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4.3 Quantum States of Superfluid 3He

experimental determination of anisotropy of gap of 3He-A

114 4 Superfluid 3He

within this fluid without dissipation below a certain critical velocity. For pair
breaking, the critical velocity is given by vc = ∆B/kF.

The anisotropy of the energy gap in 3He-A has been nicely demonstrated
in ultrasound experiments [173]. It was found in these experiments that it
is possible to orient the direction of the orbital angular momentum l by a
rather small magnetic field, typically around 2 mT. In this way, it was easy to
vary the angle between the direction of the sound propagation and the orbital
angular momentum. Figure 4.12 shows the velocity of longitudinal zero sound
and its attenuation as a function of the angle φ between an external magnetic
field B and the wave vector q of the sound wave. The observed variation
agrees with the expected anisotropy.
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Fig. 4.12. (a) Velocity and (b) atten-
uation of longitudinal zero sound in
3He-A at 20.24 MHz as a function of
the angle φ between the wave vector q
of the sound wave and the external
magnetic field B [173]. The experi-
ment has been performed at a pres-
sure of 26 bar and a temperature of
just 48µK below Tc

4.4 Order-Parameter Orientation – Textures

As we have already seen, 3He-A shows an anisotropic behavior in many exper-
iments. In the discussion of the orientational dependence of the properties of
the A phase, one has to consider not only internal forces that determine the
directions of l and d, but also external electric and magnetic fields, velocity
fields and the influence of the container walls. As a first step, we discuss the
relative orientation of l and d without external fields as determined by the
magnetic dipole–dipole interaction of the nuclear spins of the quasiparticle
pairs. Later, we shall see that d and l are responsive to various external influ-
ences such as the boundary conditions that, in general, lead to a nonuniform
alignment of the order parameter. The resulting spatial structure of the order
parameter is called a texture. The concept of textures was originally intro-
duced by de Gennes to describe orientational effects in liquid crystals [174].

propagation of longitudinal zero sound 

► in this experiment    is oriented by a small magnetic field 1.8 mT

► is the angle between       and  

► expected anisotropy is clearly observed

wave vector of sound wave
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4.4 Orderparameter Orientation － Textures

Textures:

► this term was introduced by de Gennes (similar to liquid crystals)
► denotes orientational effects of     and
► texture depends on many things: dipole-dipole interaction,

► often no uniform texture            texture domains

4.3 Quantum States of Pairs of Coupled Quasiparticles 111
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Fig. 4.10. Illustration of disorder and long-range order of a two-dimensional model
fluid with an orbital and a spin degree of freedom. After [170]

As we shall see in Sect. 4.4.1, the intrinsically preferred alignment of d, rep-
resenting the spin space, is parallel to the orbital angular momentum vector l
of the quasiparticle pairs.

In contrast, as illustrated in Fig. 4.10e, in the B phase none of the degrees
of freedom exhibit a long-range order, but the relative orientation of spin and
orbital moments of a pair is fixed. Therefore, one refers to this as a broken
relative spin-orbit symmetry. The fixed angle between the spin and orbital
moments is determined by the small magnetic dipole interaction in 3He-B as
first pointed out by Leggett [155]. This angle is often referred to as the Leggett
angle. Generally speaking, a broken relative symmetry occurs if a system is
invariant under transformations given by a certain linear combination of two
symmetry operations, but is not invariant under any deviation from this linear
combination. An intriguing point here is that such a system will respond in
ways characteristic of a system breaking both symmetries, but mixes up one
and the other. For 3He-B, this means that its response to mechanical rotations
is, within certain limits, indistinguishable from its response to magnetic fields,
representing spin-space rotation. For example, one can mechanically generate
spin waves and NMR in the B phase or, vice versa, magnetically induce shear
instabilities.

In the A phase, the relative gauge-orbit symmetry is broken, which allows
the system, for example, to change the phase of the macroscopic wave function
by mechanical rotation. It also has interesting consequences for the mass
flow of 3He-A. Superfluid mass current and superfluid velocity vs are not
necessarily parallel, because the superfluid mass current explicitly depends
on the direction of the orbital angular momentum l (see Sect. 4.6.1).

magnetic and electric fields, geometry, …
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Soon after the discovery of the A and B phases at
Cornell, low-temperature laboratories all over the world
began a broad effort to explore their properties. Con-
densed matter theorists became very actively involved in
explaining the observed effects and predicting new phe-
nomena. One of the main tasks to be undertaken was
the proper identification of the respective order param-
eters corresponding to 3He A and 3He B. In our experi-
mental group, we adopted the working hypothesis that
3He A corresponded to the p-wave equal spin pairing
state first considered by Anderson and Morel (1961) and
that 3He B corresponded to the state suggested by
Balian and Werthamer (1963). As mentioned in the pre-
vious section, these states were at least consistent with
the Cornell discovery experiments.

Both the Anderson-Morel and the Balian-Werthamer
states of p-wave pairing are states with total L51 and
total S51. The Anderson-Morel state is an orbital m

51 state along some direction l̂ and a spin m50 state
along some direction d̂ . Recall that we introduced d̂ as
the direction of zero spin projection earlier in our dis-
cussion. We express the Anderson-Morel order param-
eter as the product between an orbital part in configu-
ration or momentum space and a part in spin space, i.e.,

cAM5(orbital part)3(spin part).

If we consider only angular dependence, the Anderson-
Morel order parameter is defined as

cAM;e
iwsinuF 1

&
~#"1"# !G ,

where the spherical harmonic Y11;e
iwsinu defines a po-

lar axis l̂ corresponding to the direction of the pair or-

bital angular momentum. In the above expression for
the spin-triplet pair-wave function the spin part appears
along the d̂ axis, so that only the (#"1"#) component
occurs. For the case of the Anderson-Morel state, we see
that the spin part of the order parameter does not de-
pend on any orbital variables but is a constant in orbital
space; i.e., in k space, every point on the Fermi surface
has the same d̂ . We discussed earlier how a classical
argument involving the dipolar interaction combined
with spontaneously broken spin-orbit symmetry would
favor the state for which l̂i d̂ . Taking this into account
we sketch the Anderson-Morel order parameter in k

space in Figure 13(a). The small arrows correspond to
the d̂ vector and the large arrow corresponds to l̂ . One
of the striking features of this order parameter is the
orbital anisotropy, with nodes at u50 and u5p . The
behavior of the BCS energy gap follows that of the or-
der parameter, so that gap nodes also appear at u50
and p as shown in Figure 13(b). The full three-
dimensional picture is obtained by a revolution about
the l̂ axis. The patterns in the orientation of l̂ as a func-
tion of position in the liquid are highly analogous to
patterns found in liquid crystals. These patterns have
been named textures. Ambegaokar, de Gennes and
Rainer (1974) have shown that the l̂ vector will be per-

pendicular to the walls of the containers. This boundary
condition plays an important role in determining the
texture pattern in liquid 3He A. The direction of l̂ is
also sensitive to flow and to the applied magnetic field.

The spin state 1/& ("#1#") can be rotated in spin
space to give the equal spin pairing version of the
Anderson-Morel order parameter,

cAM;e
iwsinu@~ u""&1e

iF
u##&)],

where F is a phase factor, which is helpful in discussing
longitudinal NMR experiments. This representation
shows that the Anderson-Morel order parameter can be
characterized by a spin configuration with only u""& and

FIG. 12. A schematic P-T-H diagram showing the general to-
pology of the phase diagram of the superfluid phases, A , A1
and B of liquid 3He. The A1 phase occurs between the sur-
faces labeled A1 and A2 . The A phase occurs at temperatures
below the boundary labeled A2 . The boundary between
phases A and B is labeled B . The surface labeled S corre-
sponds to the melting curve.

FIG. 13. (a) A three-dimensional representation of the
Anderson-Morel order parameter. The vector l̂ at the center
defines the axis of the order parameter. Along this axis, the
amplitude is zero corresponding to sinu dependence where u is
the polar angle with respect to l̂ . The vector d̂ has the same

direction for all points on the Fermi surface. (b) The aniso-
tropic energy gap is indicated by the shaded region. The two
nodes along l̂ are clearly shown.
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4.4 Orderparameter Orientation － Textures

a)  orientation of    ,     without external field

3He-A:   macroscopic orientation
dipole-dipole energy is minimal, if                 

free energy: dipole-dipole interaction
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Fig. 4.13. Variation of Fd in (a) 3He-A
and (b) 3He-B

locally at each point of the Fermi surface by an angle Θ about the vector n̂.
The dipolar free energy in the B phase is given by

Fd =
8
5

gd(T )
(

cos Θ +
1
4

)2

, (4.9)

which means that the minimum dipole–dipole energy is for a rotation angle
Θ = arccos (−1/4) ≈ 104◦. The variation of Fd in 3He-B with Θ is plotted
in Fig. 4.13b.

Although this subtle anisotropy caused by the magnetic dipole–dipole in-
teraction leads to textural effects in the B phase, the overall orbital symmetry
of the order parameter is still spherical.

4.4.2 Textures in 3He-A

External fields and boundary conditions change the free energy of 3He-A
and influence the order-parameter orientation. In the presence of container
walls or any type of residual field, the order-parameter alignment will not be
uniform, since the perturbing influences tend to orient the order parameter
locally in different, often competing, ways. A nonuniform orientation of the
order parameter is opposed by the internally preferred alignment, because any
bending of the order-parameter field causes an increase in the free energy of
the system. The competition between orientational and bending forces leads
to a continuous configuration for the order-parameter field, called a texture.

In general, the walls of the container play a very important role in deter-
mining the configuration of the order parameter. The fact that walls have an

116 4 Superfluid 3He

Angle Θ

0

1

2

3

F d
/g

d

cos−1( _ 1
4
_ ) cos−1( _ 1

4
_ )

0 π/2 π 3π/2 2π

F d
/g

d

0.0

-0.2

-0.4

-0.6

Fig. 4.13. Variation of Fd in (a) 3He-A
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locally at each point of the Fermi surface by an angle Θ about the vector n̂.
The dipolar free energy in the B phase is given by

Fd =
8
5

gd(T )
(

cos Θ +
1
4

)2

, (4.9)

which means that the minimum dipole–dipole energy is for a rotation angle
Θ = arccos (−1/4) ≈ 104◦. The variation of Fd in 3He-B with Θ is plotted
in Fig. 4.13b.

Although this subtle anisotropy caused by the magnetic dipole–dipole in-
teraction leads to textural effects in the B phase, the overall orbital symmetry
of the order parameter is still spherical.

4.4.2 Textures in 3He-A

External fields and boundary conditions change the free energy of 3He-A
and influence the order-parameter orientation. In the presence of container
walls or any type of residual field, the order-parameter alignment will not be
uniform, since the perturbing influences tend to orient the order parameter
locally in different, often competing, ways. A nonuniform orientation of the
order parameter is opposed by the internally preferred alignment, because any
bending of the order-parameter field causes an increase in the free energy of
the system. The competition between orientational and bending forces leads
to a continuous configuration for the order-parameter field, called a texture.

In general, the walls of the container play a very important role in deter-
mining the configuration of the order parameter. The fact that walls have an

3He-A
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u##& states, as mentioned in our earlier discussions. The
A1 phase has the orbital properties including the gap
nodes described by the Anderson-Morel state but has
only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.
The simplest possible Balian-Werthamer state is the
3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do
not have an equal spin pairing state. Since the 3

P0 state
has total J50, it will be a spherically symmetric state.
When this is taken into account, it is customary to
specify this simple Balian-Werthamer state in terms of
the vector d̂ by d̂(k)5constant3k̂ which has the neces-
sary spherical symmetry. Notice that in contrast to the
Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly
represent the order parameter of superfluid 3He B. As
far as the most important interactions are concerned, the
energy will not change when the spin and orbital coor-
dinates are rotated with respect to one another. Thus we
could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where
R is an arbitrary rotation about an arbitrary axis n̂ for
superfluid 3He B. This degeneracy is broken when the
small dipolar interaction is taken into account, which
results in a rotation of the spin coordinates relative to
the orbital coordinates by an angle of 104° as discussed
below. This subtle anisotropy allows textures associated
with liquid-crystal-like behavior to be observed in super-
fluid 3He B. Nevertheless the overall orbital symmetry
of the order parameter is still spherical, leading to an
isotropic energy gap similar to that of s-wave supercon-
ductors. Figure 14(a) shows the order parameter with
d̂ twisted about some axis n̂ by 104°, and Figure 14(b)
shows the isotropic energy gap.

I have now outlined the basic properties of the
Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and
3He B, respectively. An important question still re-
mained to be addressed. The early studies of the pos-
sible order parameters of p-wave pairing showed that
the Balian-Werthamer state would have a lower free en-
ergy and therefore should always be the preferred state.
On the other hand the existence of an Anderson-Morel-
type state in 3He was firmly established by the experi-
ments. The apparent discrepancy was resolved by
Anderson and Brinkman (1973), who introduced the
idea of spin fluctuation feedback which led to a mecha-
nism for a stable Anderson-Morel phase. (Recall our
previous discussion of the possible role of spin fluctua-
tions by Layzer and Fay.) Since the pairing mechanism
is intrinsic, thus involving the 3He quasiparticles them-
selves, any modification in the status of the helium qua-
siparticles should affect the pairing mechanism, includ-
ing the onset of pairing itself. Anderson and Brinkman
showed that this feedback effect could indeed lead to a
stable Anderson-Morel phase in zero magnetic field,
which was renamed the Anderson-Brinkman-Morel
phase or ABM state. These studies led to the general
acceptance that the Anderson-Brinkman-Morel state
corresponded to 3He A and the Balian-Werthamer state
corresponded to 3He B. More recent comprehensive
studies of a variety of pairing mechanisms conducted by
Rainer and Serene (1976) have not changed this conclu-
sion.

No general discussion of superfluid 3He would be
complete without a treatment of the macroscopic
nuclear dipole interaction and its role in the dramatic
NMR effects observed experimentally. The general
scheme for calculating the dipolar interaction is to take a
quantum mechanical average of the dipolar Hamiltonian
over the pair wave function (order parameter). It can
then be shown that the dipolar free energies are given
by

DFD5H
2 3

5 gD~T !@12~dW •lW!2# , A phase,

4
5 gD~T !H cos u12 cos2 u1

3
4J , B phase,

where

gD'1023S 12
T

Tc

D ergs/cm3.

Therefore, to minimize the free energy, lW and dW must be
parallel for the case of the ABM state (A phase) in
agreement with our earlier qualitative discussion. For
the Balian-Werthamer (BW) state, a simple calculation
shows that the dipole energy is minimized for u
5cos21(2 1

4)5104° justifying our earlier statement.
Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving
a complete description of the spin dynamics of super-
fluid 3He. His equations of motion are

SW
˙

5gSW 3HW 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-
ing d̂ vectors (represented by thick lines) rotated by 104°
about a vector n̂ from the radial directions (thin lines) for all
points on the Fermi sphere. The rotation axis n̂ points in the
vertical direction. (b) The isotropic energy gap of the Balian-
Werthamer order parameter is indicated by the shaded region.
Ordinary s-wave superconductors also have isotropic energy
gaps.
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3He-B:   isotropic regarding spin and orbital momentum

no macroscopic orientation
but: dipole-dipole interaction leads to a relative

orientation of    ,     locally for each point on the Fermi surface
described by a rotation about        described by 

leads to weak texture effects                  
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locally at each point of the Fermi surface by an angle Θ about the vector n̂.
The dipolar free energy in the B phase is given by

Fd =
8
5

gd(T )
(

cos Θ +
1
4

)2

, (4.9)

which means that the minimum dipole–dipole energy is for a rotation angle
Θ = arccos (−1/4) ≈ 104◦. The variation of Fd in 3He-B with Θ is plotted
in Fig. 4.13b.

Although this subtle anisotropy caused by the magnetic dipole–dipole in-
teraction leads to textural effects in the B phase, the overall orbital symmetry
of the order parameter is still spherical.

4.4.2 Textures in 3He-A

External fields and boundary conditions change the free energy of 3He-A
and influence the order-parameter orientation. In the presence of container
walls or any type of residual field, the order-parameter alignment will not be
uniform, since the perturbing influences tend to orient the order parameter
locally in different, often competing, ways. A nonuniform orientation of the
order parameter is opposed by the internally preferred alignment, because any
bending of the order-parameter field causes an increase in the free energy of
the system. The competition between orientational and bending forces leads
to a continuous configuration for the order-parameter field, called a texture.

In general, the walls of the container play a very important role in deter-
mining the configuration of the order parameter. The fact that walls have an

free energy: dipole-dipole interaction

dipole-dipole energy is minimal, if
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Fig. 4.10. Illustration of disorder and long-range order of a two-dimensional model
fluid with an orbital and a spin degree of freedom. After [170]

As we shall see in Sect. 4.4.1, the intrinsically preferred alignment of d, rep-
resenting the spin space, is parallel to the orbital angular momentum vector l
of the quasiparticle pairs.

In contrast, as illustrated in Fig. 4.10e, in the B phase none of the degrees
of freedom exhibit a long-range order, but the relative orientation of spin and
orbital moments of a pair is fixed. Therefore, one refers to this as a broken
relative spin-orbit symmetry. The fixed angle between the spin and orbital
moments is determined by the small magnetic dipole interaction in 3He-B as
first pointed out by Leggett [155]. This angle is often referred to as the Leggett
angle. Generally speaking, a broken relative symmetry occurs if a system is
invariant under transformations given by a certain linear combination of two
symmetry operations, but is not invariant under any deviation from this linear
combination. An intriguing point here is that such a system will respond in
ways characteristic of a system breaking both symmetries, but mixes up one
and the other. For 3He-B, this means that its response to mechanical rotations
is, within certain limits, indistinguishable from its response to magnetic fields,
representing spin-space rotation. For example, one can mechanically generate
spin waves and NMR in the B phase or, vice versa, magnetically induce shear
instabilities.

In the A phase, the relative gauge-orbit symmetry is broken, which allows
the system, for example, to change the phase of the macroscopic wave function
by mechanical rotation. It also has interesting consequences for the mass
flow of 3He-A. Superfluid mass current and superfluid velocity vs are not
necessarily parallel, because the superfluid mass current explicitly depends
on the direction of the orbital angular momentum l (see Sect. 4.6.1).
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u##& states, as mentioned in our earlier discussions. The
A1 phase has the orbital properties including the gap
nodes described by the Anderson-Morel state but has
only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.
The simplest possible Balian-Werthamer state is the
3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do
not have an equal spin pairing state. Since the 3

P0 state
has total J50, it will be a spherically symmetric state.
When this is taken into account, it is customary to
specify this simple Balian-Werthamer state in terms of
the vector d̂ by d̂(k)5constant3k̂ which has the neces-
sary spherical symmetry. Notice that in contrast to the
Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly
represent the order parameter of superfluid 3He B. As
far as the most important interactions are concerned, the
energy will not change when the spin and orbital coor-
dinates are rotated with respect to one another. Thus we
could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where
R is an arbitrary rotation about an arbitrary axis n̂ for
superfluid 3He B. This degeneracy is broken when the
small dipolar interaction is taken into account, which
results in a rotation of the spin coordinates relative to
the orbital coordinates by an angle of 104° as discussed
below. This subtle anisotropy allows textures associated
with liquid-crystal-like behavior to be observed in super-
fluid 3He B. Nevertheless the overall orbital symmetry
of the order parameter is still spherical, leading to an
isotropic energy gap similar to that of s-wave supercon-
ductors. Figure 14(a) shows the order parameter with
d̂ twisted about some axis n̂ by 104°, and Figure 14(b)
shows the isotropic energy gap.

I have now outlined the basic properties of the
Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and
3He B, respectively. An important question still re-
mained to be addressed. The early studies of the pos-
sible order parameters of p-wave pairing showed that
the Balian-Werthamer state would have a lower free en-
ergy and therefore should always be the preferred state.
On the other hand the existence of an Anderson-Morel-
type state in 3He was firmly established by the experi-
ments. The apparent discrepancy was resolved by
Anderson and Brinkman (1973), who introduced the
idea of spin fluctuation feedback which led to a mecha-
nism for a stable Anderson-Morel phase. (Recall our
previous discussion of the possible role of spin fluctua-
tions by Layzer and Fay.) Since the pairing mechanism
is intrinsic, thus involving the 3He quasiparticles them-
selves, any modification in the status of the helium qua-
siparticles should affect the pairing mechanism, includ-
ing the onset of pairing itself. Anderson and Brinkman
showed that this feedback effect could indeed lead to a
stable Anderson-Morel phase in zero magnetic field,
which was renamed the Anderson-Brinkman-Morel
phase or ABM state. These studies led to the general
acceptance that the Anderson-Brinkman-Morel state
corresponded to 3He A and the Balian-Werthamer state
corresponded to 3He B. More recent comprehensive
studies of a variety of pairing mechanisms conducted by
Rainer and Serene (1976) have not changed this conclu-
sion.

No general discussion of superfluid 3He would be
complete without a treatment of the macroscopic
nuclear dipole interaction and its role in the dramatic
NMR effects observed experimentally. The general
scheme for calculating the dipolar interaction is to take a
quantum mechanical average of the dipolar Hamiltonian
over the pair wave function (order parameter). It can
then be shown that the dipolar free energies are given
by
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where
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Therefore, to minimize the free energy, lW and dW must be
parallel for the case of the ABM state (A phase) in
agreement with our earlier qualitative discussion. For
the Balian-Werthamer (BW) state, a simple calculation
shows that the dipole energy is minimized for u
5cos21(2 1

4)5104° justifying our earlier statement.
Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving
a complete description of the spin dynamics of super-
fluid 3He. His equations of motion are
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˙

5gSW 3HW 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-
ing d̂ vectors (represented by thick lines) rotated by 104°
about a vector n̂ from the radial directions (thin lines) for all
points on the Fermi sphere. The rotation axis n̂ points in the
vertical direction. (b) The isotropic energy gap of the Balian-
Werthamer order parameter is indicated by the shaded region.
Ordinary s-wave superconductors also have isotropic energy
gaps.
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u##& states, as mentioned in our earlier discussions. The
A1 phase has the orbital properties including the gap
nodes described by the Anderson-Morel state but has
only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.
The simplest possible Balian-Werthamer state is the
3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do
not have an equal spin pairing state. Since the 3

P0 state
has total J50, it will be a spherically symmetric state.
When this is taken into account, it is customary to
specify this simple Balian-Werthamer state in terms of
the vector d̂ by d̂(k)5constant3k̂ which has the neces-
sary spherical symmetry. Notice that in contrast to the
Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly
represent the order parameter of superfluid 3He B. As
far as the most important interactions are concerned, the
energy will not change when the spin and orbital coor-
dinates are rotated with respect to one another. Thus we
could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where
R is an arbitrary rotation about an arbitrary axis n̂ for
superfluid 3He B. This degeneracy is broken when the
small dipolar interaction is taken into account, which
results in a rotation of the spin coordinates relative to
the orbital coordinates by an angle of 104° as discussed
below. This subtle anisotropy allows textures associated
with liquid-crystal-like behavior to be observed in super-
fluid 3He B. Nevertheless the overall orbital symmetry
of the order parameter is still spherical, leading to an
isotropic energy gap similar to that of s-wave supercon-
ductors. Figure 14(a) shows the order parameter with
d̂ twisted about some axis n̂ by 104°, and Figure 14(b)
shows the isotropic energy gap.

I have now outlined the basic properties of the
Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and
3He B, respectively. An important question still re-
mained to be addressed. The early studies of the pos-
sible order parameters of p-wave pairing showed that
the Balian-Werthamer state would have a lower free en-
ergy and therefore should always be the preferred state.
On the other hand the existence of an Anderson-Morel-
type state in 3He was firmly established by the experi-
ments. The apparent discrepancy was resolved by
Anderson and Brinkman (1973), who introduced the
idea of spin fluctuation feedback which led to a mecha-
nism for a stable Anderson-Morel phase. (Recall our
previous discussion of the possible role of spin fluctua-
tions by Layzer and Fay.) Since the pairing mechanism
is intrinsic, thus involving the 3He quasiparticles them-
selves, any modification in the status of the helium qua-
siparticles should affect the pairing mechanism, includ-
ing the onset of pairing itself. Anderson and Brinkman
showed that this feedback effect could indeed lead to a
stable Anderson-Morel phase in zero magnetic field,
which was renamed the Anderson-Brinkman-Morel
phase or ABM state. These studies led to the general
acceptance that the Anderson-Brinkman-Morel state
corresponded to 3He A and the Balian-Werthamer state
corresponded to 3He B. More recent comprehensive
studies of a variety of pairing mechanisms conducted by
Rainer and Serene (1976) have not changed this conclu-
sion.

No general discussion of superfluid 3He would be
complete without a treatment of the macroscopic
nuclear dipole interaction and its role in the dramatic
NMR effects observed experimentally. The general
scheme for calculating the dipolar interaction is to take a
quantum mechanical average of the dipolar Hamiltonian
over the pair wave function (order parameter). It can
then be shown that the dipolar free energies are given
by

DFD5H
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5 gD~T !@12~dW •lW!2# , A phase,

4
5 gD~T !H cos u12 cos2 u1
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where
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Therefore, to minimize the free energy, lW and dW must be
parallel for the case of the ABM state (A phase) in
agreement with our earlier qualitative discussion. For
the Balian-Werthamer (BW) state, a simple calculation
shows that the dipole energy is minimized for u
5cos21(2 1

4)5104° justifying our earlier statement.
Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving
a complete description of the spin dynamics of super-
fluid 3He. His equations of motion are

SW
˙

5gSW 3HW 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-
ing d̂ vectors (represented by thick lines) rotated by 104°
about a vector n̂ from the radial directions (thin lines) for all
points on the Fermi sphere. The rotation axis n̂ points in the
vertical direction. (b) The isotropic energy gap of the Balian-
Werthamer order parameter is indicated by the shaded region.
Ordinary s-wave superconductors also have isotropic energy
gaps.
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u##& states, as mentioned in our earlier discussions. The
A1 phase has the orbital properties including the gap
nodes described by the Anderson-Morel state but has
only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.
The simplest possible Balian-Werthamer state is the
3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do
not have an equal spin pairing state. Since the 3

P0 state
has total J50, it will be a spherically symmetric state.
When this is taken into account, it is customary to
specify this simple Balian-Werthamer state in terms of
the vector d̂ by d̂(k)5constant3k̂ which has the neces-
sary spherical symmetry. Notice that in contrast to the
Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly
represent the order parameter of superfluid 3He B. As
far as the most important interactions are concerned, the
energy will not change when the spin and orbital coor-
dinates are rotated with respect to one another. Thus we
could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where
R is an arbitrary rotation about an arbitrary axis n̂ for
superfluid 3He B. This degeneracy is broken when the
small dipolar interaction is taken into account, which
results in a rotation of the spin coordinates relative to
the orbital coordinates by an angle of 104° as discussed
below. This subtle anisotropy allows textures associated
with liquid-crystal-like behavior to be observed in super-
fluid 3He B. Nevertheless the overall orbital symmetry
of the order parameter is still spherical, leading to an
isotropic energy gap similar to that of s-wave supercon-
ductors. Figure 14(a) shows the order parameter with
d̂ twisted about some axis n̂ by 104°, and Figure 14(b)
shows the isotropic energy gap.

I have now outlined the basic properties of the
Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and
3He B, respectively. An important question still re-
mained to be addressed. The early studies of the pos-
sible order parameters of p-wave pairing showed that
the Balian-Werthamer state would have a lower free en-
ergy and therefore should always be the preferred state.
On the other hand the existence of an Anderson-Morel-
type state in 3He was firmly established by the experi-
ments. The apparent discrepancy was resolved by
Anderson and Brinkman (1973), who introduced the
idea of spin fluctuation feedback which led to a mecha-
nism for a stable Anderson-Morel phase. (Recall our
previous discussion of the possible role of spin fluctua-
tions by Layzer and Fay.) Since the pairing mechanism
is intrinsic, thus involving the 3He quasiparticles them-
selves, any modification in the status of the helium qua-
siparticles should affect the pairing mechanism, includ-
ing the onset of pairing itself. Anderson and Brinkman
showed that this feedback effect could indeed lead to a
stable Anderson-Morel phase in zero magnetic field,
which was renamed the Anderson-Brinkman-Morel
phase or ABM state. These studies led to the general
acceptance that the Anderson-Brinkman-Morel state
corresponded to 3He A and the Balian-Werthamer state
corresponded to 3He B. More recent comprehensive
studies of a variety of pairing mechanisms conducted by
Rainer and Serene (1976) have not changed this conclu-
sion.

No general discussion of superfluid 3He would be
complete without a treatment of the macroscopic
nuclear dipole interaction and its role in the dramatic
NMR effects observed experimentally. The general
scheme for calculating the dipolar interaction is to take a
quantum mechanical average of the dipolar Hamiltonian
over the pair wave function (order parameter). It can
then be shown that the dipolar free energies are given
by
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where
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Therefore, to minimize the free energy, lW and dW must be
parallel for the case of the ABM state (A phase) in
agreement with our earlier qualitative discussion. For
the Balian-Werthamer (BW) state, a simple calculation
shows that the dipole energy is minimized for u
5cos21(2 1

4)5104° justifying our earlier statement.
Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving
a complete description of the spin dynamics of super-
fluid 3He. His equations of motion are

SW
˙

5gSW 3HW 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-
ing d̂ vectors (represented by thick lines) rotated by 104°
about a vector n̂ from the radial directions (thin lines) for all
points on the Fermi sphere. The rotation axis n̂ points in the
vertical direction. (b) The isotropic energy gap of the Balian-
Werthamer order parameter is indicated by the shaded region.
Ordinary s-wave superconductors also have isotropic energy
gaps.
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states, as mentioned in our earlier discussions. The

A 1
phase has the orbital properties including the gap

nodes described by the Anderson-Morel state but has
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3 He B. This degeneracy is broken when the
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fluid
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ductors. Figure 14(a) shows the order parameter with
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by 104°, and Figure 14(b)

shows the isotropic energy gap.
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which were provisionally
identified with

3 He A and

3 He B, respectively. An important question still
re-

mained to be addressed. The early studies of the pos-

sible order parameters of p-wave pairing showed that

the Balian-Werthamer state would have a lower free en-

ergy and therefore should always be the preferred state.

On the other hand the existence of an Anderson-Morel-

type state in
3 He was firmly established by the experi-

ments.
The apparent discrepancy was resolved by

Anderson and Brinkman (1973), who introduced the

idea of spin fluctuation feedback which led to a mecha-

nism
for a stable Anderson-Morel phase. (Recall our

previous discussion of the possible role of spin fluctua-

tions by Layzer and Fay.) Since the pairing mechanism

is intrinsic, thus involving the
3 He quasiparticles them-

selves, any modification in the status of the helium qua-

siparticles should affect the pairing mechanism, includ-

ing the onset of pairing itself. Anderson and Brinkman

showed that this feedback effect could indeed lead to a

stable Anderson-Morel phase in zero magnetic field,

which was renamed the Anderson-Brinkman-Morel

phase or ABM state. These studies led to the general

acceptance that the Anderson-Brinkman-Morel state

corresponded to
3 He A and the Balian-Werthamer state

corresponded to
3 He B. More recent comprehensive

studies of a variety of pairing mechanisms conducted by

Rainer and Serene (1976) have not changed this conclu-

sion.
No general discussion of superfluid

3 He would be

complete without a treatment of the macroscopic

nuclear dipole interaction and its role in the dramatic

NMR effects observed experimentally. The general

scheme for calculating the dipolar interaction is to take a

quantum mechanical average of the dipolar Hamiltonian

over the pair wave function (order parameter). It can

then be shown that the dipolar free energies are given

by
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Therefore, to minimize the free energy, lW and dW must be

parallel for the case of the ABM state (A
phase) in

agreement with
our earlier qualitative discussion. For

the Balian-Werthamer (BW) state, a simple calculation

shows that the dipole energy is minimized for u
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104° justify
ing our earlier statement.

Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving

a complete description of the spin dynamics of super-

fluid
3 He. His equations of motion are

SW
˙ 5gSW 3H

W 1R D
~T !,

FIG. 14. (a) The order parameter for superfluid
3 He B show-

ing d
ˆ vectors (represented by thick lines) rotated by 104°

about a vector n̂
from the radial directions (thin lines) for all

points on the Fermi sphere. The rotation axis n̂
points in the

vertical direction. (b) The isotropic energy gap of the Balian-

Werthamer order parameter is indicated by the shaded region.

Ordinary s-wave superconductors also
have isotropic energy

gaps.
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u##&
states, as mentioned in our earlier discussions. The

A 1
phase has the orbital properties including the gap

nodes described by the Anderson-Morel state but has

only u""&
spin pairs.

We shall now discuss the Balian-Werthamer state.

The simplest possible Balian-Werthamer state is the

3 P 0
state, represented by the wave function

c BW
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so that all three spin species are included. Hence we do

not have an equal spin pairing state. Since the
3 P 0

state

has total J50, it will be a spherically symmetric
state.

When this is taken into account, it is customary to

specify this simple Balian-Werthamer state in terms of

the vector d
ˆ by d

ˆ (k)5constant3k
ˆ which has the neces-

sary spherical symmetry. Notice that in contrast to the

Anderson-Morel state, d
ˆ depends on k

ˆ .

The simple state discussed above does not perfectly

represent the order parameter of superfluid
3 He B. As

far as the most important interactions are concerned, the

energy will not change when the spin and orbital coor-

dinates are rotated with respect to one another. Thus we

could rotate d
ˆ about some axis n̂

to get d
ˆ 5Rk

ˆ , where

R
is an arbitrary rotation about an arbitrary axis n̂

for

superfluid
3 He B. This degeneracy is broken when the

small dipolar interaction is taken into account, which

results in a rotation of the spin coordinates relative to

the orbital coordinates by an angle of 104° as discussed

below. This subtle anisotropy allows textures associated

with liquid-crystal-lik
e behavior to be observed in super-

fluid
3 He B. Nevertheless the overall orbital symmetry

of the order parameter is still
spherical, leading to an

isotropic energy gap similar to that of s-wave supercon-

ductors. Figure 14(a) shows the order parameter with

d
ˆ twisted about some axis n̂

by 104°, and Figure 14(b)

shows the isotropic energy gap.

I have now outlined the basic
properties of the

Anderson-Morel and the Balian-Werthamer states

which were provisionally
identified with

3 He A and

3 He B, respectively. An important question still
re-

mained to be addressed. The early studies of the pos-

sible order parameters of p-wave pairing showed that

the Balian-Werthamer state would have a lower free en-

ergy and therefore should always be the preferred state.

On the other hand the existence of an Anderson-Morel-

type state in
3 He was firmly established by the experi-

ments.
The apparent discrepancy was resolved by

Anderson and Brinkman (1973), who introduced the

idea of spin fluctuation feedback which led to a mecha-

nism
for a stable Anderson-Morel phase. (Recall our

previous discussion of the possible role of spin fluctua-

tions by Layzer and Fay.) Since the pairing mechanism

is intrinsic, thus involving the
3 He quasiparticles them-

selves, any modification in the status of the helium qua-

siparticles should affect the pairing mechanism, includ-

ing the onset of pairing itself. Anderson and Brinkman

showed that this feedback effect could indeed lead to a

stable Anderson-Morel phase in zero magnetic field,

which was renamed the Anderson-Brinkman-Morel

phase or ABM state. These studies led to the general

acceptance that the Anderson-Brinkman-Morel state

corresponded to
3 He A and the Balian-Werthamer state

corresponded to
3 He B. More recent comprehensive

studies of a variety of pairing mechanisms conducted by

Rainer and Serene (1976) have not changed this conclu-

sion.
No general discussion of superfluid

3 He would be

complete without a treatment of the macroscopic

nuclear dipole interaction and its role in the dramatic

NMR effects observed experimentally. The general

scheme for calculating the dipolar interaction is to take a

quantum mechanical average of the dipolar Hamiltonian

over the pair wave function (order parameter). It can

then be shown that the dipolar free energies are given

by
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where
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Therefore, to minimize the free energy, lW and dW must be

parallel for the case of the ABM state (A
phase) in

agreement with
our earlier qualitative discussion. For

the Balian-Werthamer (BW) state, a simple calculation

shows that the dipole energy is minimized for u

5cos2
1 (2

1
4)5

104° justify
ing our earlier statement.

Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving

a complete description of the spin dynamics of super-

fluid
3 He. His equations of motion are

SW
˙ 5gSW 3H

W 1R D
~T !,

FIG. 14. (a) The order parameter for superfluid
3 He B show-

ing d
ˆ vectors (represented by thick lines) rotated by 104°

about a vector n̂
from the radial directions (thin lines) for all

points on the Fermi sphere. The rotation axis n̂
points in the

vertical direction. (b) The isotropic energy gap of the Balian-

Werthamer order parameter is indicated by the shaded region.

Ordinary s-wave superconductors also
have isotropic energy

gaps.
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u##& states, as mentioned in our earlier discussions. The

A1 phase has the orbital properties including the gap

nodes described by the Anderson-Morel state but has

only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.

The simplest possible Balian-Werthamer state is the

3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do

not have an equal spin pairing state. Since the 3
P0 state

has total J50, it will be a spherically symmetric state.

When this is taken into account, it is customary to

specify this simple Balian-Werthamer state in terms of

the vector d̂ by d̂(k)5constant3k̂ which has the neces-

sary spherical symmetry. Notice that in contrast to the

Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly

represent the order parameter of superfluid 3He B. As

far as the most important interactions are concerned, the

energy will not change when the spin and orbital coor-

dinates are rotated with respect to one another. Thus we

could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where

R is an arbitrary rotation about an arbitrary axis n̂ for

superfluid 3He B. This degeneracy is broken when the

small dipolar interaction is taken into account, which

results in a rotation of the spin coordinates relative to

the orbital coordinates by an angle of 104° as discussed

below. This subtle anisotropy allows textures associated

with liquid-crystal-like behavior to be observed in super-

fluid 3He B. Nevertheless the overall orbital symmetry

of the order parameter is still spherical, leading to an

isotropic energy gap similar to that of s-wave supercon-

ductors. Figure 14(a) shows the order parameter with

d̂ twisted about some axis n̂ by 104°, and Figure 14(b)

shows the isotropic energy gap.

I have now outlined the basic properties of the

Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and

3He B, respectively. An important question still re-

mained to be addressed. The early studies of the pos-

sible order parameters of p-wave pairing showed that

the Balian-Werthamer state would have a lower free en-

ergy and therefore should always be the preferred state.

On the other hand the existence of an Anderson-Morel-

type state in 3He was firmly established by the experi-

ments. The apparent discrepancy was resolved by

Anderson and Brinkman (1973), who introduced the

idea of spin fluctuation feedback which led to a mecha-

nism for a stable Anderson-Morel phase. (Recall our

previous discussion of the possible role of spin fluctua-

tions by Layzer and Fay.) Since the pairing mechanism

is intrinsic, thus involving the 3He quasiparticles them-

selves, any modification in the status of the helium qua-

siparticles should affect the pairing mechanism, includ-

ing the onset of pairing itself. Anderson and Brinkman

showed that this feedback effect could indeed lead to a

stable Anderson-Morel phase in zero magnetic field,

which was renamed the Anderson-Brinkman-Morel

phase or ABM state. These studies led to the general

acceptance that the Anderson-Brinkman-Morel state

corresponded to 3He A and the Balian-Werthamer state

corresponded to 3He B. More recent comprehensive

studies of a variety of pairing mechanisms conducted by

Rainer and Serene (1976) have not changed this conclu-

sion.
No general discussion of superfluid 3He would be

complete without a treatment of the macroscopic

nuclear dipole interaction and its role in the dramatic

NMR effects observed experimentally. The general

scheme for calculating the dipolar interaction is to take a

quantum mechanical average of the dipolar Hamiltonian

over the pair wave function (order parameter). It can

then be shown that the dipolar free energies are given

by
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Therefore, to minimize the free energy, lW and dW must be

parallel for the case of the ABM state (A phase) in

agreement with our earlier qualitative discussion. For

the Balian-Werthamer (BW) state, a simple calculation

shows that the dipole energy is minimized for u

5cos21(21
4)5104° justifying our earlier statement.

Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving

a complete description of the spin dynamics of super-

fluid 3He. His equations of motion are

SW
˙

5gSW 3H
W 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-

ing d̂ vectors (represented by thick lines) rotated by 104°

about a vector n̂ from the radial directions (thin lines) for all

points on the Fermi sphere. The rotation axis n̂ points in the

vertical direction. (b) The isotropic energy gap of the Balian-

Werthamer order parameter is indicated by the shaded region.

Ordinary s-wave superconductors also have isotropic energy

gaps.
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u##& states, as mentioned in our earlier discussions. The

A1 phase has the orbital properties including the gap

nodes described by the Anderson-Morel state but has

only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.

The simplest possible Balian-Werthamer state is the

3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do

not have an equal spin pairing state. Since the 3
P0 state

has total J50, it will be a spherically symmetric state.

When this is taken into account, it is customary to

specify this simple Balian-Werthamer state in terms of

the vector d̂ by d̂(k)5constant3k̂ which has the neces-

sary spherical symmetry. Notice that in contrast to the

Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly

represent the order parameter of superfluid 3He B. As

far as the most important interactions are concerned, the

energy will not change when the spin and orbital coor-

dinates are rotated with respect to one another. Thus we

could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where

R is an arbitrary rotation about an arbitrary axis n̂ for

superfluid 3He B. This degeneracy is broken when the

small dipolar interaction is taken into account, which

results in a rotation of the spin coordinates relative to

the orbital coordinates by an angle of 104° as discussed

below. This subtle anisotropy allows textures associated

with liquid-crystal-like behavior to be observed in super-

fluid 3He B. Nevertheless the overall orbital symmetry

of the order parameter is still spherical, leading to an

isotropic energy gap similar to that of s-wave supercon-

ductors. Figure 14(a) shows the order parameter with

d̂ twisted about some axis n̂ by 104°, and Figure 14(b)

shows the isotropic energy gap.

I have now outlined the basic properties of the

Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and

3He B, respectively. An important question still re-

mained to be addressed. The early studies of the pos-

sible order parameters of p-wave pairing showed that

the Balian-Werthamer state would have a lower free en-

ergy and therefore should always be the preferred state.

On the other hand the existence of an Anderson-Morel-

type state in 3He was firmly established by the experi-

ments. The apparent discrepancy was resolved by

Anderson and Brinkman (1973), who introduced the

idea of spin fluctuation feedback which led to a mecha-

nism for a stable Anderson-Morel phase. (Recall our

previous discussion of the possible role of spin fluctua-

tions by Layzer and Fay.) Since the pairing mechanism

is intrinsic, thus involving the 3He quasiparticles them-

selves, any modification in the status of the helium qua-

siparticles should affect the pairing mechanism, includ-

ing the onset of pairing itself. Anderson and Brinkman

showed that this feedback effect could indeed lead to a

stable Anderson-Morel phase in zero magnetic field,

which was renamed the Anderson-Brinkman-Morel

phase or ABM state. These studies led to the general

acceptance that the Anderson-Brinkman-Morel state

corresponded to 3He A and the Balian-Werthamer state

corresponded to 3He B. More recent comprehensive

studies of a variety of pairing mechanisms conducted by

Rainer and Serene (1976) have not changed this conclu-

sion.
No general discussion of superfluid 3He would be

complete without a treatment of the macroscopic

nuclear dipole interaction and its role in the dramatic

NMR effects observed experimentally. The general

scheme for calculating the dipolar interaction is to take a

quantum mechanical average of the dipolar Hamiltonian

over the pair wave function (order parameter). It can

then be shown that the dipolar free energies are given

by

DFD
5H

2 3
5 gD~T !@12~dW •lW!2#, A phase,

4
5 gD~T !H cos u12 cos2 u1

3
4J , B phase,

where

gD
'1023 S 12

T

Tc

D ergs/cm3.
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parallel for the case of the ABM state (A phase) in

agreement with our earlier qualitative discussion. For

the Balian-Werthamer (BW) state, a simple calculation

shows that the dipole energy is minimized for u

5cos21(21
4)5104° justifying our earlier statement.

Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving

a complete description of the spin dynamics of super-

fluid 3He. His equations of motion are
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5gSW 3H
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FIG. 14. (a) The order parameter for superfluid 3He B show-

ing d̂ vectors (represented by thick lines) rotated by 104°

about a vector n̂ from the radial directions (thin lines) for all

points on the Fermi sphere. The rotation axis n̂ points in the

vertical direction. (b) The isotropic energy gap of the Balian-

Werthamer order parameter is indicated by the shaded region.
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gaps.
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u##& states, as mentioned in our earlier discussions. The
A1 phase has the orbital properties including the gap
nodes described by the Anderson-Morel state but has
only u""& spin pairs.

We shall now discuss the Balian-Werthamer state.
The simplest possible Balian-Werthamer state is the
3
P0 state, represented by the wave function

cBW;Y1,21u""&1Y10u"#1#"&1Y11u##&

so that all three spin species are included. Hence we do
not have an equal spin pairing state. Since the 3

P0 state
has total J50, it will be a spherically symmetric state.
When this is taken into account, it is customary to
specify this simple Balian-Werthamer state in terms of
the vector d̂ by d̂(k)5constant3k̂ which has the neces-
sary spherical symmetry. Notice that in contrast to the
Anderson-Morel state, d̂ depends on k̂ .

The simple state discussed above does not perfectly
represent the order parameter of superfluid 3He B. As
far as the most important interactions are concerned, the
energy will not change when the spin and orbital coor-
dinates are rotated with respect to one another. Thus we
could rotate d̂ about some axis n̂ to get d̂5Rk̂ , where
R is an arbitrary rotation about an arbitrary axis n̂ for
superfluid 3He B. This degeneracy is broken when the
small dipolar interaction is taken into account, which
results in a rotation of the spin coordinates relative to
the orbital coordinates by an angle of 104° as discussed
below. This subtle anisotropy allows textures associated
with liquid-crystal-like behavior to be observed in super-
fluid 3He B. Nevertheless the overall orbital symmetry
of the order parameter is still spherical, leading to an
isotropic energy gap similar to that of s-wave supercon-
ductors. Figure 14(a) shows the order parameter with
d̂ twisted about some axis n̂ by 104°, and Figure 14(b)
shows the isotropic energy gap.

I have now outlined the basic properties of the
Anderson-Morel and the Balian-Werthamer states

which were provisionally identified with 3He A and
3He B, respectively. An important question still re-
mained to be addressed. The early studies of the pos-
sible order parameters of p-wave pairing showed that
the Balian-Werthamer state would have a lower free en-
ergy and therefore should always be the preferred state.
On the other hand the existence of an Anderson-Morel-
type state in 3He was firmly established by the experi-
ments. The apparent discrepancy was resolved by
Anderson and Brinkman (1973), who introduced the
idea of spin fluctuation feedback which led to a mecha-
nism for a stable Anderson-Morel phase. (Recall our
previous discussion of the possible role of spin fluctua-
tions by Layzer and Fay.) Since the pairing mechanism
is intrinsic, thus involving the 3He quasiparticles them-
selves, any modification in the status of the helium qua-
siparticles should affect the pairing mechanism, includ-
ing the onset of pairing itself. Anderson and Brinkman
showed that this feedback effect could indeed lead to a
stable Anderson-Morel phase in zero magnetic field,
which was renamed the Anderson-Brinkman-Morel
phase or ABM state. These studies led to the general
acceptance that the Anderson-Brinkman-Morel state
corresponded to 3He A and the Balian-Werthamer state
corresponded to 3He B. More recent comprehensive
studies of a variety of pairing mechanisms conducted by
Rainer and Serene (1976) have not changed this conclu-
sion.

No general discussion of superfluid 3He would be
complete without a treatment of the macroscopic
nuclear dipole interaction and its role in the dramatic
NMR effects observed experimentally. The general
scheme for calculating the dipolar interaction is to take a
quantum mechanical average of the dipolar Hamiltonian
over the pair wave function (order parameter). It can
then be shown that the dipolar free energies are given
by

DFD5H
2 3

5 gD~T !@12~dW •lW!2# , A phase,

4
5 gD~T !H cos u12 cos2 u1

3
4J , B phase,

where

gD'1023S 12
T

Tc

D ergs/cm3.

Therefore, to minimize the free energy, lW and dW must be
parallel for the case of the ABM state (A phase) in
agreement with our earlier qualitative discussion. For
the Balian-Werthamer (BW) state, a simple calculation
shows that the dipole energy is minimized for u
5cos21(2 1

4)5104° justifying our earlier statement.
Making use of the macroscopic dipolar interaction,

Leggett (1975) derived a set of coupled equations giving
a complete description of the spin dynamics of super-
fluid 3He. His equations of motion are

SW
˙

5gSW 3HW 1RD~T !,

FIG. 14. (a) The order parameter for superfluid 3He B show-
ing d̂ vectors (represented by thick lines) rotated by 104°
about a vector n̂ from the radial directions (thin lines) for all
points on the Fermi sphere. The rotation axis n̂ points in the
vertical direction. (b) The isotropic energy gap of the Balian-
Werthamer order parameter is indicated by the shaded region.
Ordinary s-wave superconductors also have isotropic energy
gaps.

659David M. Lee: The extraordinary phases of liquid 3He

Rev. Mod. Phys., Vol. 69, No. 3, July 1997



SS 2024
MVCMP-1

213

4.4 Orderparameter Orientation － Textures

b)  external influences on the orientation of   ,    
changes of the texture

4.4 Order-Parameter Orientation – Textures 117

influence on the orientation of l seems obvious if one considers the quasipar-
ticle pairs as molecules of two 3He atoms that orbit each other. Clearly, the
rotation in a plane parallel to the wall is strongly preferred. That this sim-
plified picture is correct was theoretically shown by Ambegaokar , de Gennes
and Rainer in 1974 [175]. Therefore, l will always be oriented perpendicular
to the walls of the container.

The importance of the influence of the different external fields varies sub-
stantially. The preferred orientation and the energy change ∆E that result
from various external fields and boundary conditions are listed in Table 4.2. It
is interesting to ask at what magnitude these external effects become compa-
rable with the intrinsic alignment forces. Here, we note the values at which ex-
ternal fields are equally important for the alignment of d and l as the intrinsic
dipole–dipole interaction: E = 17 V m−1, B = 3.3 mT and vs = 2.4 mm s−1.
As mentioned before, the walls of the container are particularly important and
even very small angles between l and N , the normal vector of the container
wall, result in an effect comparable with the intrinsic magnetic dipole–dipole
interaction.

Table 4.2. Preferred orientation of d and l under the influence of different fields
and the energy penalty ∆E when d and l are not optimally aligned in these fields.
(After [176])

Preferred Alignment ∆E/(1 − T/Tc) (Jm−3)

magnetic dipole interaction d ∥ l −6 × 10−5 (d̂ · l̂ )2

electric field l ⊥ E 2 × 10−7 (̂l · E)2

magnetic field d ⊥ B 5 (d̂ · B)2

mass flow l ∥ vs −10 (̂l · vs)
2

wall alignment l ∥ N −30 (̂l · N̂ )2

Any deviation from a uniform orientation of d and l leads to an increase
of the free energy. This energy change is often called gradient energy , since
it is determined by the gradient of the orientational fields of l and d. It is
invariant with respect to an inversion d̂ → −d̂ or l̂ → −l̂, meaning that
states with parallel and antiparallel alignment of l and d are energetically
equal. Therefore, it is possible that the ground state differs in different parts
of the liquid. For example, in one part a parallel alignment of l and d is
realized and in another part an antiparallel alignment. Between these two
configurations, an interface must exist in which the transition from one con-
figuration to the other takes place. These transition regions are called domain
walls analogous to the interface between ferromagnetic domains. Since two
different orientation fields are relevant, there are different types of domain
walls.

textures in 3He-A

preferred alignment and relative strength of different influences

► most important are walls             and mass flow
► strength compared to intrinsic alignment:

► for in homogenies textures           gradient energy must be considered  

costs energy
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plified picture is correct was theoretically shown by Ambegaokar , de Gennes
and Rainer in 1974 [175]. Therefore, l will always be oriented perpendicular
to the walls of the container.

The importance of the influence of the different external fields varies sub-
stantially. The preferred orientation and the energy change ∆E that result
from various external fields and boundary conditions are listed in Table 4.2. It
is interesting to ask at what magnitude these external effects become compa-
rable with the intrinsic alignment forces. Here, we note the values at which ex-
ternal fields are equally important for the alignment of d and l as the intrinsic
dipole–dipole interaction: E = 17 V m−1, B = 3.3 mT and vs = 2.4 mm s−1.
As mentioned before, the walls of the container are particularly important and
even very small angles between l and N , the normal vector of the container
wall, result in an effect comparable with the intrinsic magnetic dipole–dipole
interaction.

Table 4.2. Preferred orientation of d and l under the influence of different fields
and the energy penalty ∆E when d and l are not optimally aligned in these fields.
(After [176])

Preferred Alignment ∆E/(1 − T/Tc) (Jm−3)

magnetic dipole interaction d ∥ l −6 × 10−5 (d̂ · l̂ )2

electric field l ⊥ E 2 × 10−7 (̂l · E)2

magnetic field d ⊥ B 5 (d̂ · B)2

mass flow l ∥ vs −10 (̂l · vs)
2

wall alignment l ∥ N −30 (̂l · N̂ )2

Any deviation from a uniform orientation of d and l leads to an increase
of the free energy. This energy change is often called gradient energy , since
it is determined by the gradient of the orientational fields of l and d. It is
invariant with respect to an inversion d̂ → −d̂ or l̂ → −l̂, meaning that
states with parallel and antiparallel alignment of l and d are energetically
equal. Therefore, it is possible that the ground state differs in different parts
of the liquid. For example, in one part a parallel alignment of l and d is
realized and in another part an antiparallel alignment. Between these two
configurations, an interface must exist in which the transition from one con-
figuration to the other takes place. These transition regions are called domain
walls analogous to the interface between ferromagnetic domains. Since two
different orientation fields are relevant, there are different types of domain
walls.
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Example for influence of wall and magnetic field

Determination of             with  with a disc like resonator

118 4 Superfluid 3He

4.4.3 Surface-induced Texture – 3He-A in a Slab

At this point, we discuss one particular experimental example to demonstrate
the influence of the container walls on the properties of 3He-A. In an external
magnetic field the order parameter tends to orient in a suitable way such that
the total free energy is minimal. Depending on the direction of the magnetic
field, this preferred orientation will either be the same as or different from
the preferred alignment at the walls. Therefore, the properties of the sample
depend on the relative orientation of wall and magnetic field. This leads to a
directional dependence of the superfluid density ϱs/ϱ.

This effect has been demonstrated in an experiment in which the super-
fluid component of the density was measured using a torsional oscillator as
was used in the famous study of helium II by Andronikashvili. A schematic
drawing of the setup is shown in Fig. 4.14a. In this experiment, the liquid 3He
was located in a slab-like cavity made out of epoxy resin and formed part
of the moment of inertia of the oscillator. The thickness of the cavity was
50 µm and its diameter was 8.4 mm. The tube connecting the cavity with the
main sample cell served as both the filling tube and the torsional rod. The
3He column in this tube provided a thermal link to the 3He in the cavity.
The 3He was cooled by using a sintered copper sponge that was thermally
connected via a copper wire link to a Pomeranchuk cell (see Sect. 11.5.1).

As in the original Andronikasvili experiment, the normal-fluid density was
determined from the change of the period of the torsional oscillations of the
pendulum. Because of its viscosity ηn, the normal-fluid component ϱn of the
density is immobile in the narrow slab and contributes to the moment of
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Fig. 4.14. (a) Schematic sketch of the experimental setup used to determine ϱs/ϱ
depending on the orientation of an external static magnetic field. Two relative
orientations of the magnetic field with respect to the slab were realized: B∥ and B⊥.
(b) Superfluid density ϱs/ϱ of 3He-A, measured at 27 bar in a magnetic field of
29 mT as a function of (1 − T/Tc) for different magnetic-field alignments [177]

► is dragged with resonator because of  
► mass of      adds to moment of inertia 
► resonance frequency depends on 
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At this point, we discuss one particular experimental example to demonstrate
the influence of the container walls on the properties of 3He-A. In an external
magnetic field the order parameter tends to orient in a suitable way such that
the total free energy is minimal. Depending on the direction of the magnetic
field, this preferred orientation will either be the same as or different from
the preferred alignment at the walls. Therefore, the properties of the sample
depend on the relative orientation of wall and magnetic field. This leads to a
directional dependence of the superfluid density ϱs/ϱ.

This effect has been demonstrated in an experiment in which the super-
fluid component of the density was measured using a torsional oscillator as
was used in the famous study of helium II by Andronikashvili. A schematic
drawing of the setup is shown in Fig. 4.14a. In this experiment, the liquid 3He
was located in a slab-like cavity made out of epoxy resin and formed part
of the moment of inertia of the oscillator. The thickness of the cavity was
50 µm and its diameter was 8.4 mm. The tube connecting the cavity with the
main sample cell served as both the filling tube and the torsional rod. The
3He column in this tube provided a thermal link to the 3He in the cavity.
The 3He was cooled by using a sintered copper sponge that was thermally
connected via a copper wire link to a Pomeranchuk cell (see Sect. 11.5.1).

As in the original Andronikasvili experiment, the normal-fluid density was
determined from the change of the period of the torsional oscillations of the
pendulum. Because of its viscosity ηn, the normal-fluid component ϱn of the
density is immobile in the narrow slab and contributes to the moment of
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(b) Superfluid density ϱs/ϱ of 3He-A, measured at 27 bar in a magnetic field of
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► static field                                             Lamor frequency
► rf pulse              tipping of the magnetization 
► 3He:  coupling of      ,          (                )

► without external influences:  state of minimal dipole-dipole energy
► any deviation from            costs energy proportional to       

angle between       and       (tipping angle) 

resonance frequency increases

additional restoring force
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Leggett equations: additional restoring force

”Bloch equations” for
superfluid 3He-A

comment:

all predictions from these equations are precisely observed

transversal resonance 

spatial mean of dipole-dipole coupling 

4.1 Basic Experimental Facts 103

orientations. In this case, the resonance frequency, or Larmor frequency is
given by ωL = γ|B0|, where γ represents the gyromagnetic ratio.

For isolated 3He atoms and for 3He-N, one finds experimentally the ex-
pected frequency ωL. However, in superfluid 3He several anomalies are ob-
served. We briefly introduce some of the remarkable features. A more detailed
discussion of the spin dynamics in superfluid 3He is presented in Sect. 4.5.

Transverse rf Fields

The first NMR experiments on superfluid 3He were carried out in 1972 to
clarify whether the newly discovered phases occur in liquid or in solid 3He.
Figure 4.6 shows the NMR spectra at different temperatures obtained in these
early investigations. The experiments were performed using a Pomeranchuk
cell (see Sect. 11.5) that contained both liquid and solid 3He. The large, nearly
temperature independent, pair of resonance lines1 are due to the nuclear spins
in solid 3He. At T = Tc, the absorption lines in the solid and the liquid phase
(grey tinted) lie on top of each other. Below Tc, the absorption line of the
nuclear spins in the liquid is shifted towards higher frequency. This frequency
shift grows with decreasing temperature. The total shift at each temperature
is indicated by a double arrow . The line shape of the resonance originating in
the liquid phase did not change significantly with temperature and is similar
to that observed in 3He-N.
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Fig. 4.6. Transverse NMR absorption spectra observed in a mixture of solid and
liquid 3He at the melting pressure for different temperatures [142]. The grey tinted
line corresponds to the absorption line in the liquid phase

1 The origin of the doublet structure of the resonance line of solid 3He is an
experimental artifact and of no interest to our discussion.

original observations by Doug Osheroff

small (tipping) angle solution:
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122 4 Superfluid 3He

pairs Np. This has an interesting consequence, namely that the strong corre-
lation of the quasiparticle pairs in 3He-A leads to a permanent local field of
about 3mT. It also explains the large shift of the transverse resonance line
below Tc. As shown in Fig. 4.16a, the frequency shift ΩA increases monotoni-
cally with decreasing temperature. This temperature dependence is expected
because ΩA is proportional to the superfluid density. The data, obtained by
different authors with different techniques, agree very well.

At this point let us briefly return to Fig. 4.15. The motion of d with
respect to l depends on the tipping angle. The dipolar torque exerted by
the nonequilibrium orientation of d varies throughout the cycle with the
maximum torque depending on the size of the pulse tipping angle φ. Thus,
the frequency of the spin precession changes as the tipping angle is varied.
Figure 4.16b shows the relative change of the frequency shift ∆ω(φ)/∆ω(0)
observed in pulsed NMR measurements following various tipping pulses.
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4.5.3 Longitudinal Resonance

In his theory of the spin dynamics of superfluid 3He, Leggett calculated not
only the frequency shift of the transverse resonance in the A phase, but also
predicted the existence of a longitudinal resonance in both the A phase and
the B phase. As mentioned before, longitudinal resonance experiments are
performed by orienting the rf field coil parallel to the applied static magnetic
field B0. This leads to a modulation of the static magnetic field with the
frequency of the rf field. Therefore, the magnetic field in the z-direction can
be written as Bz = B0+Brf(ω). This field variation does not lead to a tipping
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4.5.3 Longitudinal Resonance

In his theory of the spin dynamics of superfluid 3He, Leggett calculated not
only the frequency shift of the transverse resonance in the A phase, but also
predicted the existence of a longitudinal resonance in both the A phase and
the B phase. As mentioned before, longitudinal resonance experiments are
performed by orienting the rf field coil parallel to the applied static magnetic
field B0. This leads to a modulation of the static magnetic field with the
frequency of the rf field. Therefore, the magnetic field in the z-direction can
be written as Bz = B0+Brf(ω). This field variation does not lead to a tipping
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of the magnetization, but to a nonequilibrium magnetization along B0. In
normal-fluid 3He such a nonequilibrium would cause relaxation processes, but
no resonant absorption.

In 3He-A, the field variation in the z-direction leads to an oscillation of
d in the plane normal to B0. When d is driven away from its equilibrium
orientation, it exerts a torque. Since B0 and Brf both point in the z-direction
we have (S × B)z = 0 and thus the first Leggett equation (4.10) results in
dSz/dt = Rd,z. In an ordinary system we would have Rd = 0 and therefore
dSz/dt = 0, which means that there is no resonance. In 3He-A, however,
Rd ̸= 0 and one finds:

∆Sz =
χ

µ0γ
∆B0 (1 − cos ΩAt) . (4.14)

One can interpret the longitudinal resonance as transitions between the spin
configurations |↑↑⟩ and |↓↓⟩ that are coupled via the magnetic dipole–dipole
interaction. The frequency of the longitudinal resonance is identical to ΩA,
the extra term in the transverse resonance. This identity has been experimen-
tally confirmed with high accuracy. Note that the data shown in Fig. 4.16
are obtained from both transverse and longitudinal NMR experiments.

Although there is no shifted transverse resonance in 3He-B, the Leggett
equations also predict a longitudinal resonance for this phase. If one assumes
that at a given pressure the mean energy gap is the same in the A and
B phases, ΩB is related to ΩA via the equation

Ω2
B(T ) = Ω2

A(T )
5 χB

2 χA
, (4.15)

where χA and χB represent the magnetic susceptibility of 3He-A and 3He-B,
respectively. The susceptibility of the A phase is identical with that of normal-
fluid 3He, because the spin pairs | ↑↑⟩ and | ↓↓⟩ can respond directly to any
field change in a fashion similar to that of ordinary Fermi liquids. In contrast,
the susceptibility of the B phase is reduced, because one third of the spins
are involved in zero-spin pairs |↓↑⟩+ |↑↓⟩. In addition, there are Fermi-liquid
corrections.

In fact, the longitudinal resonance has been experimentally observed in
the A and B phase, fully confirming Leggett’s prediction. The temperature
dependence of the frequency ωl of the longitudinal resonance in both phases
is shown in Fig. 4.17.

Finally, we remark that despite considerable effort, no longitudinal reso-
nance has been observed in the 3He-A1 [182]. This is consistent with what
one would expect because the longitudinal resonance is characteristic of tran-
sitions between the two spin populations | ↑↑⟩ and | ↓↓⟩. In the A1 phase,
where only one configuration is present, this process cannot take place.
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4.6 Macroscopic Quantum Effects

One of the most fascinating aspects of superfluids and superconductors is
the existence of quantum effects on a macroscopic scale. Just like helium II,
superfluid 3He can be described by a macroscopic wave function. However, as
we have already seen, the order parameter is much more complex in liquid 3He
below Tc. We can express the macroscopic wave function of superfluid 3He
by

Ψαβ(r) = Aαβ(r) eiϕ(r) , (4.16)

where Aαβ is a 3× 3 matrix with complex elements that reflects the angular
momentum state of the system. The indices α and β refer to the spin and
orbital degrees of freedom, respectively. In total, the order parameter of su-
perfluid 3He has 18 degrees of freedom. This enormous manifold leads to a
great variety of macroscopic phenomena, a few selected examples of which
will be discussed in the following.

4.6.1 Superflow

Frictionless flow is a fundamental property of all superfluids. In the isotropic
B phase, mass currents can be described in the same way as in helium II. As we
have already mentioned in Sect. 4.1.3, persistent currents have been observed
in 3He-B. The situation in the A phase is more complicated. The density of
the superfluid component is not isotropic but depends on the direction of the
mass flow relative to the orbital angular momentum l. Therefore, ϱs is not
a scalar but a tensor with 3 × 3 components. For example, for flow parallel
to l the superfluid density is only half as large as for flow perpendicular:
ϱs,⊥ = 2ϱs,∥. Since the total density must be isotropic we can conclude that
the normal-fluid density is also a tensor. The superfluid density can be written
as

3He-B: 

4.5 Spin Dynamics – NMR Experiments 123

of the magnetization, but to a nonequilibrium magnetization along B0. In
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interaction. The frequency of the longitudinal resonance is identical to ΩA,
the extra term in the transverse resonance. This identity has been experimen-
tally confirmed with high accuracy. Note that the data shown in Fig. 4.16
are obtained from both transverse and longitudinal NMR experiments.
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equations also predict a longitudinal resonance for this phase. If one assumes
that at a given pressure the mean energy gap is the same in the A and
B phases, ΩB is related to ΩA via the equation
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where χA and χB represent the magnetic susceptibility of 3He-A and 3He-B,
respectively. The susceptibility of the A phase is identical with that of normal-
fluid 3He, because the spin pairs | ↑↑⟩ and | ↓↓⟩ can respond directly to any
field change in a fashion similar to that of ordinary Fermi liquids. In contrast,
the susceptibility of the B phase is reduced, because one third of the spins
are involved in zero-spin pairs |↓↑⟩+ |↑↓⟩. In addition, there are Fermi-liquid
corrections.

In fact, the longitudinal resonance has been experimentally observed in
the A and B phase, fully confirming Leggett’s prediction. The temperature
dependence of the frequency ωl of the longitudinal resonance in both phases
is shown in Fig. 4.17.

Finally, we remark that despite considerable effort, no longitudinal reso-
nance has been observed in the 3He-A1 [182]. This is consistent with what
one would expect because the longitudinal resonance is characteristic of tran-
sitions between the two spin populations | ↑↑⟩ and | ↓↓⟩. In the A1 phase,
where only one configuration is present, this process cannot take place.
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In fact, the longitudinal resonance has been experimentally observed in
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Finally, we remark that despite considerable effort, no longitudinal reso-
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nance has been observed in the 3He-A1 [182]. This is consistent with what
one would expect because the longitudinal resonance is characteristic of tran-
sitions between the two spin populations | ↑↑⟩ and | ↓↓⟩. In the A1 phase,
where only one configuration is present, this process cannot take place.

2.6
V

VQ
⌧ 1022 NVA U89V

/ 1

nr
U88V

vL b= vc U8eV

�r(p) p " vL # U8dV

vc ! 238
m

s
U83V

S(Q,!) b= n(p) U8NV

N0 = N � 2.6
V

VQ
UeyV

f111 ! N UeRV

1

e0 � 1
! 1 UekV

E111 = 0 UejV

v3 / p
%s Ue9V

v3 ± vf vc Ue8V

⌧ 1 UeeV

v = v2 =

s
%s
%n

S2

✓
@T

@S

◆

%

UedV

Cp ⇡ CV Ue3V

1

m⇤ =
1

m
⇡ 3 UeNV

1

m⇤ =
1

m
⇡ 6 UdyV

1

m⇤ =
1

m
⇡ 2.4 UdRV

9

3He-N

reduced, since 1/3 in

3He-A1: 

no effect, since only one spin configuration 

4.5 Spin Dynamics – NMR Experiments 123

of the magnetization, but to a nonequilibrium magnetization along B0. In
normal-fluid 3He such a nonequilibrium would cause relaxation processes, but
no resonant absorption.

In 3He-A, the field variation in the z-direction leads to an oscillation of
d in the plane normal to B0. When d is driven away from its equilibrium
orientation, it exerts a torque. Since B0 and Brf both point in the z-direction
we have (S × B)z = 0 and thus the first Leggett equation (4.10) results in
dSz/dt = Rd,z. In an ordinary system we would have Rd = 0 and therefore
dSz/dt = 0, which means that there is no resonance. In 3He-A, however,
Rd ̸= 0 and one finds:

∆Sz =
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µ0γ
∆B0 (1 − cos ΩAt) . (4.14)

One can interpret the longitudinal resonance as transitions between the spin
configurations |↑↑⟩ and |↓↓⟩ that are coupled via the magnetic dipole–dipole
interaction. The frequency of the longitudinal resonance is identical to ΩA,
the extra term in the transverse resonance. This identity has been experimen-
tally confirmed with high accuracy. Note that the data shown in Fig. 4.16
are obtained from both transverse and longitudinal NMR experiments.

Although there is no shifted transverse resonance in 3He-B, the Leggett
equations also predict a longitudinal resonance for this phase. If one assumes
that at a given pressure the mean energy gap is the same in the A and
B phases, ΩB is related to ΩA via the equation

Ω2
B(T ) = Ω2

A(T )
5 χB

2 χA
, (4.15)

where χA and χB represent the magnetic susceptibility of 3He-A and 3He-B,
respectively. The susceptibility of the A phase is identical with that of normal-
fluid 3He, because the spin pairs | ↑↑⟩ and | ↓↓⟩ can respond directly to any
field change in a fashion similar to that of ordinary Fermi liquids. In contrast,
the susceptibility of the B phase is reduced, because one third of the spins
are involved in zero-spin pairs |↓↑⟩+ |↑↓⟩. In addition, there are Fermi-liquid
corrections.

In fact, the longitudinal resonance has been experimentally observed in
the A and B phase, fully confirming Leggett’s prediction. The temperature
dependence of the frequency ωl of the longitudinal resonance in both phases
is shown in Fig. 4.17.

Finally, we remark that despite considerable effort, no longitudinal reso-
nance has been observed in the 3He-A1 [182]. This is consistent with what
one would expect because the longitudinal resonance is characteristic of tran-
sitions between the two spin populations | ↑↑⟩ and | ↓↓⟩. In the A1 phase,
where only one configuration is present, this process cannot take place.
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macroscopic wave function

3 x 3 matrix

18 degrees of freedom

i) quantization of circulation

4He  circulation is quantized

3He  behavior is more complicated

3He-A: circulation is only irrotational under ideal conditions, 
which means without external influences

126 4 Superfluid 3He

curlvs =
!

2m3r
l̂ ·

(
∂ l̂

∂φ
× ∂ l̂

∂r

)
, (4.19)

where m3 is the mass of a 3He atom. From this, it follows that curlvs vanishes
only if the texture of l is uniform. Therefore, 3He-A is only irrotational under
ideal circumstances. When l changes its direction as a function of position,
continuous vortices may be formed, and the fields vs(r) and l(r) have no
singularities.

It is remarkable that under ideal conditions – without external influences –
the circulation in 3He-A is not quantized. This is possible because a change
in the phase can be compensated for by a change in the order parameter l.

3He-B

In the B phase, the situation is similar to that in helium II. The superflow
velocity is, according to

vs =
!

2m3
∇ϕ (4.20)

directly related to the phase gradient. The flow is therefore expected to be
irrotational. As in helium II, quantized circulation of the superfluid compo-
nent exists in 3He-B in vessels with multiply connected regions. This has
been demonstrated in an experiment similar to those carried out by Vinen
(see Sect. 2.4.2) in which the circulation around a thin vibrating wire was
measured. The result is shown in Fig. 4.18. Three different values of the cir-
culation were observed depending on the angular velocity of the vessel. The
grey tinted regions indicate that at these angular frequencies the circulation
was instable. The quantum of circulation in 3He-B is given by

κ3 =
h

2m3
. (4.21)
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Fig. 4.18. Circulation κ in units of
h/(2m3) as a function of the angular ve-
locity in 3He-B. Within the grey tinted
regions no stable circulation was ob-
served [184]
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3He-B: circulation is quantized

126 4 Superfluid 3He
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where m3 is the mass of a 3He atom. From this, it follows that curlvs vanishes
only if the texture of l is uniform. Therefore, 3He-A is only irrotational under
ideal circumstances. When l changes its direction as a function of position,
continuous vortices may be formed, and the fields vs(r) and l(r) have no
singularities.

It is remarkable that under ideal conditions – without external influences –
the circulation in 3He-A is not quantized. This is possible because a change
in the phase can be compensated for by a change in the order parameter l.

3He-B

In the B phase, the situation is similar to that in helium II. The superflow
velocity is, according to

vs =
!

2m3
∇ϕ (4.20)

directly related to the phase gradient. The flow is therefore expected to be
irrotational. As in helium II, quantized circulation of the superfluid compo-
nent exists in 3He-B in vessels with multiply connected regions. This has
been demonstrated in an experiment similar to those carried out by Vinen
(see Sect. 2.4.2) in which the circulation around a thin vibrating wire was
measured. The result is shown in Fig. 4.18. Three different values of the cir-
culation were observed depending on the angular velocity of the vessel. The
grey tinted regions indicate that at these angular frequencies the circulation
was instable. The quantum of circulation in 3He-B is given by

κ3 =
h

2m3
. (4.21)
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locity in 3He-B. Within the grey tinted
regions no stable circulation was ob-
served [184]

► Vinen-type experiment
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experimental problem: 
rotation at very low temperatures

up to 3 revolutions / s

ROTA Cryostat
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Quantized Vortices (structure much more complicated as in He-II)

3He-A: 

a) with uniform texture and orbital field                vortices with normal-fluid hard core 
extended soft region    
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b) if    can adjust freely one finds continuous vortices with n = 2 without singularity  (no hard core)
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Fig. 4.20. NMR spectra of 3He-A (a) at
rest and (b) under rotation. The lowest
curve shows the spectrum vertically mag-
nified by a factor 50 [190]

Experiments indicate that vortices in 3He-A are formed only above a crit-
ical velocity of rotation, as in helium II. The critical angular velocity depends
on the size of the container, being about 0.1 rad s−1 for a cylindrical vessel
with diameter 2.5 mm. After the critical speed has been exceeded, continu-
ous vortices enter the liquid within a few seconds. In contrast, the creation
of singular vortices in helium II may take several minutes [187].

3He-B

As we have seen above, the superflow velocity in 3He-B is fully determined by
the gradient of the phase vs = (!/2m3)∇ϕ and the circulation of the super-
flow is quantized. Because curl vs = 0, the vortices in 3He-B exhibit always
a core as in helium II. Prior to experiments, it was generally assumed that
vortices in 3He-B would be very similar to those occurring in helium II. How-
ever, the extended hard core of the vortices in 3He-B permits the formation
of different pairing states inside the core, and the core need not necessarily
be a normal-fluid. In fact, two different vortex structures with different cores
have been identified experimentally. At high pressures and high tempera-
tures one finds an axially symmetrical vortex with 3He-A in the core. At low
pressures a nonaxially symmetrical double-core vortex structure composed of
two half-quantum vortices is formed. A schematic illustration of these vortex
structures is shown in Fig. 4.21. Since the vortices in 3He-B have no soft
core, the overall core extension is much smaller than that of the vortices in
the A phase.

Investigation of vortices in 3He-A with NMR

frequency shift because of localized 
spin waves in core!

cryostat at rest

cryostat rotating

container diameter  2.5 mm

0.1 rad/s
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3He-B: only vortices with hard core                 …

depends on pressure

c) single vortices with A phase in core

d) double vortices with two half-quantum of circulation and normal-fluid core

these vortices exist in distinct parts of the phase diagram
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3He-B: phase diagram under rotation spin waves resonances (collision-less)

under rotation            larger spacing
because additional term in free energy 

first order phase transition
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3He-B: phase diagram under rotation spin waves resonances (collision-less)

4.6 Macroscopic Quantum Effects 131
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Fig. 4.23. Spin-wave resonances observed
in NMR experiments in 3He-B, (a) at rest
and (b) under rotation [191]

The phase-transition temperature is independent of the speed of rotation
but shows hysteresis consistent with the interpretation of a first-order phase
transition.
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Fig. 4.24. Frequency shift ∆ω = (ω − ωL) of different spin wave modes in 3He-B
normalized by Ω2

B/2ωL as a function of the reduced temperature: (a) cryostat at
rest and (b) cryostat rotating. Filled and unfilled symbols correspond to forward
(Ω ↑↑ B) and reverse (Ω ↑↓ B) rotations, respectively. The experiments were
performed at a pressure of 29.3 bar and in a magnetic field of B = 28.4 mT. Under
these conditions the Larmor frequency is ωL = 922.5 kHz [191]

4.6.4 Macroscopic Quantum Interference – Josephson Effect

Perhaps the most intriguing property of a macroscopic quantum system is the
potential for quantum interference on a macroscopic scale. In Sect. 2.4.3, we
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4.6.4 Macroscopic Quantum Interference – Josephson Effect

Perhaps the most intriguing property of a macroscopic quantum system is the
potential for quantum interference on a macroscopic scale. In Sect. 2.4.3, we

at rest

hysteresis is observed

1st order transition


