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I Spontaneous Symmetry Breaking in 3He

I Nambu-Goldstone & Higgs Modes

I Nambu’s Fermion-Boson Mass Relation

I Topological Order in Chiral Superfluids

I Chiral Fermions & Edge Currents

I Anomalous Hall Effect in 3He-A



Ferromagnetic Spin Fluctuations  Odd-Parity, Spin-Triplet Pairing for 3He
I A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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I −gl is a function of g ≈ 0.75 and ξsf ≈ 5 ~/pf
I l = 1 (p-wave) is dominant pairing channel
I p-wave basis functions:

p̂z ∼ cos θp̂

p̂x + ip̂y ∼ sin θp̂ e+iφp̂

p̂x − ip̂y ∼ sin θp̂ e−iφp̂

I S = 1 pairing fluctuations in Vsf  
Multiple P-wave Superfluid Phases
W. Brinkman, J. Serene, and P. Anderson, PRA 10, 2386 (1974)



The 3He Paradigm: Maximal Symmetry G = SO(3)S × SO(3)L × U(1)N × P× T

BCS Condensate Amplitude : Ψαβ(p) = 〈ψα(p)ψβ(−p)〉

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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(
Ψ↑↑ Ψ↑↓
Ψ↑↓ Ψ↓↓

)

BW

=

(
px − ipy ∼ e−iφ pz

pz px + ipy ∼ e+iφ

)

(
Ψ↑↑ Ψ↑↓
Ψ↑↓ Ψ↓↓

)

AM

=

(
px + ipy ∼ e+iφ 0

0 px + ipy ∼ e+iφ

)

“Isotropic” BW State

J = 0, Jz = 0

H = SO(3)J × T

Chiral AM State ~l = ẑ

Lz = 1, Sz = 0

H = U(1)S × U(1)Lz -N × Z2



Ginzburg-Landau Functional for Superfluid 3He

I Maximal Symmetry of 3He: G = SO(3)L × SO(3)S × U(1)N × P× T

I Order Parameter for P-wave (L = 1), Spin-Triplet (S = 1) Pairing

Ψ̂(p̂) =

Spin Basis︷ ︸︸ ︷(
Sx Sy Sz

)
×



Axx Axy Axz
Ayx Ayy Ayz
Azx Azy Azz


 ×

Orbital Basis︷ ︸︸ ︷

p̂x
p̂y
p̂z




I GL Functional: Aαi  vector under both SO(3)S [α] and SO(3)L [i]

U [A] =

∫
d3r
[
α(T )Tr

{
AA†

}
+ β1 |Tr {AAtr}|2 + β2

(
Tr
{
AA†

})2

+ β3Tr {AAtr(AAtr)∗}+ β4Tr
{

(AA†)2
}

+ β5Tr
{
AA†(AA†)∗

}

+ κ1∂iAαj ∂iA
∗
αj + κ2∂iAαi ∂jA

∗
αj + κ3∂iAαj ∂jA

∗
αi

]



Dynamical Consequences of Spontaneous Symmetry Breaking

New Bosonic Excitations



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Boson with mass M = 125 GeV
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Dynamical Consequences of Spontaneous Symmetry Breaking

Scalar Higgs Boson (spin J = 0) [P. Higgs, PRL 13, 508 1964]

Energy Functional for the Higgs Field

U [∆] =

∫
dV
{
α |∆|2 + β |∆|4 + 1

2
c2 |∇∆|2

}

I Broken Symmetry State: ∆ =
√
|α|/2β
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Space-Time Fluctuations about the Broken Symmetry Vacuum State

∆(r, t) = ∆ +D(r, t) I Eigenmodes: D(±) = D ±D∗ (Conjugation Parity)

L =

∫
d3r

{
1

2
[(Ḋ(+))2 + (Ḋ(−))2]− 2∆2 (D(+))2 − 1

2
[c2(∇D(+))2 + c2(∇D(−))2]

}

I ∂2
tD

(−) − c2∇2 D(−) = 0

Massless Nambu-Goldstone Mode

I ∂2
tD

(+) − c2∇2 D(+) + 4∆2 D(+) = 0

Massive Higgs Mode: M = 2∆



Dynamical Consequences of Spontaneous Symmetry Breaking

BCS Condensation of Spin-Singlet (S = 0), S-wave (L = 0) “Scalar” Cooper Pairs

Ginzburg-Landau Functional

F [∆] =

∫
dV
{
α |∆|2 + β |∆|4 + κ |∇∆|2

}

I Order Parameter: ∆ =
√
|α|/2β
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Space-Time Fluctuations of the Condensate Order Parameter

∆(r, t) = ∆ +D(r, t) I Eigenmodes: D(±) = D ±D∗ (Fermion “Charge” Parity)

L =

∫
d3r

{
1

2
[(Ḋ(+))2 + (Ḋ(−))2]− 2∆2 (D(+))2 − 1

2
[v2(∇D(+))2 + v2(∇D(−))2]

}

I ∂2
tD

(−) − v2∇2 D(−) = 0

Anderson-Bogoliubov Mode

I ∂2
tD

(+) − v2∇2 D(+) + 4∆2 D(+) = 0

Amplitude Higgs Mode: M = 2∆



Dynamical Consequences of Spontaneous Symmetry Breaking

First Reported Observations of Higgs Bosons in BCS Condensates



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 3 meV and spin J = 0 in NbSe2

Raman Absorption in NbSe2

R. Sooyakumar & M. Klein, PRL 45, 660 (1980)
M. Meásson et al. PRB B 89, 060503(R) (2014)

I ~ωγ1 = ~ωγ2 + 2∆

I Amplitude Higgs - CDW Phonon Coupling

I Theory: P. Littlewood & C. Varma, PRL 47, 811 (1981)



Lagrangian Field Theory for Bosonic Excitations of Superfluid 3He-B

3He-B: Bαi =
1√
3

∆ δαi L = 1 , S = 1  J = 0

I Symmetry of 3He-B: H = SO(3)
J
× T

I Fluctuations: Dαi(r, t) = Aαi(r, t)−Bαi =
∑

J,m

DJ,m(r, t) t
(J,m)
αi

I Lagrangian:

L =

∫
d3r

{
τ Tr

{
ḊḊ†

}
−αTr

{
DD†

}
−

5∑

p=1

βp up(D)−
3∑

l=1

Kl vl(∂D)

}

∂2
tD

(C)
J,m + E

(C)
J,m(q)2D

(C)
J,m =

1

τ
η

(C)
J,m

with J = {0, 1, 2} ,m = −J . . .+ J , C = ±1

I Time-Dependent Ginzburg-Landau Theory for Superfluid 3He-B: JAS & T. Mizushima, arXiv:1611.07273 (2016)



Spectrum of Bosonic Modes of Superfluid 3He-B : Condensate is JC = 0+

I 4 Nambu-Goldstone Modes & 14 Higgs modes

E
(C)
J,m(q) =

√
M 2
J,C +

(
c

(C)
J,|m||q|

)2

Mode Symmetry Mass Name

D
(+)
0,m J = 0, C = +1 2∆ Amplitude Higgs

D
(−)
0,m J = 0, C = −1 0 NG Phase Mode

D
(+)
1,m J = 1, C = +1 0 NG Spin-Orbit Modes

D
(−)
1,m J = 1, C = −1 2∆ AH Spin-Orbit Modes

D
(+)
2,m J = 2, C = +1

√
8
5∆ 2+ AH Modes

D
(−)
2,m J = 2, C = −1

√
12
5 ∆ 2− AH Modes

I Vdovin, Maki, Wölfle, Serene, Nagai, Volovik, Schopohl, McKenzie, JAS ...



Collective Mode Spectrum for 3He-B

M



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 500 neV and spin J = 2 at LASSP-Cornell

I R. Giannetta et al., PRL 45, 262 (1980)



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 500 neV and spin JC = 2+ at ULT-Northwestern

Group Velocity

T/Tc

I D. Mast et al. Phys. Rev. Lett. 45, 266 (1980).



Dynamical Consequences of Spontaneous Symmetry Breaking

Superfluid 3He Higgs Detector at ULT-Northwestern

3He-4He Dilution + Adiabatic Demagnetization Stages  Tmin ≈ 200µK



J = 2−, m = ±1 Higgs Modes Transport Mass and Spin
I “Transverse Waves in Superfluid 3He-B”, G. Moores and JAS, JLTP 91, 13 (1993)

Ct(ω) =

√
F s1
15
vf

[
ρn(ω) +

2

5
ρs(ω)

{
ω2

(ω + iΓ)2 − 12
5

∆2 − 2
5
(q2v2

f )

}] 1
2

︸ ︷︷ ︸
D

(−)
2,±1

Transverse Zero Sound Propagation in Superfluid 3He-B: Cavity Oscillations of TZS

I Y. Lee et al. Nature 400 (1999) B −−−−−−−−−−−→



Faraday Rotation: Magneto-Acoustic Birefringence of Transverse Currents
I “Magneto-Acoustic Rotation of Transverse Waves in 3He-B”, J. A. Sauls et al., Physica B, 284,267 (2000)

CRCP
LCP

(ω) = vf


F

s
1

15
ρn(ω) +

2F s1
75

ρs(ω)





ω2

(ω + iΓ)2 − Ω
(−)
2,±(q)








1
2

︸ ︷︷ ︸
D

(−)
2,±1

Ω
(−)
2,±(q) =

√
12
5

∆ ± g2− γHeff

I Circular Birefringence =⇒ CRCP 6= CLCP =⇒ Faraday Rotation(
CRCP − CLCP

Ct

)
' g2−

(
γHeff

ω

)

I Faraday Rotation Period (γHeff � (ω − Ω
(−)
2 )):

λH ' 4πCt
g2−γH

' 500µm , H = 200G

I Discovery of the acoustic Faraday effect in superfluid 3He-B, Y. Lee, et al. Nature 400, 431 (1999)



Large Faraday Rotations vs. ``Blue Tuning’’

C. Collett et al., Phys. Rev. B 87, 024502 (2013) 
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Higgs Boson with mass M = 125 GeV - Is this all there is?

I Higgs Bosons in Particle Physics and in Condensed Matter
G.E. Volovik & M. Zubkov, PRD 87, 075016 (2013)

I GEV & MZ: mtop ≈ 175 GeV , MH,− = 125 GeV, ∴ NSR  MH,+ ≈ 270 GeV

I Boson-Fermion Relations in BCS type Theories
Y. Nambu, Physica D, 15, 147 (1985)

I Broken Symmetry State:  Fermion mass: mF = ∆

I Nambu’s Sum Rule (“empirical observation”):
∑

C

M2
J,C = ( 2mF )2

Mode Symmetry Mass Name

D
(+)
0,m J = 0, C = +1 2∆ Amplitude Higgs

D
(−)
0,m J = 0, C = −1 0 NG Phase Mode

D
(+)
1,m J = 1, C = +1 0 NG Spin-Orbit Modes

D
(−)
1,m J = 1, C = −1 2∆ AH Spin-Orbit Modes

D
(+)
2,m J = 2, C = +1

√
8
5
∆ 2+ AH Modes

D
(−)
2,m J = 2, C = −1

√
12
5

∆ 2− AH Modes



Corrections to the masses of the JC = 2± Higgs in 3He-B

◮Weak-Coupling BCS Pairing Theory 

M2,+ =

√
J

2J + 1
∆ =

√
8

5
∆ & M2,− =

√
J + 1

2J + 1
∆ =

√
12

5
∆

∴
∑

C

M2
J,C = ( 2mF )2

◮ Interactions & Polarization of the Fermionic Vacuum
◮ Corrections to Higgs masses with JC 6= 0+ (Symmetry of the Vacuum State)

◮ Violation of Nambu’s Sum Rule:
∑

C

M2
2,C 6= (2mF)

2

∆αβ(p) = +p α −p β
Γpp

Σαβ(p) = p α p β

×

∆ + p α p β
Γph

. (1)

◮ Nambu’s Fermion-Boson Mass Relations, JAS and T. Mizushima, for Phys. Rev. B 2016.



Vacuum polarization corrections to the masses of the JC = 2± Higgs in 3He-B
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I F s,a2 : ` = 2 particle-hole interactions (scalar and spin exchange)

I x−1
3 : f-wave, S = 1 pairing (particle-particle) channel



Violation of the Nambu Sum Rule from Polarization of the Condensate in 3He-B
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I TDGL satisfies the NSR (Fermionic degrees of freedom “frozen”)

I p-p and p-h Interactions plus vacuum polarization  violations of the NSR



Mass shift of the JC = 2+ Higgs Mode in 3He-B
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I Measurements: D. Mast et al. PRL 45, 266 (1980)

I exchange p-h channel: F a2 = −0.88 (from Magnetic susceptibility of 3He-B)

I attractive f-wave interaction in the pp-channel  New physics at M ≈ 2∆!



The Helium Paradigm: Superfluid Phases of 3He

Symmetry of Normal Liquid 3He : G = SO(3)S × SO(3)L × U(1)N × P× T

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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Ψ↑↑ Ψ↑↓
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=

(
−dx + idy dz

dz dx + idy

)

Chiral ABM State ~l = ẑ

Lz = 1, Sz = 0
dz = ∆ (p̂x + ip̂y)

“Isotropic” BW State

J = 0, Jz = 0
dα = p̂α, α = x, y, z



Signatures of Broken T and P Symmetry in 3He-A

What is the Signature & Evidence for Chirality of Superfluid 3He-A?

Spontaneous Symmetry Breaking  Emergent Topology of 3He-A

Chirality + Topology  Edge States & Chiral Edge Currents

Broken T and P  Anomalous Hall Effect for electrons in 3He-A



Real-Space vs. Momentum-Space Topology

Topology in Real Space
Ψ(r) = |Ψ(r)| eiϑ(r)

C

Phase Winding

NC =
1

2π

∮

C

dl· 1

|Ψ| Im[∇Ψ] ∈ {0,±1,±2, . . .}

I Massless Fermions confined in the
Vortex Core

Chiral Symmetry  
Topology in Momentum Space

Ψ(p) = ∆(px ± ipy) ∼ e±iϕp
Topological Quantum Number: Lz = ±1

N2D =
1

2π

∮
dp· 1

|Ψ(p)| Im[∇pΨ(p)] = Lz

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



Confinement: Superfluid Phases of 3He in Thin Films

Symmetry or Normal Liquid 3He : G = SO(3)S × SO(2)L × U(1)N × P× T

I Length Scale for Strong Confinement:

ξ0 = ~vf/2πkBTc ≈ 20− 80 nm

A. Vorontsov & JAS, PRL, 2007
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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

y

z

J

x

l
^

~ (p  + i p )

R

∆
x y

I R� ξ0 ≈ 100 nm

I Magnitude of the Sheet Current:
1

4
n ~ (n = N/V = 3He density)

I Edge Current Counter-Circulates: J = −1

4
n ~ w.r.t. Chirality: l̂ = +z

I Angular Momentum: Lz = 2π hR2 × (−1

4
n ~) = −(Nhole/2) ~

Nhole = Number of 3He atoms excluded from the Hole

∴ An object in 3He-A inherits angular momentum from the Condensate of Chiral Pairs!



Electron bubbles in chiral superfluid 3He-A

∆A(k̂) = ∆
kx + iky
kf

= ∆ eiφk

I Electric current: v =

vE︷︸︸︷
µ⊥E +

vAH︷ ︸︸ ︷
µAHE × l̂ Salmelin et al. PRL 63, 868 (1989)

I Hall ratio: tanα = vAH/vE = |µAH/µ⊥|



Mobility of Electron Bubbles in 3He-A

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

Electric current: v =

vE︷︸︸︷
µ⊥E +

vAH︷ ︸︸ ︷
µAHE × l̂ Hall ratio: tanα = vAH/vE = |µAH/µ⊥|

ta
nα



Forces on the Electron bubble in 3He-A:

(i) M
dv

dt
= eE + FQP, FQP – force from quasiparticle collisions

(ii) FQP = −↔η · v,
↔
η – generalized Stokes tensor

(iii)
↔
η =




η⊥ ηAH 0
−ηAH η⊥ 0

0 0 η‖


 for chiral symmetry with l̂ ‖ ez

(iv) M
dv

dt
= eE − η⊥v +

e

c
v ×Beff , for E ⊥ l̂

(v) Beff = −c
e
ηAHl̂ Beff ' 103 − 104 T !!!

(vi)
dv

dt
= 0  v =

↔
µE, where

↔
µ = e

↔
η
−1

µ‖ =
e

η‖
, µ⊥ = e

η⊥
η2
⊥ + η2

AH

, µAH = −e ηAH

η2
⊥ + η2

AH

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



Mirror-antisymmetric scattering ⇒ transverse force

FQP = −↔η · v, ηij = n3pf

∫ ∞

0

dE

(
−2

∂f

∂E

)
σij(E)

Subdivide by mirror symmetry:

W (k̂′, k̂) = W (+)(k̂′, k̂) + W (−)(k̂′, k̂) ,

σij(E) = σ
(+)
ij (E) + σ

(−)
ij (E) ,

σ
(−)
ij (E)=

3

4

∫

E≥|∆(k̂′)|
dΩk′

∫

E≥|∆(k̂)|

dΩk

4π
[εijk(k̂′ × k̂)k]

dσ(−)

dΩk′
(k̂′, k̂;E)

[
f(E)− 1

2

]

Mirror-antisymmetric cross section: W (−)(k̂′, k̂) = [W (k̂′, k̂)−W (k̂, k̂′)]/2

dσ(−)

dΩk′
(k̂′, k̂;E) =

(
m∗

2π~2

)2
E√

E2 − |∆(k̂′)|2
W (−)(k̂′, k̂)

E√
E2 − |∆(k̂)|2

Transverse force η(−)
xy = −η(−)

yx ≡ ηAH ⇒ anomalous Hall effect

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



Differential cross section for Bogoliubov QP-Ion Scattering

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



Current density bound to an electron bubble (kfR = 11.17)

=⇒
y

z

J

x

l
^

~ (p  + i p )

R

∆
x y

j(r)/vfNfkBTc = jφ(r)êφ =⇒ L(T → 0) ≈ −~Nbubble l̂/2

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



Theoretical and Experimental Comparison for the Electron Mobility in 3He-A

µ⊥ = e
η⊥

η2
⊥ + η2

AH

, µAH = −e ηAH

η2
⊥ + η2

AH

, tanα =

∣∣∣∣
µAH

µ⊥

∣∣∣∣ =
ηAH

η⊥
, kfR = 11.17
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Summary

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

I Electrons in 3He-A are “Left handed” in a Right-handed Chiral Vacuum
 Lz ≈ −(Nbubble/2)~ ≈ −100 ~

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

I Scattering of Bogoliubov QPs by the dressed Ion

 Drag Force (−η⊥v) and Transverse Force (
e

c
v ×Beff ) on the Ion

I Anomalous Hall Field: Beff ≈ Φ0

3π2
k2
f (kfR)2

(
ηAH

ηN

)
l ' 103 − 104 T l

I Mechanism: Skew/Andreev Scattering of Bogoliubov QPs by the dressed Ion

I Origin: Broken Mirror & Time-Reversal Symmetry  W (k,k′) 6= W (k′,k)

I Theory:  Quantitative account of RIKEN mobility experiments

I Ongoing: New directions for Novel Transport in 3He-A & Chiral Superconductors


