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Superfluid Phases of *He

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

Phase Diagram of Bulk *He

SuperfluidsHe
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Superfluid Phases of *He

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

Phase Diagram of Bulk *He

SuperfluidsHe

Spin-Triplet, P-wave Order Parameter:

Bap(p) = d(P) - (i59,)ap ~ du(P) = AP |
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Superfluid Phases of *He

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

Phase Diagram of Bulk *He CalEl el fSm

SuperfluidsHe

Aui = A&,L (a4 4n),
L.,=1,5.,=0

Spin-Triplet, P-wave Order Parameter:

Bap(p) = d(P) - (i59,)ap ~ du(P) = AP |
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Superfluid Phases of *He

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

Phase Diagram of Bulk *He Chiral ABM State [ =1 x 1

SuperfluidsHe

Ay =Ad, (rh + in),
L,=1,5.=0
“Isotropic” BW State

Spin-Triplet, P-wave Order Parameter:

Bas(p) = d(p) - (i50y)as ~ du(p) = Aui pi | Api = Ay

J=0,J.=0
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Superfluid Phases of *He - Confined Geometry

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

A. Vorontsov & JAS, PRL, 2007 Chiral ABM State [ = rn x 71

Aui = Ad,, (th + 1),
Lz = ]. ; Sz = 0
“Isotropic” BW State

Spin-Triplet, P-wave Order Parameter:

Das(p) = d(p) - (i60y)as ~ d,u(p) = Aui Pi | Ayi = Aby;
J=0,J.=0
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Ground-State Angular Momentum of Chiral P-wave Condensates

Ground-State for Chiral P-wave BEC Molecules or BCS Pairs

Composed of N Fermion atoms:
N/2

| &) = [//drldm Ps1sa(r1 —12) L, (e1)9l, (r2)|  |vac) AT

o ©s155(r) = f(|r|/€) (T + 1Y) Xs152(S =1, Ms = 0)
@ Radial size = ¢: BEC (¢ < a) vs. BCS pairs (¢ > a)

J. A. Sauls Topological Edge & Surface States of Superfluid 3He



Ground-State Angular Momentum of Chiral P-wave Condensates

Ground-State for Chiral P-wave BEC Molecules or BCS Pairs
Composed of N Fermion atoms:

N/2 1z

) = [[fantes puates = shostten] e (11111
:

o ©s155(r) = f(|r|/€) (T + 1Y) Xs152(S =1, Ms = 0)
@ Radial size = ¢: BEC (¢ < a) vs. BCS pairs (¢ > a)
L. = (N/2)h

< g, O

J. A. Sauls Topological Edge & Surface States of Superfluid 3He



Ground-State Angular Momentum of Chiral P-wave Condensates

Ground-State for Chiral P-wave BEC Molecules or BCS Pairs

Composed of N Fermion atoms:
N/2

o= [ffese i) e (HT111TY
@ ¢orea(®) = F(r1/E) (@+3y) Xor6a(S =1, Ms =0) |
@ Radial size = ¢: BEC (¢ < a) vs. BCS pairs (¢ > a)

L. = (N/2)h

L. = (N/2)h(a/€)* < (N/2)h ? (P. Morel & PW. Anderson, 1962, A. Leggett, 1975)
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Ground-State Angular Momentum of Chiral P-wave Condensates

Ground-State for Chiral P-wave BEC Molecules or BCS Pairs

Composed of N Fermion atoms:
N/2

o= [ffese i) e (HT111TY
@ ¢orea(®) = F(r1/E) (@+3y) Xor6a(S =1, Ms =0) |
@ Radial size = ¢: BEC (¢ < a) vs. BCS pairs (¢ > a)

L. = (N/2)h

L. = (N/2)h(a/€)* < (N/2)h ? (P. Morel & PW. Anderson, 1962, A. Leggett, 1975)

> L.|Pn) = (N/2)h |®n ) independent of (a/¢)! - McClure-Takagi (PRL, 1979)
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Ground-State Angular Momentum of Chiral P-wave Condensates

Ground-State for Chiral P-wave BEC Molecules or BCS Pairs

Composed of N Fermion atoms:
N/2

|on) = [//drldm Porss (r1 — 1) YL, (1)l (r2)| | vac) “ \
Q ©o15:(r) = F(Irl/6) (@ +iY) Xo152(S =1,Ms =0)

@ Radial size = ¢: BEC (¢ < a) vs. BCS pairs (¢ > a)

L. = (N/2)h

L. = (N/2)h(a/€)* < (N/2)h ? (P. Morel & PW. Anderson, 1962, A. Leggett, 1975)

> L.|Pn) = (N/2)h |®n ) independent of (a/¢)! - McClure-Takagi (PRL, 1979)
Currents are confined on the Edge
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2D Chiral A-phase

3He-A confined in a cylindrical cavity with h < & and R >> &.

@ 2D Chiral ABM State:
d(p) = Az (po +ip,)/ps ~ %P

@ Equal-Spin Pairs for all p:
z~ | 3)+] &)

@ Fully Gapped: |d(p)*> = A?
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2D Chiral A-phase

3He-A confined in a cylindrical cavity with h < & and R >> &.

@ 2D Chiral ABM State:
d(p) = Az (po +ip,)/ps ~ %P

@ Equal-Spin Pairs for all p:
z~| =)+ =)

@ Fully Gapped: |d(p)*> = A?

Bogoliubov Equations for Fermionic Excitations:

2
(—h—VQ —,u> u—l—al-? (Alﬁ +iAgg) vV=¢cu

2m ox oy
h? s 9 _
(+TV —‘,—,u)v—l—awf(Al%—zAza)u—av
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2D Chiral A-phase

3He-A confined in a cylindrical cavity with h < & and R >> &.

@ 2D Chiral ABM State:
d(p) = Az (po +ip,)/ps ~ %P

@ Equal-Spin Pairs for all p:
z~| =)+ =)

@ Fully Gapped: |d(p)*> = A?

Bogoliubov Equations for Fermionic Excitations:

K2 )
(—L—VQ —,u> u—l—awg (Alﬁ +iAgg) vV=¢cu

2m ox oy
h? 0 .
(+%V2+,u> v—l—amf(Ala —zAza—) U=€cv

Nambu-Momentum Representation with particle-hole (iso-spin) matrices 7= (T1,7T2,73)

H=(pl/2m —p) 75 + 00 [A1pa71 F Aop, 7] /ps = m(p) -7
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Topological Invariant for 2D *He-A and Fermionic Spectrum

Nambu-Bogoliubov Hamiltonian for 2D *He-A : H = m(p) - 7
N . = 2
~ 1 = (epa, Fepy,§(p)) With [m(p)|” = (IpI*/2m — )"+ ’[p|* > 0, # 0
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Topological Invariant for 2D *He-A and Fermionic Spectrum

Nambu-Bogoliubov Hamiltonian for 2D *He-A : H = m(p) - 7
N . = 2
~ 1 = (epa, Fepy,§(p)) With [m(p)|” = (IpI*/2m — )"+ ’[p|* > 0, # 0

Wik ‘fm “

Topological Invariant for 2D *He-A < QED in d = 2+1 [G.E. Volovik, JETP 1988]:

d’p om  Om +1; p>0andA#0
Nop) = 2P (o, gmy ]
2 71—/ (2m)? n(p) (8px 8 3py) { 0; nw<0orA=0
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Topological Invariant for 2D *He-A and Fermionic Spectrum

Nambu-Bogoliubov Hamiltonian for 2D *He-A : H = m(p) - 7
N 2
~ 1= (epa, Fepy ,€(P)) with [10(p)[* = (Ip|*/2m — u)” +*[p[* > 0, p #0

s ﬁﬁﬁw Wi

N& \\?v N \‘\\ ‘\\Mw‘4
N

Topological Invariant for 2D *He-A <+ QED ind = 2+1 [G.E. Volovik, JETP 1988]:

d’p om  Om +1; p>0andA#0
Nop = R R BVl R )
2 ﬂ—/ (2m)? n(p) (8]91 8 3py) { 0; nw<0orA=0

“Vacuum” (A = 0) with Nop = 0 [ *He-A(A # 0) with Nop = 1
Zero Energy Fermions | Confined on the Edge.




Chiral Edge Fermions in the 2D *He-A

TA|pe| e %/éa

Propagator for Edge Fermions: ghyge (p, &; ) = T )
— ebs(P|

Confinement on éa = hwy/2A ~ 10° A > h/p;

@ cps = —cp Withe=A/py K vy @ Broken P & T ~» Edge Current

Chiral Edge State Dispersion
D — =)

0.0|Fermi Energy

1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

p/ps
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Chiral Edge Fermions in the 2D *He-A

TA|pe| e %/éa

Propagator for Edge Fermions: ghyge (p, &; ) = T )
— ebs(P|

Confinement on éa = hwy/2A ~ 10° A > h/p;

@ eps = —cp Withe=A/py < vy @ Broken P & T ~» Edge Current

Chiral Edge State Dispersion
. — ()

N

05 Unoccupied

0.0|Fermi Energy

05 Occupied

1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

pi/ps
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Chiral Edge Currents

Local Density of States: N(p, z;¢) = Lim " (p,z;€)
™
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Chiral Edge Currents

Local Density of States: N(p, z;¢) = Lim " (p,z;€)
™

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p, ;) = 2N; 9(p) [N(p, z;¢) — N(p',z;¢)]
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Chiral Edge Currents

Local Density of States: N(p, z;¢) = Lim " (p,z;€)
™

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p, ;) = 2N; 9(p) [N(p, z;¢) — N(p',z;¢)]

Jy(p).x:€) /2Nyvy

[} 0 15
N

Bound-State Edge Currentat x = 0
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Chiral Edge Currents

Local Density of States: N(p, z;¢) = Lim " (p,z;€)
™

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p, ;) = 2N; 9(p) [N(p, z;¢) — N(p',z;¢)]

Jy(py:x;€) /2Nyvg . Jy(py. x; €) /2Ngvy

[} 5} 0 15 5 0 5 00
/A /A

Bound-State Edge Currentat x = 0 Continuum Edge Current at x = 10
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Edge Currents and Angular Momentum

i dPH
Ground-State Current Density: J p,ar €)
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Edge Currents and Angular Momentum

i dPH
Ground-State Current Density: J p,x €)
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Edge Currents and Angular Momentum

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

X [(5(5 —eps(py)) — 0(e — Ebs(P/H))]
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Edge Currents and Angular Momentum

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

X [(5(5 —eps(py)) — 0(e — Ebs(P/H))]

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

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

X [(5(5 —eps(py)) — 0(e — Ebs(P/H))]

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

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

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

X [(5(5 —eps(py)) — 0(e — Ebs(P/H))]

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

Mass Current: v; — ps ~ J — §
f f
> L% = / d’r [rg,(r)] = Nk
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Edge Currents and Angular Momentum

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

X [(5(5 —eps(py)) — 0(e — Ebs(P/H))]

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

Mass Current: vy — pf ~» J — §
> L = / d*r [rg,(r)] = Nh x2Too Large vs. MT
14
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Edge Currents and Angular Momentum

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

x [5(5 —ebs(py))) — (e — Ebs(P/H))}

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

Mass Current: vy — pf ~» J — §
> L = / d*r [rg,(r)] = Nh x2Too Large vs. MT
14

A2 2
© _ 2Py i 2 _ A2
» Continuum (¢ < —A): ¢ = 2N7 7 [ps| (32 - 535(1)”)) S (2 e2-A 17/%) ’
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Edge Currents and Angular Momentum

Tl
Ground-State Current Density: J / 2P / p,x €)

Bound-State Contrlbutlon (R>&a):

Jo(P,756) = 2Njvs Alpa|p,e /2

x [5(5 —ebs(py))) — (e — Ebs(P/H))}

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

Mass Current: vy — pf ~» J — §
> L = / d*r [rg,(r)] = Nh x2Too Large vs. MT
14

A2 2
c_ LN ;
» Continuum (¢ < —A): ¢ = 2N7 7 [ps| (32 - Egs(l)n)) Sin (2 -A 17/%) ’
> LS :/ d*r [7“ gg(r)] = —%Nﬁ L@ = (N/2)h - MT Result Recovered!
\%4
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Ground-State Angular Momentum of ®*He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

"I|||||||||||Hiiﬂ““l“" ARriR ® Ri,Ry,Ri— R > &
@ Volume: V = hn (R} — R3)
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Ground-State Angular Momentum of ®*He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

"I|||||||||||Hiiﬂ““l“" ARriR ® Ri,Ry,Ri— R > &
@ Volume: V = hn (R} — R3)

@ Sheet Current: J = inh (n = N/V = *He density)
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Ground-State Angular Momentum of ®*He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

"I|||||||||||Hiiﬂ““l“" ARriR ® Ri,Ry,Ri— R > &
@ Volume: V = hn (R} — R3)

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

@ Counter-propagating Edge Currents: J; = —J> = inh
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Ground-State Angular Momentum of ®*He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

'“"“III“||H:i“==“ﬂ=. ARIR @ Ri,R2,R1 — R2 > &
@ Volume: V = hn (R} — R3)

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

@ Counter-propagating Edge Currents: J; = —J> = inh

@ Angular Momentum:

L. =2nh (R} — R3) x inh = (N/2)h  McClure-Takagi Result
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Thermal Excitation of Chiral Edge Fermions

dge Fermions Carry the Opposite

Jy(p|. x; ) /2Ngve

50 — a=—0s0r}
— a=-045
. — a=-0
40 — a=-0
— a=-030
30 — a=-0
— a=-0
— a=-0157
20 — a=-0107
— a=-0
0 — a=—-0.00r ]
f(s)forT/T.=0.5 — a=005r
— a=0107
0 =i
— a=0207
a=0.25
~10 e .
a=
i a=040r |]
‘ a=0457
— a=050r
—-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

L.=(N/2)h x Yo (T)

Vi.(T)~ 1~ e(T/A)

T<KA

1.0

0.9

0.8

L.(T)/(Nh/2)
2D : py(T)

01 A(T)/A(0)

04, 02 03 04 05

T/T.

» JAS, Phys. Rev. B 84, 214509 (2011)
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0.6 0.7 0.8 0.9 1.0

» Y. Tsutsumi et al., PRB 85, 100506(R) (2012)



Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

p
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Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

p

p

Propagating Chiral Fermions:
TA|pa|

€+ 1y — ebs(Py))
Edge Current: J = inh

g (p, &) = e*/ca
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Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

P

Retro Reflection

lao]

P :

Propagating Chiral Fermions:
TA|pa|

e+ iy —eps(p))
Edge Current: J = inh

g (p, &) = e*/ca
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Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

P

S

Propagating Chiral Fermions:
TA|pa|

e+ iy —eps(p))
Edge Current: J = inh

Retro Reflection

g (p, &) = e*/ca
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Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

P

D

Propagating Chiral Fermions: Zero-Energy Fermlons for all p:

Retro Reflection

R TA|pa| —z/€n A
. —2Az /vy
g (p’€7l) E+'L’Y—Ebs(p”) € g (I’78 CU) 7276 4
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Non-Extensive Scaling of L. in a Toroidal Geometry
Engineered Edges of a Toroidal Cavity
@ Sheet Current: J = f x inh

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

Engineered Edges of a Toroidal Cavity

1
I R, & B+iR, @ SheetCurrent: J = f x —nh
LTI . 4

@ Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents
_ fi—-rf
L,=(N/2)hx ( T

Non-Extensive Scaling of L.: 7 = (Ra/R1)° 0<r<1
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Non-Extensive Scaling of L. in a Toroidal Geometry

Engineered Edges of a Toroidal Cavity

1
I R, & B+iR, @ SheetCurrent: J = f x —nh
LTI . 4

@ Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents
_ fi—-rf
L,=(N/2)hx ( T

Non-Extensive Scaling of L.: 7 = (Ra/R1)° 0<r<1

» f1=1,f2=0
L. = (N/2)hx (1

ir) > (N/2)h
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Non-Extensive Scaling of L. in a Toroidal Geometry

Engineered Edges of a Toroidal Cavity

@ Sheet Current: J = f x inh

@ Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents
_ fi—-rf
L,=(N/2)hx ( T

Non-Extensive Scaling of L.: 7 = (Ra/R1)° 0<r<1

> fi=1f=0 > f1=0,f2=1

L. = (N/2)hx (1;) > (N/2) h L. = (N/2)hx (;_2) < —(N/2)h

» Strong violations of the McClure-Takagi Result
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Detecting Chiral Edge Fermions in *He-A

Gyroscopic Experiment to Measure of L. (T)

Signatures of Chiral Edge States

T

I?:;;ON Dissipationless »Power Law for T' < 0.57,
AXIS —— %;ﬂife L.~ (N/2)h(1 — ¢(T/A)?)
Specular Ea_qe‘ I

Toroidal Geometry with Engineered
’ Non-Specular Edge ‘ Surfaces

» L. is Non-Extensive :
Equilibrium L.> (N/2)h or

Angular Momentum
s L. < —(N/2)R
SUPERFLUID GT.ROSCOPE

T=wxL,

Direct Signature of Edge Currents

APPLIED ROTATIONAL
VELOCITY
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Detection of Broken Time-Reversal Symmetry in *He-A

Detection of Broken 7ime-Reversal Symmetry
of Cooper pairs in Superfluid 3He-A

Hiroki Ikegami, Yasumasa Tsutsumi, Kimitoshi Kono, Science 341, 59-62 (2013)

RIKEN, Japan

. San‘—r ’17
y - V 3He
| 1,
11
Electron Mobility:
F=7-E
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Detection of Broken Time-Reversal Symmetry in *He-A

Detection of Broken 7ime-Reversal Symmetry
of Cooper pairs in Superfluid 3He-A

Hiroki Ikegami, Yasumasa Tsutsumi, Kimitoshi Kono, Science 341, 59-62 (2013)

RIKEN, Japan

z

e

3
V He
i

Electron Mobility: B-phase Mobility

10 0
L o~ B fr=p {0 10
v=pu-E 00 1

Isotropic
Fully Gapped
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Detection of Broken Time-Reversal Symmetry in *He-A

Detection of Broken 7ime-Reversal Symmetry
of Cooper pairs in Superfluid 3He-A

Hiroki Ikegami, Yasumasa Tsutsumi, Kimitoshi Kono, Science 341, 59-62 (2013)

RIKEN, Japan

El
TzT TTTTTTT

Snm
V 3He

| 1,

11
Electron Mobility: B-phase Mobility A-phase Mobility
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Detection of Broken Time-Reversal Symmetry in *He-A

(= +%  Structure of an Ion embedded in *He-A

h/pf <R S & JAS & M. Eschrig, New J. Phys. 1 1,075008 (2009)
(pz + ipy)
-
bubble +
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Detection of Broken Time-Reversal Symmetry in *He-A

(= +%  Structure of an Ion embedded in *He-A

h/pf <RZg& JAS & M. Eschrig, New J. Phys. | 1, 075008 (2009)
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Detection of Broken Time-Reversal Symmetry in *He-A
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Detection of Broken Time-Reversal Symmetry in *He-A
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Detection of Broken Time-Reversal Symmetry in *He-A

/= 4% Structure of an lon embedded in *He-A
h/pf KRS E -+ JAs&MEschrig New).Phys. 11,075008 (2009)
<p9€ + Zpy) (px - Zpy) .':'::::'.:'.::.f:.'::'.:'.:::::::;:':f::::-f:::',:::::'.f'.

A_(r)et?s - Chiral A Magnus. ...

e Al

bubble

" Currents - - - ... quasiparticle .

“wind”

J. A. Sauls Topological Edge & Surface States of Superfluid 3He



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

(= +%  Structure of an Ion embedded in *He-A

h/pf <<R§ ;:0. ++ JAS&M.Eschrig New | Phys. 11,075008 (2009)
(poc + Zpy) (px - Zpy) .':'::::‘.:‘.:::::.‘::::":::::::.—:':.'::::-'::::',:::::'.':'.
e A, A_(et . Chial . fMagnus

bubble

" Currents - - - .".".". quasiparticle

“wind”

g =y [ 92 [ 99 =g (30 ), 2902-E)
elu )'f_"”f/ an ) am e B\ TGE ) [APAP) 50
Ao\ A A ~ - -~ = ~ o
7= [Mu (0-E) i+prix(ixE)+ ,,,,,/ﬁxE] € uniform

R. Salmelin, M. Salomaa,V. Mineey, Phys. Rev. Lett. 63, 868 (1989)
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Detection of Broken Time-Reversal Symmetry in *He-A

Mobility of electron bubbles in superfluid 3He-B

Nummila, et al., JLTP 1989

100 T T T T T T T T T T T
‘%@% P =29 bar

Us
un

1 L 1 L 1 1 L 1

0.4 0.5 0.6 0.7 0.8 0.9 1
T/Tc

constant
O = R?

HB | 4 otAT)T
un

R. Bowley, J. Phys. C 1977

*
resonant forward
scattering
Ot << = nR?

*Theory: G. Baym, C. Pethick, M. Salomaa, PRL 38, 845 1977
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Detection of Broken Time-Reversal Symmetry in *He-A

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

f=0.06-6Hz left electrode v e
Vip=01-1V . i I =1 +il
right electrode 4@} ) =
O e I, =1, +il!
= -~ rR=1p R
electron ‘\/’O O O O —
bubbles

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

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

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

L L
right electrode @) i —
O . = r o7l
- CICClrmT\/’O O O [R IR +l]R

| © =

bubbles
Transverse Force from Skew Scattering

~> Al =1,-1, =0
7= |pL E+ /LWZXE']

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

Transverse Current in 3He-A

Al (fA)
o
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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)

0.4 .
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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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e Phase Diagram of *He Films

e Topology of Superfluid *He-A

e Chiral Edge States in 2D *He-A

e Edge Currents and L.(T) — L.(0) ~ =T%*: R > &,
e Edge Currents <+ Non-Extensive L,

o

o

o

o
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Superfluid Phases of *He - Confined Geometry

Symmetry Group of Normal *He: G = S0(3)s X SO(3)L X U(1)n X P X T |

A. Vorontsov & JAS, PRL, 2007 Chiral ABM State [ = rn x 71

Aui = Ad,, (th + 1),
Lz = ]. ; Sz = 0
“Isotropic” BW State

Spin-Triplet, P-wave Order Parameter:

Das(p) = d(p) - (i60y)as ~ d,u(p) = Aui Pi | Ayi = Aby;
J=0,J.=0
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A. Vorontsov and JAS, PRB 68, 064508 (2003)

04—

0.3

0.2

0.1

» Residual Symmetry: Gg = S0(2)i,4s, X Z5"° x T
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Topological Invariant for 3D Time-Reversal Invariant *He-B

Nambu-Bogoliubov Hamiltonian for Bulk *He-B:
Hg =¢(p)7s +cp -0
@ ‘“Relativistic” Fermions: E(p) = \/£(p)? + ¢2|p|?

@ ‘light” speed: ¢ = A/p; < vy
© Emergent spin-orbit coupling ~ Helicity eigenstates
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Topological Invariant for 3D Time-Reversal Invariant *He-B

Nambu-Bogoliubov Hamiltonian for Bulk *He-B:

Hg =&(p)T3 +cp-o 71

@ ‘“Relativistic” Fermions: E(p) = \/£(p)? + ¢2|p|?
@ ‘light” speed: ¢ = A/p; < vy
© Emergent spin-orbit coupling ~ Helicity eigenstates

» Topological Invariant for 3D *He-B protected by I' = CT symmetry: T'HgI'' = —Hg
Schnyder et al., PRB 78, 195125 (2008); Volovik, JETP Lett. 90, 587 (2009)

43 ~ ~ T - = 0, I'=1
N3p = z/7p Ei].le'{l"(HB 18;01:HB)(HB 1817;‘ Hg)(Hg 18’7’“HB)} N {

2, I'=CT
Zero Energy Fermions Confined on a 2D Surface 1

4/ (2m)3
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Topological Invariant for 3D Time-Reversal Invariant *He-B

Nambu-Bogoliubov Hamiltonian for Bulk *He-B:

Hg =&(p)T3 +cp-o 71

@ ‘“Relativistic” Fermions: E(p) = \/£(p)? + ¢2|p|?
@ ‘light” speed: ¢ = A/p; < vy
© Emergent spin-orbit coupling ~ Helicity eigenstates

» Topological Invariant for 3D *He-B protected by I' = CT symmetry: T'HgI'' = —Hg
Schnyder et al., PRB 78, 195125 (2008); Volovik, JETP Lett. 90, 587 (2009)
: 0 I'=1

™ dsp 771 N1 F N -1 7y
Nap = Z/W €ijkTr{T(HB Op; He)(Hg " Op,; He)(Hg 3pkHB)} =\ 2. r=cr
Zero Energy Fermions Confined on a 2D Surface 1

» *He-B is a topological phase for restricted external T-symmetry breaking! :

T—TX U(W)LZ+SZ
T. Mizushima, PRB 86 094518, (2012); Hao Wu, JAS, PRB 88, 18 184506 (2013)
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Majorana Spectrum of Fermions on the Surface of *He-B

Surface Majorana Modes:

@ Ground-state and Excitations:
Surface Spectral Function

-

+
& = Eelpyl, c=4y/pr K vy

P

)

Bound-state spectral weight:

Nb(p72;€)

% ALﬁz 672ALz/vf

X [6(e —clpy]) + (e + clpy)]
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Majorana Spectrum of Fermions on the Surface of *He-B

Surface Majorana Modes:

@ Ground-state and Excitations:
Surface Spectral Function

-

+
& = Eelpyl, c=4y/pr K vy

P

@ ¢, <0~ Helical Spin CurrentatT =0

Bound-state spectral weight:

Niy(p,z;e) = %Amz e 2AL/vs

X [6(e —clpy]) + (e + clpy)]
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Majorana Spectrum of Fermions on the Surface of *He-B

Surface Majorana Modes:

@ Ground-state and Excitations:

Surface Spectral Function

+
& = Eelpyl, c=4y/pr K vy

@ ¢, < 0~ Helical Spin Currentat7 =0
@ Helical Spin-Orbit Locking

Bound-state spectral weight:

Nb(p,Z;E) _ % ALﬁz 672ALZ/vf

X [6(e —clpy]) + (e + clpy)]
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Condensate Flow and Doppler Shift of the Majorana Spectrum

» Doppler Shift from the moving Condensate: ep | = c|p)|| + Py - Us
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Backaction of the Majorana Modes on the Mass Current
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» Spatial dependence of finite temperature mass current
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Superfluid Fraction of a superfluid film of *He-B of width D = 13.2¢a

Total Mass Current at P = 34 bar
---  Bulk Mass Current at P = 34 bar
— leading order correction ~ T
»  with mini-gap § = 0.0677,
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e Phase Diagram of *He Films

e Topology of Superfluid *He-A

e Chiral Edge States in 2D *He-A

e Edge Currents and L.(T) — L.(0) ~ =T*: R > &
e Edge Currents <+ Non-Extensive L,

o

e *He-B - 3D Topological SF

e Helical Spin Current

e Symmetry Protected Majorana Modes

e Signatures of the Majorana Spectrum

» Ongoing: NMR, Acoustic and Flow experiments to investigate: (i) topological
protection, (ii) the role of broken symmetry and (i) non-locality of Majorana pairs
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