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Superfluid phases of 3He
Symmetry of normal-state 3He: G = SO(3)S×SO(3)L×U(1)N×P×T

Spin-triplet Cooper pairs:
S = 1,Lz = h̄

Spin-triplet p-wave order parameter:
∆αβ (k) =~d(k) · (i~σσy)

αβ
, dµ(k) = Aµ jkj

ABM state (A-phase):
Lz = 1,Sz = 0

Aµ j = ∆d̂µ(m̂+ i n̂)j

BW state (B-phase):
J = 0,Jz = 0
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Motivation: experiments
RIKEN experiments on transport of electron bubbles in superfluid 3He−A [1-2]

electron creates a bubble in
superfluid 3He, d ' 3nm
electric field E is applied
parallel to the surface

bubble acquires anomalous
Hall component of velocity,
vAH = µxyE× l̂

Scattering of thermal excitations determines the velocity, mobility, and drag force

M
dv

dt
= eE−η⊥v−ηxyv× l̂ , FW =

e

c
v×BW, BW =−c

e
ηxy l̂

Connection to: (i) mobility,
↔
η = e

↔
µ
−1

; (ii) Hall angle, tanα =
vy
vx

=
ηxy

η⊥

Theoretical description of electron bubbles
Bogoliubov-de Gennes equation for 3He−A:

ĤSΨ(r) = EΨ(r), ĤS =

(
ĤN ∆(k̂)

∆†(k̂) −ĤN

)
, ĤN =

h̄2k2

2m∗
−µ, ∆(k̂) = σx∆

kx + iky

kf

Ψ(r) = (u↑(r),u↓(r),v↓(r),v↑(r))T – Nambu spinor

Quasiparticle spectrum:

Ek =

√
ξ 2
k + |∆(k̂)|2, ξk =

h̄2k2

2m∗
−µ is the normal-state spectrum

Single-particle propagators:

ĜR
N (k,E ) =

1

ε2−ξ 2
k

(
ε + ξk 0

0 ε−ξk

)
, ε = E + iη

ĜR
S (k,E ) =

1

ε2−E 2
k

(
ε + ξk −∆(k̂)

−∆†(k̂) ε−ξk

)

Quasiparticle scattering is described with a t-matrix:

T̂R
S (k′,k,E ) = T̂R

N (k′,k) +
∫

d3k ′′

(2π)3
T̂R
N (k′,k′′)

[
ĜR
S (k′′,E )− ĜR

N (k′′,E )
]
T̂R
S (k′′,k,E )

Normal-state scattering t-matrix:

T̂R
N (k̂′, k̂) =

(
tRN(k̂′, k̂) 0

0 −[tRN(−k̂′,−k̂)]†

)
, k̂ = (θ ,φ )

tRN(k̂′, k̂)=− 1

πNF

∞

∑
m=−∞

tmN (u′,u)e−im(φ ′−φ ), tmN (u′,u)=4π

∞

∑
l=|m|

e iδl sinδl Θ
m
l (u′)Θm

l (u)

Y m
l (θ ,φ ) = Θm

l (cosθ )e imφ – spherical harmonic

Hard-sphere model for scattering phase shifts:

tanδl =
jl(kfR)

nl(kfR)
, jl ,nl – spherical Bessel functions

Calculation of the generalized Stokes tensor
Generalized Stokes tensor:

ηij = n3pF

∫
∞

0
dE

(
−2

∂ f

∂E

)
σij(E ), n3 =

k3
F

3π2
– density of 3He atoms

Transport scattering cross section:

σij(E ) = σ
(+)
ij (E ) + σ

(−)
ij (E )

σ
(+)
ij (E ) =

3

4

∫
E≥|∆(k̂′)|

dΩk′

∫
E≥|∆(k̂)|

dΩk

4π
[(k̂′i− k̂i)(k̂′j− k̂j)]

dσ

dΩk′
(k̂′, k̂;E )

σ
(−)
ij (E ) =

3

4

∫
E≥|∆(k̂′)|

dΩk′

∫
E≥|∆(k̂)|

dΩk

4π
[εijk(k̂′× k̂)k]3

dσ

dΩk′
(k̂′, k̂;E )

[
f (E )− 1

2

]
dσ

dΩk′
(k̂′, k̂;E ) =

(
m∗

2π h̄2

)2 E√
E 2−|∆(k̂′)|2

W (k̂′, k̂)
E√

E 2−|∆(k̂)|2

Scattering rate – Fermi’s golden rule:

Γ(k̂′, k̂) =
2π

h̄
W (k̂′, k̂)δ (Ek′−Ek), W (k̂′, k̂) is determined from T̂R

S (k′,k,E )

Comparison with experimental data
Stokes tensor and longitudinal mobility:

Hall angle: theory plots by Ikegami et al. are based on Refs. [3-4]

LDOS, current density, and differential cross section
Local density of states: N(r,E ) = ∑mNm(r,E )

Current density (in units of vfNf kBTc): j(r) = jφ(r)eφ , L = h̄Nbubble
2 l̂, kfR = 11.17

Differential cross section (in units of πR2):
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