantiomers

(r) = ) (x + iy)

Broken Mirror Symmetries

o U(r) = f(r) (z —iy)
Broken Time-Reversal Symmetry
Handedness: Broken Mirror Symmetry TU(r) = f(r) (z — iy)

Realized in Superfluid *He-A & possibly the ground states in unconventional superconductors



Chiral Superconductors

Ground states exhibiting:

» Emergent Topology of a Broken-Symmetry Vacuum of Cooper Pairs
» Weyl-Majorana excitations of the Vacuum

» Ground-State Edge Currents and Angular Momemtum

» Broken P and T ~» Anomalous Hall Transport



Chiral Superconductors

Ground states exhibiting:

» Emergent Topology of a Broken-Symmetry Vacuum of Cooper Pairs
» Weyl-Majorana excitations of the Vacuum

» Ground-State Edge Currents and Angular Momemtum

» Broken P and T ~» Anomalous Hall Transport

Where are They?

» 3He-A: definitive chiral p-wave condensate; quantitative theory-experimental confirmation
» SroRuOy: proposed as the electronic analog of 2He-A; evidence of chirality

» UPts: electronic analog to *He: Multiple Superconducting Phases; evidence of chirality
» Other candidates: URusSio; SrPtAs, doped graphene ...



The Pressure-Temperature Phase Diagram for Liquid 3He

Maximal Symmetry: G = S0(3)s x SO(3)L x U(1)n X P x T — Superfluid Phases of *He
34
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» J. Wiman & J. A. Sauls. PRB 92. 144515 (2015)



NMR frequency shift and Magnetic Susceptibility
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Spin Dynamics and Broken Spin-Orbit Symmetry

VoLuME 29, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1972

Interpretation of Recent Results on He? below 3 mK: A New Liquid Phase?

A. J. Leggett
School of Mathematical and Physical Sciences, University of Sussex, England
(Received 5 September 1972)

It is demonstrated that recent NMR results in He indicate that at 2.65 mK, the liquid
makes a second-order transition to a phase in which the “spin-orbit” symmetry is spon-
taneously broken, The hypothesis that this phase is a BCS-type phase in which pairs
form with 7 odd, S=1, S,=+1 leads to reasonable agreement with both NMR and thermo-
dynamic data, but involves some difficulties as to stability.

w? = (vH)? + Q*(T)
02 = —2;Z (Hp) Q #0 = Broken Spin-Orbit Symmetry

Q%(T)
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NMR frequency shift and Magnetic Susceptibility =~ Maximal Symmetry: G = S0(3)g x S0(3), x U(1)y x P x T
J. Pollanen et al. PRL 107, 195301 (2011)
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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 S0(3)L X U(1)y x T x P
§0=hvf/27rkBTcm20—80nm ,U
» L. Levitov et al., Science 340, 6134 (2013)

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

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

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

What is the Evidence for Chirality of Superfluid *He-A?

Broken T and P ~~ Anomalous Hall Effect for Electrons in *He-A

Broken Symmetries ~» Topology of *He-A

Chirality + Topology ~~ Chiral Edge States



Momentum-Space Topology

Topology in Momentum Space Winding Number of the Phase:
U(p) = Aps £ ip,) ~ [ b=

1 1
No= - ¢ dp iy Ve ()] = L

» Massless Chiral Fermions
» Nodal Fermions in 3D
» Edge Fermions in 2D




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

> R> & ~ 100nm

» Sheet Current :

JE/de¢(w)




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

> R> & ~ 100nm

» Sheet Current :

JE/dmL,(w)

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

» Edge Current Counter-Circulates: - w.r.t. Chirality: l1=+z



Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid
A~(PX+1P2 z
> R> & ~ 100nm

» Sheet Current :

JE/dew(x)

~>

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

1 "
» Edge Current Counter-Circulates: J = ~1 nh w.r.t. Chirality: 1 = +z

> Angular Momentum: L. = 27 h R® x (f% nh) = —(Nhole/2) b

Niole/2 = Number of 3He Cooper Pairs excluded from the Hole

. An object in ®He-A inherits angular momentum from the Condensate of Chiral Pairs!



Electron bubbles in the Normal Fermi liquid phase of >He
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» 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| |




Current bound to an electron bubble (kyR = 11.17)
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J(r)/vsNskpTe = js(r)éy
» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Skew Scattering of Quasiparticles by Bubble Edge Currents

V= +7%  Structure of an Ion embedded in He-A
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JAS & M. Eschrig, New J. Phys. | I,075008 (2009)




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

Measurement of the Transverse e- mobility in
Superfluid 3He Films

f=0.06-6Hz
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H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)



Detection of Broken Time-Reversal & Mirror Symmetry in “He-A

Measurement of the Transverse e- mobility in

Superfluid 3He Films
f=0.06 -6 Hz left electrode P
Vi,=01-1V ﬂlL:ILHIL
right electrode 4@} % = _
= < 50 ° 45 T L=l +il,

" electron
bubbles

Transverse Force from Skew Scattering
~s Al =11, =0
o1

U= uLE+ ;ng/fxﬁ} O

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)
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Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

Transverse e- bubble current in 3He-A
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Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

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



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

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

d . . ..
g Md%, =e€ +Fqp, Fgp - force from quasiparticle collisions



Forces on the Electron bubble in *He-A:

d . . ..
> MoTZ =e€ +Fqp, Fgp - force from quasiparticle collisions
» Fop = —%} Vv, ? — generalized Stokes tensor
o nL Tan 0 )
»n=|—Naww mnL O for broken PT symmetry with 1 || e,
0 0 77”



Forces on the Electron bubble in *He-A:

dv
M-— =¢e€ +Fop,
> Mg Tt e

g A d
» Fop=—n-v, n

Fgp — force from quasiparticle collisions

— generalized Stokes tensor

o nL Nan 0 )
»n=|—Naww mnL O for broken PT symmetry with 1 || e,
0 0 77”
dv R
PME—GS N1V + v>< Beg, for& L1

C ~
> Beg = _;T]AHI

Beg ~ 10 —10*T 111



Forces on the Electron bubble in *He-A:

d . . ..
> Md%fl =e€ + Fqp, Fgp — force from quasiparticle collisions
» Fop = —? Vv, ? — generalized Stokes tensor
o nL Tan 0 )
»n=|—Naww mnL O for broken PT symmetry with 1 || e,
0 0 77”
dv R
PME—GS N1V + v>< Beg, for& L1

- Beﬁ:_gnAHi Beg ~ 10 —10*T Il

d -1
Mobility: 2 = 0 ~ v= HS, where 1 = e<1_7>
o H H

v



T-matrix description of Quasiparticle-lon scattering

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

3 7./
TR %, B)=TE k) + / %T}?(k’, k”)[é?(k”, E) - GRK, E)]T?(k”, K, E)
. 1 e+&  —AK) - B2 K2
G5, B) = 5 ! C Be= @+ IARP, &= -
SR\ AR e-s @

» Normal-state T-matrix:

TII\}(I;/» R) _ (tﬁ (l;', f()

0
2 2 in p-h (N
. f[tﬁ(fk',fk)]f) in p-h (Nambu) space



v\k’ Ak/
T-matrix description of Quasiparticle-lon scattering @

» Lippmann-Schwinger equation for the T-matrix (e = E +in; n — ()+):
d3k//
(2m)?

1 e+& —AK) - 22
2_E2 AR e—g 5 £ +1Aak)2, §k:2

TEK K B) =T, K) + TR0 KOG, B) - GROC B)|TE (K K, )

GE(k,E) =

» Normal-state T-matrix:
R {./ 1
TH(K k) = (tN(lg k) f[tﬁ(f?(',ff()ﬂ) in p-h (Nambu) space, where
R (K k) Z (20 + 1)e” sin 6, P,(k’ - k), Pi(z) — Legendre function
=0

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

» kyR — determined by the Normal-State Mobility ~» kR =11.17 (R = 1.42nm)



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

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



Comparison between Theory and Experiment for the Drag and Transverse Forces
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Summary

>

>

Electrons in 2He-A are “dressed” by a spectrum of Chiral Fermions

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

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

~» Drag Force (—n,v) and Transverse Force (EV X Beys) on the lon
c
o
Anomalous Hall Field: By ~ —> k3 (ks R)* DA ) 1108 — 10°T1
32 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
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» Open Problem: Theory of Radiation Dominated Motion of Electrons in a Chiral Vacuum
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Electrons in 2He-A are “dressed” by a spectrum of Chiral Fermions

Electrons in ®He-A are “Left handed” in a Right-handed Chiral Vacuum
~ Lz ~ _(Nbubble/z)h ~ —100 h
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Theory: ~» Quantitative account of RIKEN mobility experiments

» Open Problem: Theory of Radiation Dominated Motion of Electrons in a Chiral Vacuum

» Open Problem: Bulk Signature of BTRS in UPt3,SroRuQO4 ~~ Thermal Hall Effects?



Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow
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Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow
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Breakdown of Scattering Theory for 7" — 0

4.0

B Viabe
3.5 -0 VLandau

T/T.

1.0

Electron Bubble Velocity
Va = unEn = 1.01 x 10 *m/s

VZNNENUH*N
n

Maximum Landau critical velocity
V" 2 155 X 10_4m/sAA7(T)

kv Te
Nodal Superfluids:
Ve = A(p)/ps — 0 for p — Pnode
EDoppler — pr
(p)

p

» Radiation Dominated Dampling for
T <017



Radiation Damping - Pair-Breaking at 7' — 0

Is their a transverse component of the radiation backaction?

\/\/\/\/

Stochastic Radiative Dynamics

Fluctuations of the Chiral Vacuum

» Mesoscopic lon coupled and driven through a Chiral “"Bath”



Happy Birthday Tony!

Thanks for the beautiful physics you created and stimulated !



