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1. Introduction
The hallmark of a superfluid liquid is its ability to assume
quantum coherence, a state with a special kind of long-range
order. The key characteristic describing this order in super-
fluid 4He or common superconductors is a complex wave
function, the so-called condensate wave function C �
jCj exp �ij� with a definite phase j. This implies that the
gauge invariance of the system breaks down at the superfluid
transition. While the energy of superfluid liquid does not
depend on the phase, it increases if j becomes spatially
nonuniform (i.e., when the so-called order parameter gradi-
ent energy increases). This gives rise to the mass- and (in
superconductors) charge-carrying superfluid current

JS � �h

m
jCj2Hj � rSvS ; �1�

where m is the mass of the 4He atom and rS � jCj2 and
vS � ��h=m�Hj are the superfluid component density and
velocity, respectively. A constant phase difference Dj main-
tained between the ends of a channel filled with superfluid
4He will give rise to a nondissipative current through the
channel, whose magnitude will be proportional to this phase
difference rather than the pressure or chemical potential
difference as in a normal liquid. Correspondingly, electrical
current in a superconductor is determined by the wave
function phase difference between the electrons at the ends
of the sample rather than by the voltage, as in a common
conductor. The gradient energy can be viewed as kinetic
energy associated with the superfluid current, FH � rSv

2
S=2,

and the current is correspondingly written as JS � qFH=qvS.
Unlike the atoms of 4He, the atoms of 3He are fermions,

implying that their superfluidity results from Cooper pairing
(analogous to superconductivity in metals). What is essen-
tially new compared to common superconductors is that the
spin and orbital moments of 3He Cooper pairs are 1.
Accordingly, there are three possible values for the projec-
tion of both the spin and the orbital moment on a chosen
direction, and the order parameter is conveniently taken in
the form of a complex 3� 3 matrix which describes, in
particular, how the spin and orbital moments of a Cooper
pair are oriented with respect to one another (for more details
on superfluid 3He, see Refs [1 ± 3]). Such ordering may
correspond to various superfluid phases differing in the
specific form of this matrix. In superfluid 3He, only three
phasesÐ 3He-A, 3He-A1, and

3He-BÐare found, depending
on conditions (Fig. 1). In these phases, symmetries other than
the gauge symmetry can also be violated. In particular, the
violation of spin rotation symmetry in Cooper pairs leads to
three additional hydrodynamic variables similar to the order
parameter phase. The gradients of these variables will give
rise to a spin supercurrent, a current in which spin and the
related magnetic moment are transferred in a non-dissipative
way (we do not distinguish between spin and magnetic
currents below). It should be noted that what is meant by a
spin supercurrent is magnetization transferred in the absence
of mass transfer, not the flow of magnetized material. In
general, the spin supercurrent is a tensor and can be written as

Jkn � �h

2m
riknsOis ; �2�

where rikns, the tensor of the superfluid spin density, is on the
order of wc 2=g; c is a factor in the expression for the gradient
energy and has the meaning of spin wave velocity; w is the
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magnetic susceptibility; g the gyromagnetic ratio; and Ois is a
tensor characterizing the non-uniformity in spin space
orientation. i and k are coordinate space indices, and n and s
are spin space indices.

The following reasoning leads to a simple model of how a
spin supercurrent appears. In the momentum representation
the wave function of a spin-1 Cooper pair can be expanded in
components corresponding to various values of the projec-
tion of the Cooper pair spin �ms � 1; 0;ÿ1� onto a chosen
direction, giving

C � C""j1; 1i �C##j1;ÿ1i � 1���
2
p �C"# �C#"�j1; 0i ; �3�

where the j1;msi are the eigenfunctions of the spin operator
projection. Now consider superfluid 3He as consisting of a
normal component and three superfluid components with
wave functions C"", C##, and �C"#+ C#"�. Because in weak
magnetic fields jC""j � jC##j, the counterflow ofC"" andC##
should lead to superfluid spin transfer in the absence of mass
transfer.

The possibility of a spin supercurrent began to be widely
discussed immediately after the 1972 discovery of super-
fluidity in 3He [4], when it became clear that the Cooper
pairs of the new superfluid phases have a spin. However,
direct evidence for the existence of such currents was lacking
for a long time, leaving it unclear precisely which of the
observable phenomena are caused by spin supercurrents and
under what conditions these phenomena can be observed.
The experiments A S Borovik-Romanov and his team started
at the P LKapitza Institute for Physical Problems in 1984 and
theoretical work by I A Fomin of the LD Landau Institute of
Theoretical Physics provided elucidation of the problem. In
the present paper, a brief review of these studies is given. The
experiments described in Section 4 ± 7 were conducted at
pressures from 0 to 29.3 bar in magnetic fields from 71 to
570 Oe [the corresponding nuclear magnetic resonance
(NMR) frequencies ranging from 230 kHz to 1.85 MHz].
The problem of magnetic superfluidity can also be found in
the review papers [5 ± 8].

2. Spin supercurrent in 3He-B
The violation of the spin space rotation symmetry in super-
fluid 3He does not yet mean that spin supercurrent is easy to

create and measure there. Unlike mass or electric charge, spin
is not generally a conserved quantity. For example, the spin-
orbit (dipole) interaction can lead to spin transfer to other
degrees of freedom, and spin supercurrents can be considered
meaningfully only if their effect is noticeable compared to
spin-non-conserving processes. In superfluid 3He spin-orbit
interaction can be important because it is stronger than in the
normal phase (due to the fact that Cooper pairs have a spin
and an orbital moment). For this reason, talking about spin
supercurrents onlymakes sense with respect to the B-phase, in
which the spin-orbit interaction can be effectively eliminated.
Therefore, the discussion below is limited to the B-phase.

The order parameter of the B-phase has the form

Ani � D exp �ij�R̂ni�n̂; y� � D exp �ij�R̂ni�a; b; g� ; �4�

where D is the energy gap in the excitation spectrum and j is
the phase of the orbital part of the order parameter (a
gradient of j produces a mass supercurrent). The matrix
R̂�n̂; y� of size 3� 3 rotates the spin space with respect to the
orbital space through an angle y about the direction n̂ (which
is common for amacroscopic volume of 3He). Another way to
express this rotation is in terms of the Euler angles a, b, and g.
The angle y can in principle take on any value. In equilibrium,
this degeneracy is lifted by imposing a minimum condition on
the dipole energy

FD � 8

15

w
g 2

O2
B

�
1

4
� cos y

�2

; �5�

where OB � OB�T �, the so-called Leggett frequency, is a
temperature-dependent characteristic of the dipole interac-
tion force [OB�0� �200 kHz]. The minimum of the dipole
energy is achieved at

y � y0 � arccos

�
ÿ 1

4

�
� 104� :

To excite a spin supercurrent, NMR experiments can be used.
In anNMRexperiment the spin part of the order parameter is
in motion, the angles a, b, and g depend on time, and the first
two of them have a simple physical meaning: a corresponds to
the phase of the magnetization precession, and b to the
magnetization deviation angle from the equilibrium direc-
tion. The contributions due to the gradients of these angles
lead to an increase in the spin gradient energy and hence
produce a spin supercurrent.

In the spatially uniform case the spin dynamics of 3He-B is
determined by the Leggett ± Takagi equations [9, 10]

_M � gM�H� 4

15

wO2
B

g
sin y �1� 4 cos y�n̂ ;
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15t
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where t is the Leggett ± Takagi effective time determining the
magnetic relaxation rate. There are a number of NMRmodes
(i.e., of periodic magnetization motions) that follow from
Eqn (6), of which the easiest to excite is the so-called
Brinkman ± Smith mode [11], that is the precession of
magnetization deviated by an angle b < y0 from the direction
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Figure 1. Phase diagram of 3He in zero magnetic field. The A1-phase

occurs only in a magnetic field in a narrow region around the superfluid

transition temperature.
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ofH (with jMj � wH). What is remarkable about this mode is
that y � y0, i.e., the dipole energy remains zero during this
precession. As a result, the last term on the right-hand side of
the first equation of system (6) also goes to zero, as does the
relaxation term in the second equation. Note that both the
magnetization and the vector n̂ precess at the Larmor
frequency (the orientation of n̂ relative to M is determined
by precisely the condition that the dipole energy be a
minimum). Let the magnetic field H be along the z axis and
suppose that the system is homogeneous in the plane x; y but
has inhomogeneities along the z-axis. Then, allowing for spin
currents, the first equation of system (6) can be rewritten in
the form

_Mn � �gM�H�n �
qJzn
qz

; �7�

where n indexes the magnetization and current components
(x; y, and z). For Mz, the first term on the right-hand side of
Eqn (7) is zero, thus yielding the magnetization equation of
continuity. If we transform to a Larmor-frequency-rotating
coordinate system, this equation is also fulfilled for Mx and
My, which is exactly what enables effects related to the spin
supercurrent to be observed.

Given the minimum condition for the dipole energy, two
of the three Euler angles (for example, a and b) can be
chosen as independent, and in terms of the gradients of
these two it is possible to obtain formulas for the spin
supercurrent [12, 13]. For example, the spin supercurrent
carrying the z-component of the magnetization in the
direction of the z-axis is found to be

Jzz � ÿ w
g
c 2

�����������
1ÿ u
p �

f1�u� qaqz � f2�u� qbqz
�
; �8�

where u � cos b,

f1�u� � �2� u�
�����������
1ÿ u
p

; f2�u� �
��������������������������������

3

�1� 4u��1� u�

s
:

FromEqn (8) it is seen that the analog of superfluid density in
spin superfluidity is a quantity proportional to

�����������
1ÿ u
p

.
Therefore, superfluid spin density is different from zero only
for b 6� 0.

If the angle b > y0, the dipole energy is minimum Ð but
already not zeroÐat y � b, which results in a positive shift in
the NMR frequency [11],

oÿ oL � ÿ 4

15

O2
B

oL
�1� 4 cos b� ; �9�

where o and oL � gH are the precession and Larmor
frequencies, respectively. Note that the dipole moment on
the right-hand side of the first equation of system (6) (and the
relaxation term in the second) are also nonzero. Fortunately,
under the conditions of the experiments to be described in
Sections 3 ± 7, these additional terms are small, and their
associated non-conservation of spin affects spin dynamics
little compared to magnetization transfer by spin currents.

3. A homogeneously precessing domain
There is an important consequence of the fact that 3He-B can
carry a spin supercurrent: the formation of the so-called
homogeneously precessing domain (HPD). Let us see how
an HPD forms under pulsed NMR conditions (Fig. 2). Let a

sample of 3He-B be placed in a closed cell and exposed to a
uniform magnetic field gradient. At equilibrium the magne-
tization is parallel to the field. Now let us apply a short rf
pulse to get the magnetization deflected through a certain
angle (90� in Fig. 2) throughout the volume. Then the
magnetization in the volume enters the Brinkman ± Smith
mode, i.e., starts precessing at the Larmor frequencyÐwhich
is coordinate dependent �oL�z� � oL�0� ÿ zgHH � because
the magnetic field varies along the cell Ð and the phase of
the precession develops a gradient which increases with time.
As the magnetization precesses, it produces an induction
signal in the NMR pickup coil, for which, in a system of
non-interacting spins, the decay time due to dephasing must
be T �2 � 1=Do � 1=�gLHH�, where Do is the characteristic
precession frequency range over the cell and L the cell length.
A different picture arises for 3He-B. According to Eqn (8), a
gradient in precession frequency leads to a spin supercurrent,
which transports the longitudinal magnetization along the
field gradient direction. Because there is no spin flow through
the cell boundaries, the longitudinal component of the
magnetization starts changing: the magnetic moment flows
down to the bottom of the cell (here,Mz increases) and away
from its top (here, Mz decreases). Since the absolute value of
M in the Brinkman ± Smith mode cannot change Ð this
would lead to an increase in the dipole energy Ð what the
change in the longitudinal magnetization does is to cause a
change in the deviation angle b, upwards at the top and
downwards at the bottom of the cell. This can continue until
0 < b < y0. At b � 0 we have the condition Jzz � 0, meaning
that magnetization ceases to be transported in this region. As
the angle b increases above y0 � 104�, the dipole energy
increases, and the precession frequency shifts from the
Larmor value [see Eqn (9)]. This frequency shift can in
principle (and does in practice) compensate for the nonuni-
form field and turn qa=qz and Jzz to zero. Accordingly,
regions with Jzz � 0 appear and grow at the ends of the cell
(a b � 0 region at the lower end and a b0y0 region at the
upper end) to ultimately occupy the entire volume of the cell
and form the so-called two-domain structure, where spin
supercurrents are zero [13]. The lower domain is in fact
unperturbed 3He-B (a static domain, SD), whereas in the
upper so-called homogeneously precessing domain the
magnetization deviates by slightly more than y0 and pre-
cesses. This angle excess db � bÿ y0 depends on z in such a
way that the resulting frequency shift compensates for the
nonuniform field (nonuniform Larmor frequency) and the
precession phase is the same throughout the sample, whereas
the precession frequency is equal to the Larmor value oL�z1�,
where z1 indicates the location of the interdomainwall. Under
realistic experimental conditions (H � 100 Oe,
HHz � 1 Oe cmÿ1, L � 0:5 cm), db � 1�, and the produced
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Figure 2. Formation of an HPD after the application of a deflecting rf

pulse.
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dipole moment is sufficiently small, suggesting that the
dynamics of the magnetization remain to be largely deter-
mined by the spin supercurrents: nonuniformities in the HPD
lead to currents which cause the system to precess uniformly
as before.

The interdomain wall has a characteristic thickness
l � �c 2=�oHo���1=3� � 0:5 mm. The angle b in the wall
changes smoothly from � 104� to zero. In addition, the
angle a changes by about 60�. Exactly how a and b change is
determined by two conditions: first, the spin current in the
wall due to inhomogeneities in b is compensated by the
current due to inhomogeneities in a; and second, the
precession frequency in the wall equals that of the entire
HPD (because b < y0 in the wall, the small frequency shift
which is needed is ensured by the gradient energy [13]).

Magnetic relaxation in the two-domain structure pro-
ceeds by spin diffusion in the interdomain wall and by the
Leggett ± Takagi mechanism [10] in the bulk of the HPD,
where there is a small shift from the local Larmor frequency
[13]. This does not destroy the structure, however, and only
leads to a smooth decrease in the size of the HPD and to an
increase in the SD.As a result, the characteristic HPD lifetime
is 0.1 ± 1.0 s, much longer than the dephasing time of non-
interacting spins. To summarize, a two-domain structure
leads to an anomalously long-lived induction signal (LLIS).
During the relaxation process the interdomain wall moves
toward lower Larmor frequencies, therefore the frequency of
the LLIS must fall off smoothly to o � oL�z2�.

4. A homogeneously precessing domain under pulsed
NMR conditions (experiment)
The existence of LLIS in 3He-B was first observed in Refs [14,
15], but the use of non-closed cells and the small amplitude of
the LLIS made these experiments difficult to interpret. In our
work [16, 17], virtually closed cells were used. The observed
LLISs had large amplitudes and their frequencies were varied
with time in a good agreement with the model in Section 3.
Figure 3 is a schematic of the cell we used to directly prove the
existence of an HPD. We placed a sample of 3He-B in a
cylinder aligned along the external magnetic field and used
special gradient coils to apply a controlled magnetic field

gradient to the sample. The magnetization was excited into
free precession by applying a resonant rf pulse to the exciting
NMR coil 1 (see Fig. 3). The induction signal was detected by
two miniature pickup coils 2 and 3 located close to the
opposite ends of the experimental volume; the sensitivity
ranges of the coils did not overlap. Figure 4 exemplifies the
time dependences of the induction signal amplitude recorded
from both coils for the magnetic field gradient directed as in
Fig. 3. The difference in the signals from coils 2 and 3 is
explained as follows. Following the application of the rf pulse
it takes about 10 ms for the two-domain structure to form.
Because the static domain does not precess, the signal from
coil 3 rapidly disappears (this coil is located in the large-field
region, which is exactly where the SD forms); the HPD forms
in the sensitivity region of coil 2, and the signal from this coil
is large in amplitude. Magnetic relaxation leads to a decrease
in the HPD size, therefore the amplitude of the signal from
coil 2 slowly decreases, the rate of the decrease markedly
increasing when the interdomain wall enters the sensitivity
region of coil 2. It should be noted that the duration of the
signal shown in Fig. 4a greatly exceeds the characteristic
dephasing time for non-interacting spins (T �2 � 0:7 ms for
the conditions of the experiment).

Predictably, reversing the direction of the field gradient
interchanges the roles of the coils: now it is the signal from coil
2 which is found to quickly disappear, whereas that from coil
3 has a large amplitude and is observed to persist for a long
time. It turned out that the magnetic relaxation of the two-
domain structure also well explains the way in which the
frequency of the observed LLIS depends on time. That the
magnetization deviation angle in the observedHPD is close to
y0 was checked by comparing the initial signal amplitude
(Fig. 4a) with the initial amplitude of the induction signal in
an identical experiment with a normal phase (where the
signals from both miniature coils were practically the same
and did not depend on the field gradient direction). Addi-
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Figure 3. Experimental cell for HPD studies. The experimental volume is

4 mm in diameter and 8 mm in length. All the cells used were made from

Stycast-1266 epoxy resin.
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Figure 4. Time dependence of induction signal amplitudes from coil 2 (a)

and coil 3 (b). Magnetic field and field gradient directions are as in Fig. 3.

P � 29:3 bar, H0 � 142 Oe, HH � 0:1 Oe cmÿ1, T � 0:63Tc (where

Tc � 2:43 mK is the superfluid transition temperature at 29.3 bar).

80 Conferences and symposia Physics ±Uspekhi 48 (1)



tional experiments confirmed that the magnetization devia-
tion angle in the SD is zero and that it is this fact Ð rather
than spin dephasing in the sensitivity region of coil 3Ðwhich
accounts for there being no induction signal in the case of
Fig. 4b. The experiment was essentially as follows. During the
existence of the HPD, a weak probe pulse was applied to that
of the miniature coils in which there was no signal, and then
the initial amplitude of the induction signal was compared
with that of the signal the same pulse produced when applied
to the unperturbed normal phase of 3He.

5. A homogeneously precessing domain
under the conditions of continuous wave NMR
The Zeeman energy dissipated in a two-domain structure can
be compensated by continuously pumping energy from a
transverse, circularly polarized, small-amplitude rf field. In a
coordinate system rotating at the frequency of the
(x-directed) rf field, the power transfer from the rf field to the
nuclear spin system of the HPD is given by

W �
�
V

hoMy dV �
�
V

hojMj cos b sin �aÿ f� dV ; �10�

where h and f are the amplitude and phase of the rf field,
respectively. If the amplitude h is sufficiently large, the HPD
precession phase a can tune itself to the phase of the rf field
in such a way that the power absorbed from the rf field will
be equal to that dissipated in the HPD. Then, changing the
rf field frequency will correspondingly change the HPD
precession frequency and the interdomain wall position, the
latter of which is determined, as before, by the condition
that the precession frequency be equal to the local Larmor
frequency. Experiments showed that an rf field of large
enough amplitude (� 0:01 Oe) makes it possible not only to
maintain (and to control the length of) an already existing
HPD but also to form the HPD [18]. In practice, it is more
convenient to vary H0, the spatially uniform component of
the external magnetic field H�z� � H0 ÿ zHH, than the rf
field frequency.

Figure 5 shows the signals of absorption �/ � My dV� and
dispersion �/ � Mx dV� obtained in such an experiment. The
cell used was different from that in Fig. 3 both in size (6 mm in
both diameter and length) and in having only one receiver-
transmitter coil (which covered the entire experimental
volume). As H0 decreases, an HPD forms at H0 � H1 [the rf
field frequency being gH�z2�], and the formation of the
interdomain wall and its associated magnetic relaxation due
to spin diffusion lead to a rapid increase in absorption. AsH0

decreases still further, the area of the wall remains unchanged
and the dissipation does not really increase. There is a (linear)
increase in the volume of the HPD, however, which leads to
the linear growth of the dispersion signal. At the field value
H0 � H2 the HPD fills the cell completely, and the domain
wall disappears (more precisely, its area greatly decreases due
to the HPD entering a narrow channel). As a result, the spin
diffusion contribution to the magnetic dissipation is drasti-
cally reduced, the absorption drops, and the dispersion ceases
to grow. Upon further decrease inH0, the absorption resumes
increasing because in the HPD the frequency shift from the
local Larmor frequency increases and, accordingly, the
Leggett ± Takagi relaxation increases in both magnitude and
importance. To compensate for this increase in absorption,
the precession phase starts changing significantly. The power
absorbed from the field reaches a maximum at aÿ f � p=2,

after which the HPD is destroyed. Note that prior to this
destruction, jumps of yet unknown nature are observed in the
signals at H0 � H3. When the field is backscanned after the
destruction of the HPD, the two-domain structure does not
form, but there are near-standard signals with much smaller
amplitudes compared to signals from the HPD. If the
scanning of the field is stopped and the continuous rf field
turned off before the destruction of the HPD, then an LLIS is
observed, as expected.

From expression (10) it follows that when the HPD size
(or equivalently, the magnetic dissipation) is held fixed, an
increase in h should lead to a decrease in aÿ f. In practice,
already at h0 0:01 Oe the difference aÿ f5 a, i.e., the rf
field and the precession are practically in phase. This provides
the ability to control the HPD precession phase, which
proved to be very useful in experiments to study the flow of
spin supercurrent through a channel.

6. Flow of spin supercurrent through a channel
The experimental chambers that were used in Refs [19 ± 21] to
study the flow of spin supercurrent through a channel
consisted of two cells connected by a horizontal channel.
Figure 6 shows what the most often used chamber looks like.
In both cells, continuous rf fields created by independent
receiver-transmitter NMR coils (1 and 2 in Fig. 6) helped
maintain theHPDs. The point to note here is that theseHPDs
also `leaked' into the channel, a process which was controlled
using miniature pickup coils 3 and 4 on the channel. By
varying the rf field phases, a difference in precession phases
was created between twoHPDs, with rf field amplitudes being
large enough to consider that Da � Df. The phase compar-
ison of the signals from coils 3 and 4 revealed that a precession
phase gradient developed in the channel. This led to a spin
supercurrent in the channel, which transferred the long-
itudinal magnetization (and hence the Zeeman energy) from
one HPD to another. As a result, the rf powers absorbed by
the domains changed as compared to the no-spin-current
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Figure 5.Absorption (a) and dispersions (b) signals for anHPD formed by

the continuous wave NMR technique. The magnetic field gradient was

directed such that the HPD formed near the upper edge of the cell and

filled the entire experimental volume as H0 decreased. P � 11 bar,

H0 � 142 Oe, HH � 0:83 Oe cmÿ1, T � 0:57Tc.
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situation: in one of theHPDs the absorption signal decreased,
and in the other it increased. By measuring the change in
absorption it was possible to determine the current of
magnetization. It was found that as the difference in
precession phases between the HPDs increased, the current
increased to a certain critical value beyond which both the
phase gradient and current in the channel exhibited an abrupt
drop, and then the above processes repeated themselves in
cycles in such a way that the period in the current ±Da
dependence was always a multiple of 2p (Fig. 7). This is due
to the phase slip phenomenon and analogous to the so-called
resistive state in superconducting wires. What enables the
phase drop to occur is the appearance in the channel of a
phase slip center with b � 0, which makes the phase a
indefinite. The magnitude of the critical spin current was
obtained theoretically in Ref. [22]. According to theory, the
critical value of the spin current is reached when the
precession phase gradient is 1=xs, where the spin correlation
length xs is the analog of the Ginzburg ±Landau correlation
length of superconductivity theory. The spin correlation
length depends on the difference between the HPD preces-
sion frequency o and the local Larmor frequency oL in the

channel,

xs �
c����������������

oÿ oL
p : �11�

Thus, by varying H0 (and thereby the local Larmor
frequency in the channel), it is possible to vary xs in the
course of the experiment (the critical current in such an
experiment must be proportional to

�����������������
oÿ oL
p

). Note that
the dependence of the current on Da as shown in Fig. 7 is not
antisymmetric: the current flowing into the channel is always
larger than the current out. The reason is that part of the
transferred Zeeman energy serves to compensate the mag-
netic dissipation in the channel (where the rf field is zero) Ð
with the result that the precession phase gradient varies
monotonically along the channel. However, because what is
measured experimentally is Da, not a, it follows that the
measured dependence of the critical current on

����������������
oÿ oL
p

should be compared with theoretical estimates that take into
account corrections for the magnetic relaxation in the
channel. Such a comparison has been made and a good
agreement between theory and experiment was found in
Ref. [21].

Under realistic experimental conditions, spin correlation
length can reach values on the order of 1 mm. Analogy with
superconductivity suggests that a sufficiently narrow and
short (or a bottlenecked) channel may produce a nonhystere-
tic current ± phase dependence, thus enabling a transition to a
Josephson-like regime as found in microscopic (or tunneling)
superconducting junctions. Testing this assumption involved
using a cell which, unlike that of Fig. 6, had a channel
bottleneck 0.3 mm in length and 0.5 mm in diameter. The
experiment did reveal a nonhysteretic current ± phase depen-
dence [23]. Furthermore, because xs could be varied easily in
the course of the experiment, the transition from the
Josephson regime to the phase slip regime was observed to
occur (at xs � 1 mm as expected).

The fact that magnetic relaxation violates spin conserva-
tion does not run counter to the notion of nondissipative spin
supercurrent, which is caused by order parameter phase
gradients rather than the difference in pressure or chemical
potential. Dissipation leading to the nonconservation of
channel current is not due directly to the current but to the
non-spin-conserving magnetic relaxation. Spin current in the
experiment above is akin to the flow of superfluid 3He which
evaporates as it flows in a heated open trough. In this case, the
current flowing out of the trough is also less than that flowing
into it, and it is the violation of conservation of mass due to
evaporation which serves as the analog of magnetic dissipa-
tion.

7. Research applications of the HPD
The follow-up research involved the magnetic analogs of
phenomena found in `usual' superfluid systems. One result
in this area was the creation and observation of the spin
vortex, a magnetic analog of the quantum vortex [24, 25].
Observations were also made of various modes of the
spatially nonuniform HPD vibrations, [26] one of which (the
so-called twisting mode) is the analog of the fourth sound in
4He. One useful application of the HPD is in the study of the
properties of superfluid 3He-B. In particular, the interaction
ofHPDswith quantum vortices in 3He-B [27, 28] and with the
counterflow of the normal and superfluid components [29]
was studied using the rotating cryostat at the Helsinki
University of Technology, Finland Ð experiments which

3

4

2

H5
1

Figure 6. Experimental cell for superfluid spin current studies. The cell

consists of two experimental volumes connected by a channel. Both

volumes have the form of a cylinder (4.5 mm in diameter and 5 mm in

length), whose axis lies in the horizontal plane. The narrow portion of the

channel has a diameter of 0.6 mm and a length of 5.5 mm. 1 and 2 are

independent receiver-transmitter rf coils, 3 and 4 are miniature pickup

coils on the channel, 5 is a copper screen for screening the rf field from coils

1 and 2 in the channel region.
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Figure 7. Absorption in one of the HPDs as a function of the precession

phase difference between the precessing domains [left (right): Da decreases
(increases) fromDa � 0]. Phase drops are shown by arrows �a! b�. If one
ceases to increase and starts decreasing the phase difference at point b, the

dashed dependence and, later, the phase drops, are obtained.P � 29:3 bar,
H0 � 142 Oe, T � 0:48Tc.
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resulted in confidently identifying vortices of different types
in measurements of the magnetic-field-induced superfluid
density anisotropy in 3He-B. A study of the relaxation of
HPDs enabled a systematic measurement of magnetic
relaxation parameters [30]. With its property of a spatially
uniform order parameter distribution (texture), the homo-
geneously precessing domain can be effective in studying
texture-sensitive phenomena. In particular, the use of the
HPD has permitted Leggett frequency measurements in the
B-like 3He phase in an aerogel, whose effect on the texture
makes standard NMR methods difficult to use for this
purpose [31].

8. Conclusion
In summary, the studies reviewed prove the existence of spin
supercurrents in 3He-B and demonstrate the analogy between
spin superfluidity on the one hand and `usual' mass super-
fluidity and superconductivity on the other. As a result, many
experiments were explained and new research directions
identified. For example, the electric field should play the
same role for spin supercurrent that the magnetic field vector-
potential does for superconducting electrons. Although very
small in magnitude, this effect can in principle be measured.
Also of interest might be to conduct research at ultralow
temperatures of around 100 mK, where, even though spin
supercurrents are clearly important, very long (of the order of
an hour) induction signals are observed which the HPD
formation model fails to describe [32]. The homogeneously
precessing domain was observed not only in 3He-B but also in
the B-like phase of 3He in an aerogel Ð which, in particular,
supports interpreting this phase as the analog of the B-phase
of the `usual' bulk 3He as well as opens new possibilities for its
study [33].

Dissipationless (reactive) spin currents can exist in other
magnetic systems. At sufficiently low temperatures and high
magnetic fields, the effective spin diffusion coefficient in
Fermi liquids becomes complex, allowing for dissipationless
spin currents [34] and thereby leading to a number of
phenomena, some of which are analogous to those observed
in 3He-B [35, 36]. For example, normal liquid 3He and
3He ± 4He solutions were observed to exhibit a structure of
two oppositely magnetized domains with an in-phase preces-
sing domain wall [37, 38]. In principle, similar phenomena can
also occur in magnetically ordered solids. This requires, in
addition to the small magnetic relaxation, that the order
parameter be degenerate with respect to one of its orientation
angles and that the corresponding gradient term be present in
the Hamiltonian. Magnetically ordered solid 3He [39] and
antiferromagnet CsNiCl3 [40] are candidate materials for
such studies.
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New magnetic states in crystals

S S Sosin, L A Prozorova, A I Smirnov

1. Introduction
One of the major types of magnetic interactions in crystals is
the exchange interaction, which is usually described by a
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