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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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Broken Time-Reversal Symmetry in Superconducting UPts

Are there electronic superconductors with
broken symmetry phases analogous to 3He?
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Broken Time-Reversal Symmetry in Superconducting UPts

A. Huxley et al. - Nature, 406, 160 (2000)

Are there electronic superconductors with
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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)
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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 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
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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.W. Anderson & P. Morel, 1960, 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.W. Anderson & P. Morel, 1960, 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.W. Anderson & P. Morel, 1960, 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:

2
(—h—VQ —,u> u—l—al-? (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 — 1) 73 + 00 [A1pa7i F D2py 7] [y = 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

TAPal [ wjea

Propagator for Edge Fermions: ghyge (p, &; ) = T )
— cbs\PYJ|

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

@ cps = —cpy With c = A/py < 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 /77/
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Chiral Edge Fermions in the 2D *He-A

7TA‘pT| e*z/fA

Propagator for Edge Fermions: ghyge (p, &; ) = T )
— Sbs{PJ|

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

@ cps = —cpy With c = A/py < vy @ Broken P & T ~» Edge Current

Chiral Edge State Dispersion
. — ()

N

05 Unoccupied

0.0|Fermi Energy

_os 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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Edge Currents and Angular Momentum

i dPH
Ground-State Current Density: J p,x €)

Bound-State Contrlbutlon (R > .SA):

Jo(D,z;6) = 2NjusAlps|p,e /%A

[ enton) - ety

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

> L = /der [rg9,(r)] = Nh x2Too Large vs. MT
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Edge Currents and Angular Momentum

i dPH
Ground-State Current Density: J p,x €)

Bound-State Contrlbutlon (R > .SA):

Jo(p,x;e) = 2Njvp Alpz|pe e~/Ea

[ enton) - ety

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

> L = /der [rgo(r)] = Nh x2Too Large vs. MT

c A2 p2
= v 2
» Continuum (¢ < —A): ¢ = 2Nr 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

'“"“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=-0.50x [
— a=-0457
— a=-040%
40 _ H
30 -
20 _
10 f(¢)for T/T. = 0.5 —
0 —
— a=020m
— a=02
—10 -
20 -
— a=050r
—30
—40
—50
-15 —10 —05 0.0 0.5 1.0 L5

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

L. = (N/2)h x Yi.(T) Vi.(T)~=1- ¢(T/A)? , T<A

1.0

0.9

0.8

L.(T)/(Nh/2)

0.2
— 2D : py(T)
o A(T)/A(0)
o071 02 03 04 05 06 07 03 09 10
T/T,
» 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

'“"“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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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

p
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Robustness of Edge Currents vs Edge States

Magnitude of 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

Magnitude of 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

Magnitude of 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

Magnitude of Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

P

o

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

Retro Reflection

R 71—A|pz| —z /€A A
) = _9A i
9 (p,&;2) 5—|—i’y—5bs(p”)€ " (p, ;) = 74‘276 2o
Edge Current: J = inh ~+ Edge Current: J =0
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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

Scaling of L. with = (Ra/R1)°> 0<r<1
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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

Scaling of L. with = (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

TORSION B T »Power Law for 7' < 0.57..
AXIS — C?:“a] E‘jge L.~ (N/2)h(1~ e(T/A)*)
Specular Ea_qe‘ | _urrents

Toroidal Geometry with Engineered

’ Non-Specular Edge ‘ Surfaces
~ C .
e ‘ P » Incomplete Screening
APPLIED ROTATIONAL Eauilibri
VELOGITY quiiprium L. > (N/2)hor

Angular Momentum

L. < —(N/2)h

SUPERFLUID GYROSCOPE

T=wxL,

Direct Signature of Edge Currents
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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
1 00 I Hzy O
o= n=p{0 1 0 p=|=tay pr O
=u-F 00 1 0o 0

Isotropic Anisotropic
Fully Gapped Transverse Force
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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)
(poc + Zpy) (px - Zpy)
e Ay A_(r)et??

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

/= 4% Structure of an lon embedded in *He-A
h/pf <RZ< ;:0. -+ JAS&M.Eschrig New]. Phys. 11, 075008 (2009)
(poc + Zpy) (px - Z'py) .':'::::‘.:‘.:::::.‘::::":::::::::::::::-'::::',:::::'.':'.

e Al

bubble

Acfryerize o Chiral oo oo

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

/= 4% Structure of an lon embedded in *He-A
h/pf <RZ< ;:0. -+ JAS&M.Eschrig New]. Phys. 11, 075008 (2009)
(poc + Zpy) (px - Z'py) .':'::::‘.:‘.:::::.‘::::":::::::::::::::-'::::',:::::'.':'.

e Al

bubble

Acfryerize o Chiral oo oo
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Detection of Broken Time-Reversal Symmetry in *He-A

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

h/pf <R 5 Ep -+ JAS&M.Eschrig New J.Phys. |1,075008 (2009)

(pz +ipy)  (Dy —ipy) ol

e Ay

bubble

AW(T) e+i2¢’ Chiral
- Currents
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Detection of Broken Time-Reversal Symmetry in *He-A

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

h/pf <R 5 Ep -+ JAS&M.Eschrig New J.Phys. |1,075008 (2009)

(pz +ipy)  (Dy —ipy) ol

e Ay

bubble

AW(T) e+i2¢’ Chiral
- Currents
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Detection of Broken Time-Reversal Symmetry in *He-A

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

h/pf <R 5 Ep -+ JAS&M.Eschrig New J.Phys. |1,075008 (2009)

(pz +ipy)  (Dy —ipy) ol

e Ay

bubble

AW(T) e+i2¢’ Chiral
- Currents
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Detection of Broken Time-Reversal Symmetry in *He-A

/= 4% Structure of an lon embedded in *He-A
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Detection of Broken Time-Reversal Symmetry in *He-A

(= +%  Structure of an Ion embedded in *He-A
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Detection of Broken Time-Reversal Symmetry in *He-A

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

Measurement of the Transverse e- mobility in

Superfluid 3He Films
f=0.06-6H left electrode v e
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Transverse Force from Skew Scattering
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Detection of Broken Time-Reversal Symmetry in *He-A

Transverse Current in 3He-A
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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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Detection of Broken Time-Reversal Symmetry in *He-A

Zero Transverse Current in 3He-B (7 - symmetric phase)

0.4

A Ire
A phase T T T T T
03| o - 10k I
= . Tas |
B 02 f . B F—+0.25T | i
= . 0 | ety
@ 91| Bphase J 1
i I
0 : .
0 0.5 1 :
u T [mK] i
30 |
w ]
100 k£ -:\\:'A-B transition { i
X E A-B transition li +0 25TT :
r N 20 -10 T [
10 b e 04 T(mk) 05 I AB |
E 20 1 1 1 L
- 0.2 04 06 08 T, 1
1 ’ I . L ! I Temperature (mK)

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013
Edge & Surface States

. Sauls

pological Superfluids



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 Strong Confinement: D < 10&,

e Edge State Interference

e Chiral - Polar Transition

e Broken Translational Symmetry Phase

J. A. Sauls Edge & Surface States of Topological Superfluids



