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Experimental and numerical modeling was used to show that the behavior of the spin system of 
3He-B excited by a continuous-wave NMR is largely governed by the spatial transfer of the 
magnetization associated with gradients of the order parameter (superfluid spin current). These 
gradients form as a result of precession of the magnetization in an inhomogeneous magnetic field. 
It is shown that under certain conditions, a relatively weak rf field excites a homogeneously 
precessing domain in a chamber.placed in an inhomogeneous magnetic field. The magnetization 
in this domain precesses in phase and is tilted by an angle close to 104" from the equilibrium 
orientation. 

Investigations of the superfluid phases of 3He-B by con- 
tinuous-wave (cw) NMR methods are usually carried out 
employing a weak rf field. Under these conditions the NMR 
line of 3He-B exhibits considerable inhomogeneous broaden- 
ing because of the inhomogeneities of the magnetic field and 
of the order-parameter orientation (texture). The profile of 
this line is independent of the direction of scanning of the 
magnetic field. When the amplitude of the rf field is in- 
creased, the NMR line of 3He-B loses its symmetry relative 
to the direction of scanning of the static field. Osheroff' and 
Webb2 found that when a certain amplitude of the rf field 
was exceeded, the NMR absorption signal increased strong- 
ly when the NMR line was recorded in a decreasing static 
magnetic field. We shall show that this behavior of the NMR 
signal is due to the formation of a domain exhibiting spatial- 
ly homogeneous precession of the magnetization (a  homo- 
geneously precessing domain or HPD). Formation of an 
HPD is due to two factors: firstly, the dipole-dipole shift of 
the precession frequency, which appears in 3He-B at angles 
of tilt of the magnetization exceeding 104" (Ref. 3) ;  second- 
ly, the transfer of the magnetization by spin superfluid cur- 
rents (supercurrents) due to order-parameter gradients in- 
duced by precession of the magnetization in an 
inhomogeneous magnetic field. This process is responsible 
for the formation of a region with a homogeneous precession 
of the magnetization where the angle of tilt of the magnetiza- 
tion from its equilibrium orientation is 104" and the inhomo- 
geneity of the Larmor precession frequencies is compensated 
by a corresponding dipole-dipole frequency shift. 

Such a homogeneously precessing region or an HPD 
was first observed in pulsed NMR  experiment^.^.^ A theo- 
retical explanation was given by F ~ m i n . ~ , '  

1. SPIN SUPERCURRENT AND NMR IN 'He-B 

Since the Cooper pairing in superfluid 3He produces a 
state with a unique orbital and a spin moment, the order 
parameter has a more complex structure than in the case of 
4He or in superconductors. It can be represented by a sym- 
metric matrix (see, for example, the review in Ref. 8):  

where k is a unit vector in the momentum space and governs 
the positions of Cooper pairs on the Fermi sphere of 3He-B. 

The three components of the order parameter can be regard- 
ed a; order parameters of three superfluid components with 
the spin projections - 1,0, and 1 along a selected direction. 
It is usual to introduce the vector representation of the spin 
part of the order parameter: 

d (k) ='Id (avo) aa$ae (k) , (2 )  

where a are the Pauli matrices. The order parameter of 3He- 
B can be described in terms of k as follows: 

d (k) =A (T)  e * ~  (n, 0) k, 

where R is the matrix of rotation about an axis n by an angle 
8; e'p is a common phase factor. The order parameter can 
then be expressed in terms of the components of the vector 
d (k) :  

It is therefore clear that rotation of the vectors d about 
the z axis alters the phases of the wave functions $,, and $, , 
in such a way that if one rises, the second falls. If the vectors 
d ( k )  are inhomogeneous in the coordinate space, gradients 
of the phases of these functions appear, and they have oppo- 
site signs. This reverses the direction of the flow of the com- 
ponents $, , and $, , at a rate u, = - f i V p  /2m, where V p  is 
the gradient of the phases of the components. The net trans- 
fer of mass by these fluxes is zero (if we ignore a small differ- 
ence between the densities of the components $, , and $, , , 
which appears in a magnetic field). On the other hand, the 
transfer of the magnetization by these fluxes is additive, 
which gives rise to a spin supercurrent. 

The order parameter d ( k )  with gradients that deter- 
mine the spin-current magnitude is not a physical quantity 
which can be measured directly. However, the motion of the 
magnetization m and of the vectors d ( k )  is related by the 
following equations of spin dynamics: 

where y is the gyromagnetic ratio for 3He, x is the magnetic 
susceptibility of this substance, and R, is the dipole mo- 
ment. 

The system of equations (4 )  is analogous to the systems 
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of equations describing an antiferromagnetic resonance. 
Therefore, in the case of 3He-B we can observe two NMR 
lines corresponding to precession of the magnetization 
(transverse mode) and oscillations of the magnitude of the 
magnetization (longitudinal mode). The dipole moment R, 
depends on the orientation of the vectors m and d. In the case 
of free precession of the magnetization the moment R, van- 
ishes for angles of tilt ( 0 )  of the magnetization up to 
arc cos( - 1/4) -- 104" and it rapidly rises for large tilt an- 
gles. Consequently, the frequency of the transverse NMR 
mode is equal to the Larmor value for tilt angles less than 
104". At higher tilt angles the NMR frequency is consider- 
ably higher than the Larmor frequency: 

where C l ,  is the frequency of the longitudinal mode and y is 
the gyromagnetic ratio (we recall that y < 0 in the case of 
3He). 

Under NMR conditions both m and d ( k )  behave as a 
rigidly coupled system of vectors. The precession of the mag- 
netization m corresponds to in-phase motion of the vectors 
d(k) .  The longitudinal NMR code corresponds to in-phase 
oscillations of d ( k )  in a plane perpendicular to m. Conse- 
quently, spatial gradients of the order parameter are rigidly 
linked to gradients of the phase of precession (or longitudi- 
nal oscillations) of the NMR. In this way the gradients of the 
magnetization precession (oscillation) phases in 3He induce 
superfluid spin currents. 

In describing the spatial magnetization transfer by a 
spin supercurrent we have to include also the gradient terms 
in Eq. (4) .  The general solution of the system becomes ex- 
tremely cumbersome. However, Fomin5educed the num- 
ber of variables by using the characteristics of spin dynamics 
and the nature of the dipole potential of 'He-B and thus 
obtained a system of equations describing the spatial dynam- 
ics of the magnetization in 3He-B in the absence of an rf field. 
When all the gradients are directed along an external static 
magnetic field (z axis), the system of equations is 

Here, a is the precession phase, u = cos P (u > - 1/4), fl is 
the angle of tilt of the magnetization, and Fv is the gradient 
energy described by 

where c2(u)  = U C ~  + (1  - u)c:; C ,  and c, are the velocities 
of spin waves along and across the magnetic field, respective- 
ly. This expression for the gradient energy is obtained by 
minimization of the energy of the dipole-dipole interaction. 

It is assumed there that i f P >  - 1/4, we have 

cos p-t-cos @+cos p cos @ = I / z ,  (8) 

which makes it possible to exclude the third phase of the 
order parameter (O from the gradient energy. As cos P ap- 
proaches - 1/4, the value of Fv tends to infinity. This 
means that in a real system of 3He-B the condition (8 )  is not 
satisfied in the vicinity of the point 8 = 104" and, conse- 
quently, we have to minimize gradient and dipole energies 
simultaneously. If P < - 1/4, minimization of the dipole 
energy leads to the condition @ = 0. Then, the expression for 
the gradient energy given by Eq. (7 )  should be modified by 
removing the term in square brackets. 

The first equation in the system (6)  is the law of conser- 
vation of the longitudinal magnetization. In other words, 
these equations ignore the processes of magnetic relaxation 
and, therefore, the validity of the solutions of this system of 
equations is limited to times shorter than the characteristic 
relaxation time. However, it has been found experimentally 
that there is a wide range of experimental conditions under 
which the processes of the magnetization transfer by a spin 
supercurrent in "e-B are much faster than the magnetic 
relaxation ~rocesses .~  The first equation of the system (6)  
shows that the spin supercurrent transferring the longitudi- 
nal component of the magnetization is yaF, /dVa. Using 
Eq. (7) ,  we find that this spin supercurrent is described by: 

provided cos f l >  - 1/4. The term with Vu vanishes in the 
range where cosfl< - 1/4. The system (6)  is solved nu- 
merically in the Appendices 1 and 2. We shall show that the 
results of this numerical calculation are in good agreement 
with the experimental results. 

2. EXPERIMENTSON CONTINUOUS-WAVE NMR IN =He-B 

In the cw NMR method a sample experiencing a static 
magnetic field H, is subjected to an rf field H, of small con- 
stant amplitude (pump field). If the rf field frequency be- 
comes equal to the resonance frequency of the spin preces- 
sion, the magnetic moment of a sample ( M )  tilts away from 
its equilibrium orientation (along H,,) and precesses in 
phase with HI. An induction emf is then created in a receiv- 
ing coil surrounding a sample and this emf is proportional to 
the magnetic moment M, which is at right-angles to H,,. The 
receiving coil frequently performs also the function of cre- 
ation of an rf field (receiving-transmitting coil). 

A linearly polarized field 8, can be expanded into two 
circularly polarized components and the value of each is 
H, = g , / 2 .  One of these components is polarized in the di- 
rection of precession of the magnetization. When speaking 
of the rf field, we shall imply specifically this component. 
The interaction of the magnetization with the other compo- 
nent varies rapidly with time (at twice the precession fre- 
quency) and averaging causes it to vanish. 

We can distinguish two components of the precessing 
magnetic moment M, . One is the component My perpendic- 
ular to H ,  and the other is the component M, parallel to H I .  
The rf signal I,, induced in the detection coil by the compo- 
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nent M y ,  will be called absorption because the energy trans- 
ferred to the system of nuclear magnetic moments in a sam- 
ple by the rf field is proportional to My : 

where a is the phase of precession of the magnetic moment; 
p is the phase of the rf field; V is the volume of the sample. 
The signal I, induced by the component M, is called disper- 
sion. The absorption and dispersion signals are usually sepa- 
rated by a phase detection method that selects the compo- 
nent of the signal which is in phase with the reference signal 
and is rotated by an angle 90". In our experiments the refer- 
ence signal phase was selected using the characteristic de- 
pendence of the absorption and dispersion signals of the nor- 
mal phase of 'He on the magnetic field. A correct tuning of 
the phase of the reference signal made the absorption signal 
into a function symmetric relative to the center of the NMR 
line and the dispersion signal an antisymmetric function. 

We investigated experimentally cw NMR in 3He-B at 
pressures of 0, 1 l,20, and 29 bar using an rf field of frequen- 
cies 230, 460, and 780 kHz. We used different cells. The 
majority of the experiments were carried out in a chamber 
shown schematically in Fig. 1. A cell used for cw NMR, 
located in the upper part of the chamber, was a cylinder 6 
mm in diameter and 6 mm long with its axis oriented along 
the external magnetic field. All internal surfaces of the cell 
were coated with a Mylar film. A receiving-transmitting rf 
coil created an rf field with a homogeneity of 10% across the 
size of the cell at right-angles to an external static field. A 
gradient of the static field was directed along the rf field and 
its magnitude could be measured within a wide range (from 
0.01 to 25 Oe/cm). This cell was connected to the lower 
parts of the chamber where a sensor of a platinum NMR 
thermometer and a heat exchanger ensuring cooling of the 
helium were located: the connection was made by a channel 
1 mm in diameter and 11 mm long. The chamber was placed 
on the nuclear step of a cryostat utilizing nuclear demagnet- 
ization of copper and constructed as described in Ref. 10. 

The NMR signal of 'He was amplified with a wide-band 
amplifier. The absorption and dispersion signals were select- 

FIG. 1. Schematic diagram of the apparatus: 1) cell; 2 )  rf coils; 3 )  
platinum NMR thermometer sensor; 4 )  channel leading to a chamber 
with a sintered silver heat exchanger. 

ed by a two-coordinate lock-in detector and recorded as well 
as processed with the aid of a computer. At low rf field am- 
plitudes the profile and intensity of the NMR absorption and 
dispersion signals (representing the dependences of I, and 
I, on the magnetic field) were governed by the texture of the 
order parameter and by the inhomogeneity of the external 
magnetic field, but were independent of the field-scanning 
direction. However, when the rf field amplitude exceeded a 
certain threshold, the profile and amplitude of the NMR 
signals recorded during reduction of the field were greatly 
affected. The amplitude and the range of existence of these 
signals could increase by several orders of magnitude. 

Figure 2 shows typical absorption and dispersion sig- 
nals obtained using a sufficiently high rf field and different 
directions of scanning by the external magnetic field when 
the field gradient was V H  = 0.83 Oe/cm. The following sec- 
tions of the absorption signal recorded by reducing the field 
could be distinguished (Fig. 2a): a steep rise of the signal 
intensity in a narrow range of fields in the region of H a ,  a 
continuous rise of the intensity from Ha to Hb , a steep fall of 
the intensity in the region of H b ,  a subsequent accelerated 
rise of the intensity, a jump of the intensity at H, , and disap- 
pearance of the signal at H d .  If in any field from Ha to Hd 
the direction of scanning of the field was altered, the field 
dependence of the signal was retained everywhere with the 
exception of the region H, - H,. , where a hysteresis of the 
jump of the signal intensity was observed. If after disappear- 
ance of the signal the field was increased at Hd , it was found 
that the absorption signal intensity was much less in ampli- 
tude and the signal was detectable on this scale only near H a .  
The field dependence of the intensity of the dispersion scale 
behaved similarly (Fig. 2b). The difference between the 
characteristic fields Ha and Hb was approximately equal to 
the difference between the maximum and minimum of the 
magnetic field across the size of the chamber. It rose linearly 
on increase in the magnetic field gradient. The absorption 
signals presented in Fig. 3 were obtained for different mag- 
netic field gradients. The dependence of Ha -Hb on the gra- 
dient is shown in Fig. 4. This figure includes also a straight 
line AH = VHh, where h is the height of the chamber. 

The jump at Hc (and at H,. in the reverse scanning 
case) was observed for most of the signals. However, par- 
ticularly at low pressures, it split into several smaller jumps. 
Then, if the shape of the jump was not affected, we found 
that Ha -Hc and Ha -Hc also varied linearly with the field 
gradient. 

3. FORMATION OF A HOMOGENEOUS PRECESSING DOMAIN 

This strange behavior of the absorption and dispersion 
signals is in good agreement with the hypothesis of forma- 
tion of a homogeneously precessing domain (HPD)  ob- 
served earlier by us in pulsed NMR experiments. Let us con- 
sider the spin supercurrent which appears as a result of 
excitation of NMR in 3He-B subjected to an inhomogeneous 
magnetic field. Let us assume specifically that the cell is a 
cylinder with axis oriented along the field. Let us also postu- 
late that the field gradient is homogeneous and directed 
downward (alon-g the z axis), so that the field is minimal at 
the upper edge of the cell (z = 0) .  If the sample is now sub- 
jected to a homogeneous rf field (perpendicular to the z axis) 
and the frequency of this field is w,,, the NMR signal is first 
excited only in a thin layer of 'He-B characterized by the 
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coordinate z = zO such that w,, = yH(z,,). In this layer the 
absorption of the rf power is maximal. The resonance condi- 
tion is not obeyed in a layer above z. Consequently, the 
precession lags in phase here behind the precession in the 
layer with z = z,,. On the other hand, in layers below z, the 
precession leads in phase the precession in the layer with 
z = zo. 

The resultant phase gradient can create a spin super- 
current J,,= [see Eq. (9)  ]. This current transfers the longitu- 
dinal magnetization from the upper to the lower layers and 
increases the angle of tilt of the magnetization from the equi- 
librium position in the upper layers and reduces it in the 
lower layers. As long as the rf field amplitude is not too high, 
the spin current simply creates an asymmetry of the distribu- 
tion of B = B(z) (see the Appendix 2 ) .  However, if the rf 
field amplitude is sufficient for the anglefl to exceed log, a 
completely different behavior is observed. We are now deal- 

FIG. 2. Typical absorption ( a )  and dispersion ( b )  sig- 
nals observed for 3He-B in the presence of a homogen- 
eously precessing domain; T = 0.57TC, P = 11 bar. 

ing with the dependence of the NMR frequency on the angle 
p. In the layers subjected to a weaker magnetic field we can 
expect such an accumulation of the tilt of the magnetization 
due to the flow of the spin current that its tilt angle exceeds 
104". The resultant frequency shift compensates for the dif- 
ference between the magnetic fields H(z,) - H ( z ) ,  so that 
in each layer the precession frequency is in resonance. 

Since the transient process resulting in the formation of 
an HPD is very difficult to describe, the readers interested in 
this process are referred to the Appendix 1. Here, we shall 
consider the spatial distribution of the magnetization in an 
equilibrium situation when an HPD is already formed. This 
distribution is illustrated in Fig. 5. We can see thus that a 
state is possible in which the magnetization of 3He-B in the 
layers z > z, precesses in phase at the rf field frequency. The 
dynamic NMR frequency shift compensates then for the in- 
homogeneity of the external magnetic field. The correspond- 
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FIG. 5. Spatial distribution of the magnetization in a cell in the presence 
of a homogeneously precessing domain. 

does not precess. In the range ofz = z,, there is a domain wall 
at whichpchanges from 104" to 0". In spite of the gradient of 
the anglep, there is no spin current across this wall, because 
the term with Vp is compensated for by the term with Va 
[see Eq. (9)  1 .  The shape of a domain wall in the absence of 
an rf field is calculated in Ref. 6. According to a numerical 
solution of the relevant equations (see both Appendices), 
the rf field does not change significantly the domain wall 

-2,D -15 -05 0 shape. In our experiments the domain wall thickness was of 
ff-HD, Oe the order of 0.1 mm. 

If we ignore the dissipation processes, we find that the 
FIG. 3. Absorption signal plotted as a function of the magnetic field 
gradient. phase of precession of the H P D  should be equal to the phase 

of the rf field. Then, My and consequently the absorption 
signal should vanish. This value of the H P D  phase is very 

ing spatial distribution of the angle P is very stable, since 
perturbation of this distribution results in a spatial inhomo- 
geneity of the precession phase, which in turn (via the in- 
homogeneity of the phase of the order parameter) gives rise 
to a spin current directed in such a way that this distribution 
of the angle is restored. 

The spin current is zero in the equilibrium distribution 
case. Below z,, the angle P vanishes and the magnetization 

stable. In fact, if the HPD phase lags slightly behind the rf 
field phase, the HPD begins to absorb energy from the rf 
field. Consequently, the angle fl begins to rise and this in- 
creases the precession frequency and restores the equality of 
the rf field and H P D  phases. A similar process occurs when 
the HPD phase leads the rf field phase. 

Under real experimental conditions there are always 
some processes that dissipate the Zeeman energy. In an equi- 
librium situation the rf field compensates for the loss of ener- 
gy by the HPD. This creates a difference between the rf field 
and HPD phases, a component My appears, and an absorp- 
tion signal equal to the energy dissipated by the domain is 
observed. According to our theory, the value of M, is ap- 
proximately proportional to the HPD dimensions: 

0.8 0 

M ,  = J d n  m~ sin p, 

0.6 where S is the domain-wall area. On the other hand, we have 
M, = ( M f  + M: ) ' I 2  and, consequently, it is proportional 
to I, = (1; + 1: ) ' I 2 .  When the magnetic field is scanned, 
the position of z ,  changes (linearly in the case of a linear 
gradient). There should be a corresponding linear rise of the 
signal I, until zo shifts outside the chamber. Then, I, should 
be constant as long as the H P D  exists. On reduction of the 

0.2 field the angle fl should increase to ensure the resonance of 
the HPD. This increases the energy dissipation due to the 
Leggett-Takagi relaxation mechanism and, consequently, 
there should be a change in the phase of precession of the 
H P D  relative to the rf field so as to ensure quality of the 

0 42 0.4 06 0.8 1.0 1.2 energy dissipated in the H P D  and that absorbed from the rf 
vH, Oe/cm field. 

FIG. 4. Dependence of the d~fference between the characteristic fields The field dependence of I, and of its phase (relative to 
H,, and H ,  on the magnet~c field gradient that of the rf field) is plotted in Fig. 6 for the curves shown in 
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FIG. 6. Hodograph of a cw NMR signal in the presence of a homogen- 
eously precessing domain plotted using the coordinates representing the 
absorption (I,) and the dispersion ( I ,  ); T =  0.57Tc; the dashed curve 
corresponds to the dependence I, = const. 

Fig. 2; the abscissa in Fig. 6 represents the dispersion signal 
I, and the ordinate is the absorption signal I,. Similar 
curves were obtained in phase detection of the NMR signal 
by quadratures. The length of the vector connecting the ex- 
perimental points to the origin of the coordinate system is I, 
and the angle between this vector and the abscissa is equal to 
the difference between the phases of the rf field and I , .  In the 
range Ha -H, the signal I,  rises linearly, whereas in lower 
fields it remains approximately constant. We can see that the 
phase of precession ofthe HPD lags behind the rf field phase. 

Figure 6 shows also that an HPD becomes detached 
when it tilts away from the rf field by an angle considerably 
less than 90". This may be due to a spatial inhomogeneity of 
the relaxation processes inside the HPD and a consequent 
spatial twisting of M , .  The domain should collapse at the 
moment when the phase M, reaches 90" somewhere in the 
chamber. The spatial twisting of M, is supported also by the 
decrease of I, when the field approaches H,  . An increase in 
the amplitude of the rf field in the range Ha -H, decreases I, 
in inverse proportion to the field, since the energy dissipated 
in the domain is independent of the rf field amplitude. The 
magnitude of I, is independent of the rf field frequency. 

The following experiment was carried out to demon- 
strate that the observed behavior of the NMR signal was 
indeed associated with the formation of an HPD. After for- 
mation of an HPD the pump field was switched off and at the 
same moment a digital recorder began to measure the signal. 
When the rf field was switched off, we would expect the 
HPD to continue to precess creating in the receiving-trans- 
mitting coil a signal representing decay of free induction, as 
found already in pulsed NMR experiments. In the present 
experiment was used various components of the pulsed 
NMR spectrometer described in Ref. 5. The signal obtained 

FIG. 7. Digital oscilloscope records of the decay of the free induction 
signal in 'He-B after an rf pulse ( c )  and after switching off a cw rf field 
(a,b). 

in this way was similar to a free induction decay signal ob- 
tained after excitation of an HPD by a high-power rf pulse. 
This is illustrated in Fig. 7. The oscillograms a and b were 
obtained after switching off the rf field, and the oscillogram c 
was obtained on excitation of an HPD by an rf pulse under 
the same conditions. The oscillograms a and b differed in 
respect of the field at which the pumping was switched off. 
We recorded the oscillogram a in a field Ha + 3 ( H a  -H, ), 
i.e., in the field in which the cell was two-thirds filled with 
the HPD; the oscillogram b was recorded in a field H,, i.e., 
when the chamber was completely filled, so that the record b 
exhibited a considerably greater intensity and duration. 

The rf field necessary for the formation of an HPD de- 
pended strongly on the position of z,. When z, was close to 
the upper cover of the cell, the initial volume in which the 
magnetization had to be tilted by 104" was small and, conse- 
quently, a relatively weak rf field was sufficient for the for- 
mation of an HPD. In the case when z, was at the center of 
the chamber, the spin current should transfer the magnetiza- 
tion over a greater distance in order to form an HPD. At this 
moment relaxation appeared (by diffusion and via the Leg- 
gett-Takagi mechanism, since the transfer of the transverse 
magnetization in a magnetic field gradient can be regarded 
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as an effective frequency shift), leading to the loss of the 
Zeeman energy and complicating the formation of an HPD. 
Therefore, an H P D  appeared with difficulty when the field 
was increased, but quite readily when it was reduced. 

An HPD could exist, once formed, in an rf field weaker 
than the field necessary for its formation, because an in- 
crease in the dimensions of the H P D  hardly affected the dis- 
sipation which was determined by the domain-wall area in 
the case of a small domain, whereas the fraction of the vol- 
ume of 'He-B capable of absorbing the rf field energy in- 
creased. 

We do not know the origin of the jump at the point H, 
and can only propose the following model. When an H P D  
penetrated into the channel, it filled the region where there 
was no rf field. Relaxation occurring in this region was com- 
pensated by a spin supercurrent flowing from the bulk of the 
HPD. At some point the spin current could exceed the criti- 
cal value creating a phase-slip center. ' ' This resulted in addi- 
tional losses. Consequently, the HPD in the channel was 
destroyed and the absorbed power increased because of the 
spin current that transferred the energy to the channel. 

We shall conclude by noting that the application of a 
field slightly higher than Hb resulted in oscillations of the 
absorbed power at a frequency 50-100 Hz. These oscilla- 
tions were clearly due to spontaneous vibrations of the do- 
main wall because of its interaction with the walls of the cell. 
Low frequency ( - 10 Hz)  oscillations of the absorbed pow- 
er were also observed in fields H, < H < H, at a pressure of 
0.6 bar. The nature of these oscillations was not clear. I t  
should be pointed out that several vibration modes could be 
exhibited by an HPD." Two modes of such vibrations, tor- 
sional vibrations of an HPD and surface waves on a domain 
wall, were revealed by pulsed  experiment^.'^,'^ A study of 
vibrations of an H P D  under cw NMR conditions will be an 
interesting task for the future. 

4. PROCESSES OF MAGNETIC RELAXATION OF A 
HOMOGENEOUSLY PRECESSING DOMAIN 

The power absorbed by an HPD from the rf field is 
equal to the power dissipated in the domain. We shall now 
consider qualitatively the behavior of the absorption signal 
as a function of the magnetic field. Relaxation of the Zeeman 
energy in an HPD is due to, firstly, diffusion relaxation of the 
domain wall. This mechanism of magnetic relaxation had 
been investigated theoretically7 and observed experimental- 
ly in the formation of an HPD under pulsed NMR condi- 
tions."econdly, we have the familiar relaxation mecha- 
nisms suggested by Leggett and Takagi.ls This relaxation 
mechanism appears in 3He-B when the precession frequency 
differs from the Larmor value and, finally, when a surface 
relaxation mechanism proposed in Ref. 16 can exist, because 
this mechanism results in dissipation of the Zeeman energy 
on the walls of a cell oriented at right-angles to a magnetic 
field. The absorption due to spin diffusion across a domain 
wall is independent of the domain size and is proportional to 
the domain wall area. This surface relaxation process in- 
creases linearly on increase of the domain length. In a field 
H, the domain fills the whole cell, the domain wall enters the 
channel containing the cell to the heat exchanger, and its 
area decreases strongly. The diffusion relaxation disappears 
practically completely, but the surface relaxation is not af- 
fected and the subsequent rise of the absorption is due to the 

Leggett-Takagi mechanism. The maximum value of the 
power which an HPD can absorb from an rf field is governed 
by the rf field amplitude in accordance with w = wM, HI. 
As the power dissipated in the HPD approaches this value, 
the domain is destroyed (field Hd ) . 

We shall describe the absorption signal quantitatively 
by writing down the energy dissipated in a domain and on its 
wa115.7. 1 5 l h .  

in 

In this equation the first term represents the magnetic relax- 
ation process on a domain wall because of spin diffusion, the 
second term corresponds to the Leggett-Takagi relaxation 
mechanism, whereas the third term represents the surface 
relaxation process; w,, is the precession frequency equal to 
the rf field frequency; D is the spin diffusion coefficient; c, is 
the velocity of spin waves; Vw = - yVH, r,, is the charac- 
teristic Leggett-Takagi relaxation time; z, is the length of 
the investigated domain, which isz, = (Ha - H)/VHin  the 
range Ha > H > Hb , and z, = L is the length of the cell when 
H < Hb ; a is a number representing the shape of the domain 
wall and is close to 1.1; S is the domain wall area (which 
changes when the wall travels from the cell to the capillary ); 
R is the radius of the cell; W, is a coefficient representing the 
surface relaxation rate. 

The dashed curve in Fig. 2a is the dependence obtained 
by approximating the experimental curve in accordance 
with Eq. ( 11 ) .  It should be pointed out that the term which 
is a cubic function of the H P D  dimensions (corresponding 
to the Leggett-Takagi relaxation) is determined mainly in 
the range of fields Hb-Hd and this can be done to a high 
degree of accuracy. The term independent of the domain size 
(and corresponding to the diffusion relaxation process) is 
found mainly from the size of the jumps in the fields Ha and 
H b ,  and again this can be done quite accurately. The depen- 
dences of these terms on the magnetic field gradient are in 
agreement with the diffusion and Leggett-Takagi relaxation 
mechanism. 

The relaxation mechanism proposed in Ref. 16 was 
checked by Anita de Waard who made an additional cell in 
which the side surface was increased threefold by eleven My- 
lar ribs. To  our surprise, we found that the term depending 
linearly on the domain size was independent of the dimen- 
sions of the lateral surface. On the other hand, a numerical 
calculation of the operation of the detector part of the 
spectrometer demonstrated that the absorption signal could 
include corrections because of a strong dispersion, which 
resulted in the appearance of a term quadratic in respect of 
the domain size. The fitting of the experimental data allow- 
ing for thes corrections had practically no effect on terms 
cubic and zeroth in respect of the domain size, but it did not 
allow us to distinguish clearly the linear term from the qua- 
dratic one. 

For a quantitative determination of the relaxation pro- 
cesses we calibrated the detector part of the spectrometer. 
The power dissipated in the domain was assumed to be (in 
the Gaussian system of units) 

W=U,U,c2/2aQoL, (12) 
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where U, and U,, are the amplitudes of the voltage represent- 
ing the rf absorption and pump signals; a is the spectrometer 
gain; L is the inductance ofthe detector coil; Qis the Q factor 
of the resonating circuit; c is the velocity of light in vacuum. 
We compared this expression with Eq. ( 1 1 ) and obtained, 
under the experimental conditions of Fig. 2, a value T,, 

= 2.3 x lo-' s and a coefficient Do/c;" = 1.84X lo-' 
( cm4/s) ' " representing the process of spin diffusion across 
the domain wall. The value of r,, was found by this method 
to a high degree of precision (set by the precision of the 
spectrometer calibration) and agreed with the results of ear- 
lier measurements. '' In the spin diffusion measurements it 
was necessary to calculate the coefficient u, which was a 
function of the domain wall shape. In the case of pulsed 
NMR it was found that u = 1.1 and for a continuous NMR 
the same coefficient could depend on the rf field amplitude. 

We were thus left with one other term in the absorption 
signal, which could be linear or quadratic in the domain size. 
Under the experimental conditions described above when 
the cell was filled completely, this term was responsible for 
loss of energy at the rate of -0.1 nW. In a cell with Mylar 
ribs it amounted to 0.12 nW. If we assume that the surface 
relaxation process was responsible for this distance in the 
dissipated energy, then in the case of W, we obtained a value 
of the order of 0.01 nW/cm2, which was close to the esti- 
mates given in Ref. 16 ( ~ 0 . 0 2  nW/cm2 under our experi- 
mental conditions). We assumed that the remainign signal 
( ~ 0 . 0 9  nW) was not due to absorption, but due to a shift of 
the resonance frequency of the circuit because of the large 
dispersion signal (represented by the term quadratic in re- 
spect of the domain size). 

We therefore concluded that our method was suitable 
for investigation of the Leggett-Takagi and diffusion mech- 
anisms. The surface relaxation mechanism proposed in Ref. 
16 would require a further improvement in this method. 

5. CONCLUSIONS 

We demonstrated that a homogeneously precessing do- 
main (HPD)  can be formed under cw NMR conditions and 
can be maintained indefinitely. This extends greatly the ca- 
pabilities of experimental studies of spin supercurrents and 
magnetic relaxation processes in 'He-B. In particular, we 
were able to observe the flow of a spin supercurrent in a 
narrow channel containing two independent HPDs, and also 
the associated phase-slip regime, lX  as well as a regime analo- 
gous to the Josephson effect in thin superconducting wires. '' 
Interesting results were also obtained on spatial rotation of 
an OPD. The vortices resulting from rotation gave rise to 
additional magnetic relaxation. In this way an OPD made it 
possible to investigate the properties of rotating H e .  

The authors are deeply grateful to I. A. Fomin for a 
fruitful cooperation and constant theoretical consultations, 
to A. de Waard, J. Hecchi, D. A. Sergatskii, and G. K. Tva- 
lashvili for their help in the preparatory stages and in some 
experiments. 

APPENDIX 1 

A clear picture of the processes of formation of a two- 
domain structure of precessing magnetization of 3He-B was 
obtained by numerical solution of the system of equations 
(6)  allowing for spin diffusion and for an rf field. The calcu- 
lations were carried out on a computer using the Herr meth- 

od. As pointed out in Sec. 1, the system of equations ( 6 )  
describes the behavior of the magnetization of "e-B in the 
range of angles of tilt of the magnetization from 0 to 104". An 
analytic transition across the point fi = 104" can be tackled 
by solving a system of equations with an additional variable 
@, which greatly complicates the numerical calculations. 
However, if we assume that the dipole-dipole interaction is 
much stronger than the other interactions and that the con- 
dition ( 8 )  corresponding to the minimum of the dipole-di- 
pole interaction is always satisfied, an additional gradient 
frequency shift is observed and it becomes infinite in the 
limit 8-cos- '(  - 1/4). 

A numerical analysis thus shows that formation of an 
HPD is possible because of compensation of the Larmor fre- 
quency gradient by a frequency shift gradient. Since in a 
numerical analysis we were interested in the behavior of the 
magnetization in the range 0 <fi < 104", we limited the solu- 
tion of the system (6 )  bearing in mind that it was quantita- 
tively wrong in the vicinity of 8- 104". However, in the 
qualitative sense this solution differs little from that expect- 
ed for real 3He-B, when the frequency shift is known to be of 
the dipole-dipole origin and appeared in the range B> 104". 
Figure 8 shows the change in the spatial distributions of the 
longitudinal magnetization (cos P )  as a function of time in 
the pulsed NMR ( a )  and in the presence of an rf field (b) ;  
these results were obtained by numerical solution of the sys- 
tem of equations (6) .  We allowed for the processes of mag- 
netic relaxation due to spin diffusion of the normal compo- 
nent of 'He-B by introducing on the right-hand side of the 
system ( 6 )  the following terms: 

In both cases the calculations were carried out for 
c l  = 800 cm/s assuming that the spin diffusion coefficient 
was D = 0.1 cm/s2 and that the field gradient was V H  = 0.2 
Oe/cm. The absence of a spin current was taken to be the 
boundary condition for the walls of a cell of length 2.5 mm. 
The behavior of the magnetization after an initial deflection 
by an angle 90" (cos B = 0 )  is shown in Fig. 8a. We can 
clearly see the transient process creating a two-domain 
structure. Moreover, the results demonstrate that oscilla- 
tions are associated with a change in the domain wall thick- 
ness. 

In numerical modeling of the processes occurring in the 
case of cw NMR we considered the formation of a two-do- 
main structure after application of an rf field of constant 
intensity (Fig. 8b). In this case it was assumed that initially 
the magnetization was not tilted from the equilibrium orien- 
tation. We assumed the application of an rf field of frequency 
equal to the Larmor frequency of spins in the region identi- 
fied by an arrow. The amplitude of the rf field was 5 X 10W3 
Oe. The results show clearly a transient process during 
which an equilibrium is established between the phase of the 
rf field and the phase of the magnetization precession, and 
the power absorbed by a domain from an rf field is equal to 
the dissipated power. 
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APPENDIX 2 

The presence of superfluid spin currents alters the be- 
havior of the magnetization of 3He-B in the presence of a 
weak rf field before formation of an H P D  domain. The influ- 
ence of such currents on the distribution of the precessing 
magnetization was studied by solving the system of equa- 
tions (6 )  and (6 ')  in the presence of an rf field of constant 
amplitude =. 10W3 Oe in a sample subjected to a gradient of a 
static magnetic field. By way of illustration, Fig. 9 shows the 
spatial distribution of a transverse magnetization compo- 

M,, rel. units 

position in chamber, cm 

FIG. 9. Distribution of the component M,. of the transverse magnetiza- 
tion of 'He-B in a chamber subjected to a magnetic field gradient and a 
weak rf field. The dashed curve represents the distribution of M ,  ob- 
tained allowing for the spin diffusion process and the continuous curve 
allows also for the superfluid spin current. 

FIG. 8. Time dependences of the spatial distribu- 
tion of the longitudinal magnetization (cosp)  
after an rf field pulse ( a )  and after switching on of a 
continuous rf field (b) .  

nent directed at  right-angles to the rf field M y .  This figure 
shows the distribution obtained both in the absence of a spin 
current (dashed curve) and in its presence (continuous 
curve). The solutions were obtained for VH = 0.2 Oe/cm, 
D = 0.075 cm/s2, and cii = 800 cm/s. It is clear from the 
dashed curve that the process of spin diffusion results in a 
transfer of the magnetization from the resonant region, 
which reduces the value of My at the center of the line and 
increases it symmetrically in the wings. If we bear in mind 
also the superfluid spin current, we find that the distribution 
of My becomes asymmetric. In the direction of a weaker 
magnetic field, it has the form of a damped wave. The spatial 
distribution of the other component of the transverse mag- 
netization ( M ,  ) in fields H < lw/yl is of the same form, but 
it is shifted in phase by 90". Therefore, a superfluid spin cur- 
rent results in a tilt of the magnetization well away from a 
resonance and the tilt is in the direction of a weaker magnetic 
field. This results in twisting of M ,  into the shape of a three- 
dimensional helix. 

This solution was obtained for an infinite cell. If the cell 
wall is located at a distance of the order of the magnetization 
transport length, the system of equations ( 6 )  must be solved 
subject to a suitable boundary condition. This gives rise to 
solutions of the form which, like the absorption of the rf 
energy, depends on what part of the solution corresponds to 
the wall. The change in the wall position gives rise to oscilla- 
tions of the NMR signal associated with modification of the 
solutions when the number of turns of the helix changes. 
Such oscillations were observed experimentally by scanning 
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the magnetic field. On the other hand, the same oscillations 
could be regarded as modes of standing spin waves. 
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