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Superfluid Phases of 3He

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

Phase Diagram of Bulk 3He
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Chiral ABM State ~l = m̂× n̂

Aµi = ∆ d̂µ (m̂ + in̂)i
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“Isotropic” BW State
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Superfluid Phases of 3He - Confined Geometry

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

A. Vorontsov & JAS, PRL, 2007
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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:

|ΦN 〉 =

[∫∫
dr1dr2 ϕs1s2(r1 − r2) ψ†s1(r1)ψ†s2(r2)

]N/2
| vac 〉

1 ϕs1s2(r) = f(|r|/ξ) (x+ iy) χs1s2(S = 1,MS = 0)

2 Radial size ≡ ξ: BEC (ξ < a) vs. BCS pairs (ξ > a)

l || z

Lz = (N/2)~

�

Lz = (N/2)~ (a/ξ)2 � (N/2)~ ? (P. Morel & P.W. Anderson, 1962, A. Leggett, 1975)

I Lz|ΦN 〉 = (N/2)~ |ΦN 〉 independent of (a/ξ)! - 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 � ξ0 and R� ξ0.
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ϕ
x y

∆ + pip

2D Chiral ABM State:
~d(p) = ∆ ẑ (px ± ipy)/pf ∼ e±iϕp

Equal-Spin Pairs for all p:
ẑ | ⇒ 〉+ | ⇔ 〉
Fully Gapped: |~d(p)|2 = ∆2

Bogoliubov Equations for Fermionic Excitations:(
− ~2

2m
∇2 − µ

)
u+ σx

~
i

(
∆1

∂

∂x
+ i∆2

∂

∂y

)
v = ε u(

+
~2

2m
∇2 + µ

)
v + σx

~
i

(
∆1

∂

∂x
− i∆2

∂

∂y

)
u = ε v

Nambu-Momentum Representation with particle-hole (iso-spin) matrices ~̂τ = (τ̂1, τ̂2, τ̂3)

Ĥ =
(
|p|2/2m− µ

)
τ̂3 + σx [∆1 px τ̂1 ∓∆2 py τ̂2] /pf = ~m(p) · ~̂τ
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Topological Invariant for 2D 3He-A and Fermionic Spectrum

Nambu-Bogoliubov Hamiltonian for 2D 3He-A : Ĥ = ~m(p) · ~̂τ
 ~m = ( cpx , ∓cpy , ξ(p)) with | ~m(p)|2 =

(
|p|2/2m− µ

)2
+ c2|p|2 > 0 , µ 6= 0

Topological Invariant for 2D 3He-A↔ QED in d = 2+1 [G.E. Volovik, JETP 1988]:

N2D = π

∫
d2p

(2π)2
m̂(p) ·

(
∂m̂

∂px
× ∂m̂

∂py

)
=

{
±1 ; µ > 0 and ∆ 6= 0

0 ; µ < 0 or ∆ = 0

“Vacuum” (∆ = 0) with N2D = 0

∣∣∣∣∣ 3He-A(∆ 6= 0) withN2D = 1

Zero Energy Fermions ↑ Confined on the Edge
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Chiral Edge Fermions in the 2D 3He-A

Propagator for Edge Fermions: gR
edge(p, ε;x) =

π∆|px|
ε+ iγ − εbs(p||)

e−x/ξ∆

Confinement on ξ∆ = ~vf/2∆ ≈ 103 Å� ~/pf

εbs = −c p|| with c = ∆/pf � vf Broken P & T Edge Current
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Chiral Edge Currents

Local Density of States: N(p, x; ε) = − 1

π
Im gR(p, x; ε)

Pair Time-Reversed Trajectories
Spectral Current Density :

~J(p, x; ε) = 2Nf ~v(p)
[
N(p, x; ε)−N(p′, x; ε)

]
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Edge Currents and Angular Momentum

Ground-State Current Density: ~J(x) =

∫ +1

−1

dp||
pf

∫ 0

−∞

~J(p, x; ε)

z

R

x r

Bound-State Contribution (R� ξ∆):

Jϕ(p, x; ε) = 2Nf vf ∆ |px| pϕ e−x/ξ∆

×
[
δ(ε− εbs(p||))− δ(ε− εbs(p

′
||))
]

Bound-State Edge Current:
∫ ∞

0

dxJϕ(x) =
1

2
n ~

Mass Current: vf → pf  ~J → ~g

I Lbs
z =

∫
V

d2r [r gϕ(r)] = N ~ ×2 Too Large vs. MT

I Continuum (ε < −∆): JC
ϕ = 2Nf vf |px|

(
∆2 p2

ϕ

ε2 − ε2
bs(p||)

)
sin
(

2
√
ε2 −∆2 x/vx

)

I LC
z =

∫
V

d2r
[
r gC

ϕ(r)
]

= −1

2
N ~  Ltotal

z = (N/2)~ - MT Result Recovered!
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Ground-State Angular Momentum of 3He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

h J
1J

2

R2

R1
p+x! yp i

R1, R2, R1 −R2 � ξ0

Volume: V = hπ(R2
1 −R2

2)

Sheet Current: J =
1

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

Counter-propagating Edge Currents: J1 = −J2 =
1

4
n ~

Angular Momentum:

Lz = 2π h (R2
1 −R2

2)× 1

4
n ~ = (N/2) ~ McClure-Takagi Result
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Thermal Excitation of Chiral Edge Fermions
Thermally Excited Edge Fermions Carry the Opposite Current
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Angular Momentum of 3He-A vs. Temperature

Lz = (N/2)~ × YLz (T ) YLz (T ) ≈ 1− c (T/∆)2 , T � ∆

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
T/Tc

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Lz(T )/(Nh̄/2)

2D : ρs(T )

∆(T )/∆(0)

I JAS, Phys. Rev. B 84, 214509 (2011) I Y. Tsutsumi et al., PRB 85, 100506(R) (2012)
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Robustness of Edge Currents vs Edge States

Edge Currents are Protected by Symmetry, not Topology

Specular Reflection

p

p

_

x

p

p

_

x

Propagating Chiral Fermions:

gR(p, ε;x) =
π∆|px|

ε+ iγ − εbs(p||)
e−x/ξ∆

Edge Current: J =
1

4
n ~

Retro Reflection

x

p

p_

x

p

p_

Zero-Energy Fermions for all p:

gR(p, ε;x) =
π∆

ε+ iγ
e−2∆x/vx

Non-Chiral Edge Current: J = 0
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Non-Extensive Scaling of Lz in a Toroidal Geometry

Engineered Edges of a Toroidal Cavity

h J
1J

2

R2

R1
p+x! yp i Sheet Current: J = f × 1

4
n ~

Non-Specular Surfaces
0 ≤ f ≤ 1

Incomplete Screening of Counter-Propagating Currents

Lz = (N/2) ~×
(
f1 − rf2

1− r

)
Non-Extensive Scaling of Lz: r = (R2/R1)2 0 < r < 1

I f1 = 1, f2 = 0

Lz = (N/2) ~×
(

1

1− r

)
� (N/2) ~

I f1 = 0, f2 = 1

Lz = (N/2) ~×
(
−r

1− r

)
� −(N/2) ~

I Strong violations of the McClure-Takagi Result
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JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)h̄/p f � R� !0

Structure of an Ion embedded in 3He-A 

Chiral 
Currents

e-

bubble

(px + ipy)

∆+

(px − ipy)

∆−(r) e+i2φ

�� = +ẑ
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−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

h̄/p f � R� !0
Structure of an Ion embedded in 3He-A 

Chiral 
Currents

e-

bubble

(px + ipy)

∆+

(px − ipy)

∆−(r) e+i2φ

�� = +ẑ
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P

L uniform

P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P
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P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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Cr( )yg
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)

left electrode

right electrode

∆I = IR − IL

∆Iim

∆Ire

�� = −ẑ
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P

L uniform

P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P
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P
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Cr( )yg
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

h̄/p f � R� !0
Structure of an Ion embedded in 3He-A 

Chiral 
Currents

e-

bubble

(px + ipy)

∆+

(px − ipy)

∆−(r) e+i2φ

�� = +ẑ
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P
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P
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Cr( )yg
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Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.

868 1989 The American Physical Society

�Fdrag

�FMagnus

−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

e(µ−1)i j = n p f
� d!p

4"

� d!p�

4"

� +#

−#
dE

�
− $ f
$E

�
(%p̂)i(%p̂) j

$&( p̂, p̂�,E)
$!p�

�v =

�
µ�

�
�̂ · �E

�
�̂+ µ⊥ �̂×

�
�̂× �E

�
+ µxy �̂× �E

�

!M. Vuorio and D. Rainer, J. Phys. C Sol. State 10 3093(1977)

h̄/p f � R� !0

µB
µN

= 1+ e+!(T )/T

Mobility of electron bubbles in superfluid 3He-B 

P = 29 bar

Nummila, et al., JLTP 1989
constant 
!tr = "R2

*resonant forward
  scattering 
!tr << = "R2

*Theory: G. Baym, C. Pethick, M. Salomaa,  PRL 38, 845 1977

µB
µN

R. Bowley,  J. Phys. C 1977

TAB

electron 
bubbles

f = 0.06 – 6 Hz
Vin = 0.1 – 1 V

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

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)

left electrode

right electrode

electron 
bubbles

f = 0.06 – 6 Hz
Vin = 0.1 – 1 V

�v =

�
µ⊥ �E + µxy �̂× �E

�

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

��=−ẑ
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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�Fdrag
−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

h̄/p f � R� !0

Structure of an Ion embedded in 3He-A 

Chiral 
Currents

e-

bubble

(px + ipy)

∆+

(px − ipy)

∆−(r) e+i2φ

�� = +ẑ
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Skew Scattering

R. Salmelin, M. Salomaa, V. Mineev, Phys. Rev. Lett. 63, 868 (1989)

R ≈ Å
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P

L uniform

P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P
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P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

h̄/p f � R� !0
Structure of an Ion embedded in 3He-A 

Chiral 
Currents

e-

bubble

(px + ipy)

∆+

(px − ipy)

∆−(r) e+i2φ

�� = +ẑ
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Skew Scattering

R. Salmelin, M. Salomaa, V. Mineev, Phys. Rev. Lett. 63, 868 (1989)

R ≈ Å
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.

868 1989 The American Physical Society

�Fdrag

�FMagnus

−e�E

JAS & M. Eschrig, New J. Phys. 11, 075008 (2009)

quasiparticle 
``wind’’

e(µ−1)i j = n p f
� d!p

4"

� d!p�

4"

� +#

−#
dE

�
− $ f
$E

�
(%p̂)i(%p̂) j

$&( p̂, p̂�,E)
$!p�

�v =

�
µ�

�
�̂ · �E

�
�̂+ µ⊥ �̂×

�
�̂× �E

�
+ µxy �̂× �E

�

!M. Vuorio and D. Rainer, J. Phys. C Sol. State 10 3093(1977)

h̄/p f � R� !0

µB
µN

= 1+ e+!(T )/T

Mobility of electron bubbles in superfluid 3He-B 

P = 29 bar

Nummila, et al., JLTP 1989
constant 
!tr = "R2

*resonant forward
  scattering 
!tr << = "R2

*Theory: G. Baym, C. Pethick, M. Salomaa,  PRL 38, 845 1977

µB
µN

R. Bowley,  J. Phys. C 1977

TAB

electron 
bubbles

f = 0.06 – 6 Hz
Vin = 0.1 – 1 V

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

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)

left electrode

right electrode

electron 
bubbles

f = 0.06 – 6 Hz
Vin = 0.1 – 1 V

�v =

�
µ⊥ �E + µxy �̂× �E

�

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

��=−ẑ
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.
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The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.
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The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.

PACS numbers: 67.50.Fi, 67.40.Vs, 67.40.Yv

The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere

P

L uniform

P

A~; uniform

Cr( )yg

((«t,((i~))&») &
Cr( )ig

FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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VOLUME 63, NUMBER 8 PHYSICAL REVIEW LETTERS 21 AUGUST 1989

Internal Magnus KI'ects in Superfluid 3He-A

R. H. Salmelin and M. M. Salomaa
Low Temperature Laboratory, Helsinki University of Technology, 02150 Espoo, Finland

V. P. Mineev
L D L.anda. u Institute for Theoretical Physics, U.SSR .A.ca.demy ofSciences, 117334Moscow, U.S S.R. .

(Received 27 March 1989)

The orbital angular momentum of the coherently aligned Cooper pairs in superfluid He-A is encoun-
tered by an object immersed in the condensate. We evaluate the associated quasiparticle-scattering
asymmetry experienced by a negative ion; this leads to a measurable, purely quantum-mechanical reac-
tive force deflecting the ion s trajectory. Possible hydrodynamic Magnus effects are also discussed.
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The discovery of superfluidity in He was followed by
evidence for other novel types of superconductivity for
which the Cooper pairs may also exist in states with non-
trivial internal structure. Therefore, it is important to
6nd probes sensitive to the internal degrees of freedom of
the Cooper pairs in condensates with complicated broken
symmetries, such as heavy fermions and high-T, super-
conductors. The superfluid He order parameter A„is a
complex 3 && 3 matrix where a and i denote the spin and
orbital parts. The spin angular momentum in He-A~
has been probed in experiments on magnetically driven
superflow by Ruel and Kojima. ' We suggest that the or-
bital angular momentum of the Cooper pairs in He-A
(and He-A ~) could also be detected.
The Magnus force is well known within hydrodynam-

ics. This effect arises when a classical viscous fluid flows
past a rotating body, and a Bernoulli pressure difference
is created across the object for points where the fluid
flow reinforces or counteracts its circulation; the
deflecting force is perpendicular to both the direction of
motion and the axis of rotation. In He-A, the picture is
reversed: the condensate itself possesses spontaneous an-

gular momentum, which is experienced by a moving non-
rotating object. Here the circulation is an inherent prop-
erty of the superAuid —thus we suggest to call the ensu-
ing phenomena internal Magnus sects
In He-A, there exist Cooper pairs with the spin pro-

jections f f and ) J; both correspond to the same eigen-
value of the orbital angular momentum, L, l. A com-
mon direction, l, can thus be ascribed to the internal cir-
culation; the special nature of this direction is manifested
in the energy gap h(p) Az(T)sin8exp(ip), which
displays nodes (pointlike vortices on the Fermi sphere)
along 1. Here 8 is tneasured from l, while p is the az-
imuthal angle; h~(T) is the maximum gap and p is the
direction of a quasiparticle momentum on the Fermi sur-
face. The nature of the interaction between the super-
fluid and the foreign body is determined by the size of
the impurity with respect to the coherence length g over
which the order parameter may vary; go =20 nm at T,.
The various scenarios are illustrated in Fig. l.
(i) The motion of a tiny particle with radius R«go,

such as a negative ion (pressure-dependent radius
R 1-2 nm), is determined by the dissipative quasiparti-

(a) intrinsic Magnus effect {b) orbital currents (c) L texture around a sphere
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FIG. l. Internal Magnus effects on different scales in He-A: (a) For tiny objects (R «go), there is a quantum-mechanical asym-
metry in the He quasiparticle scattering, i.e., an intrinsic Magnus e+ect. (b) Small particles (R & (0), only slightly perturbing the
order parameter, generate orbital currents (Ref. 3) which lead to a hydrodynamical current induced Magnus effect-. (c) For a large
object (R ) (0) (Ref. 4), the order-parameter texture is essentially redistributed by making I (arrows) normal to its surface. A vir-
tual vortex is formed (heavy curve with circular arrows), which experiences a hydrodynamical topological Magnus force.
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Superfluid Phases of 3He - Confined Geometry

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

A. Vorontsov & JAS, PRL, 2007
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Spin-Triplet, P-wave Order Parameter :

∆αβ(p) = ~d(p) · (i~σσy)αβ  dµ(p) = Aµi pi

Chiral ABM State ~l = m̂× n̂

Aµi = ∆ d̂µ (m̂ + in̂)i
Lz = 1 , Sz = 0

“Isotropic” BW State

Aµi = ∆ δµi

J = 0 , Jz = 0

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



Confined Superfluid 3He-B

D
x y

z
∆

3He-B

∆̂ = ~d(p) · (i~σσy)

dx = ∆‖(z) px,

dy = ∆‖(z) py,

dz = ∆⊥(z) pz ,

A. Vorontsov and JAS, PRB 68, 064508 (2003)
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Topological Invariant for 3D Time-Reversal Invariant 3He-B

Nambu-Bogoliubov Hamiltonian for Bulk 3He-B:

ĤB = ξ(p)τ̂3 + cp · ~σ τ̂1

1 “Relativistic” Fermions: E(p) =
√
ξ(p)2 + c2|p|2

2 “light” speed: c = ∆/pf � vf

3 Emergent spin-orbit coupling Helicity eigenstates

I Topological Invariant for 3D 3He-B protected by Γ = CT symmetry: ΓĤBΓ† = −ĤB

Schnyder et al., PRB 78, 195125 (2008); Volovik, JETP Lett. 90, 587 (2009)

N3D =
π

4

∫
d3p

(2π)3
εijkTr

{
Γ(Ĥ−1

B ∂piĤB)(Ĥ−1
B ∂pj ĤB)(Ĥ−1

B ∂pkĤB)
}

=

{
0, Γ = 1

2 , Γ = CT

Zero Energy Fermions Confined on a 2D Surface ↑
I 3He-B is a topological phase for restricted external T-symmetry breaking! :

T→ T× U(π)Lz+Sz

T. Mizushima, PRB 86 094518, (2012); Hao Wu, JAS, PRB 88, 18 184506 (2013)
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B ∂pkĤB)
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Majorana Spectrum of Fermions on the Surface of 3He-B
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Bound-state spectral weight:

Nb(p, z; ε) =
π

2
∆⊥p̂z e

−2∆⊥z/vf

× [δ(ε− c|p‖|) + δ(ε+ c|p‖|)]

Surface Majorana Modes:

Ground-state and Excitations:

ε±b = ±c|p‖|, c = ∆‖/pf � vf

ε−b < 0 Helical Spin Current at T = 0

Helical Spin-Orbit Locking
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Condensate Flow and Doppler Shift of the Majorana Spectrum

D
ϕ1 ϕ2�ps =

�
2

�∇ϕ

x y

z

I Doppler Shift from the moving Condensate: εp|| = c|p|||+ p|| · ~vs
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Backaction of the Majorana Modes on the Mass Current

D

ξ∆

I Spatial dependence of finite temperature mass current
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Superfluid Fraction of a superfluid film of 3He-B of width D = 13.2 ξ∆

ρS/ρ ≈ 1− 27πζ(3)

2

ξ∆
D

∆⊥
∆‖

m∗

m3

(
T

∆‖

)3
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I Ongoing: NMR, Acoustic and Flow experiments to investigate: (i) topological
protection, (ii) the role of broken symmetry and (iii) non-locality of Majorana pairs
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