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MAGNETIC SUPERCURRENT IN 3 ~ e - ~  

A. S. Borovik-Romanov 

Institute for Physical Problems, Kosygin St. 2, 117334 Moscow, U.S.S.R. 

Abstract. - Magnetic supercurrents were observed in superfluid 3 ~ e - ~ .  These supercurrents transport the longitudinal 
magnetization from one experimenta1 cell to  another through a narrow channel. In both cells NMR was induced by separate 
signal generators at the same frequency. The supercurrent arises if a phase difference of the magnetization precession in 
both cells is established. 

1. Introduction 

The superfluid and superconducting states are de- 
scribed by a complex order parameter function -Q = 
Q (T) exp (i4) . The energy of such systems does not 
depend on the value of the phase 4. But the state must 
be coherent - any gradient of 95 leads to a supercurrent 
(mass current or charge current) 

Cooper pairs in superfluid 3 ~ e  have spin equal to 1 
and can transport magnetization. This means that 
magnetic (spin) supercurrents can exist in superfluid 
He [I-41. The relation for the magnetic supercurrent 
was given by Leggett in the following general form [I]: 

Here pij,p is magnetic superfluid density tensor and 
Rjp are gradients of phases of the order parameter. 
Usually the order parameter in 3 ~ e - ~  is introduced 
as a rotation matrix R (n, 8) which for every Cooper 
pair with wave vectors k and - k defines a unit vector 
d. The projection of the spin of the pair with particu- 
lar k on d is zero. Therefore the spin system in 3 ~ e - ~  
is an ordered system. The value of 8 and the direction 
of vector n are not defined as long as one does not 
take into account the dipole-dipole and the magnetic 
energies. The minimum of dipole-dipole interaction is 
obtained for t9 = arccos (-1/4) = 104'. In an applied 
magnetic field B, the magnetization M = XB and vec- 
tor n line up parallel to  B. From Leggett's equations it 
follows [4, 11 that, if NMR is induced in 3 ~ e - ~ ,  both 
vectors n and M are precessing as shown in figure 1. 
Fomin has analysed [5, 61 the possibility to observe the 
magnetic supercurrent of the longitudinal magnetiza- 
tion M, on the background of the NMR precession. 
There is no full analogy of magnetic and electrical su- 
percurrents because the components of the magneti- 
zation vector are not conserved. But the main idea 
of magnetic supercurrent is the transport of a com- 
ponent of magnetization caused by a ~ h a s e  madient 

Fig. 1. - The precession of the vectors of the order param- 
eter - n and the magnetization M. The phase angles are a 
and p. 

of the order parameter function. The results of spe- 
cific NMR experiments performed in the Institute for 
Physical Problems by Bunkov, Dmitriev, Mukharskii 
and the author will be described in this review article. 
In these experiments, magnetic supercurrents were ob- 
served and investigated [8, 91. 

As introduced by Fomin, we shall describe the 
dynamics of the order parameter using only vari- 
ables that are essential when considering mag- 
netic supercurrents in the condition of NMR: 
Mz (- IMI 5 Mz 5 IMI ; IMI = const.), a, P (see 
Fig. 1). The frequency of NMR in 3 ~ e - ~  has a pe- 
culiar dependence on the tilting angle P. Brinkman 
and Smith [lo] have shown that as long as 0 < 104' 
the frequency w coincides with usual Larmor frequency 
WL = YB. This essential peculiarity is due to the fact 
that according to the theoretical calculation the min- 
imum of the dipole-dipole energy does not depend on 
p as long as 5 arccos (-1/4) . This energy increases 
when becomes lareer. Cnrresnnndin~lv tho NMR 
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frequency [lo] also increases: 

if@ > 104' w = w~ - ( 4 ~ ;  / 1 5 ~ ~ )  (1 + 4 cos P) . 
(3) 

Here RB - 100 kHz is the frequency of the longitudinal 
resonance in 3 ~ e - ~ .  

It is evident that the energy of the system does not 
depend on the value of a. It does not depend either 
on the value of p as long as P < 104'. Gradients of 
these angles must cause a magnetic (spin) supercur- 
rent. Fomin has shown [6] that, if the gradients are 
directed parallel to the applied magnetic field, a super- 
current of the longitudinal magnetization M, arises, 
which is parallel to the *axis: JLZ = A Va + B VP if 

cos p > -1/4 and JLZ = C Va if cos P < -1/4. Such 
supercurrents were observed in our pulsed NMR ex- 
periments [8]. We shall not discuss them in this short 
review. 

If V a  and Vp are directed perpendicular to the mag- 
netic field, then for ,f3 > 104O 171: 

JA, = - (x/y) [(I - cos P ) ~  ci + (1 - cos2p) c:] Va 
(4) 

here ell and c l  are spin wave velocities. In this pa- 
per we shall consider the perpendicular magnetic su- 
percurrent which propagates through a long channel 
connecting two experimental cells (see Fig. 3). This 
channel had to be long ( I  >> () and narrow (d << () , 
where 

is an analogue of the correlation length in Ginzburg- 
Landau theory [ll]. The applied magnetic field in the 
channel must be such that Bch < wr / y, where w, is 
the NMR frequency. 

If the gradient is too large the frequency shift a 
( ~ a ) ~  becomes larger than (w, - yBch). Then the su- 
percurrent is destroyed. Fomin [7] has obtained the 
following relation for the critical value of the gradient 

This formula shows that perpendicular magnetic su- 
percurrent can exist only if w, > yBch, which means 
that the tilting angle of the precessing magnetization 
must be large enough (0 > 104'). But the NMR re- 
laxation rises strongly in 3 ~ e - ~  if ,B becomes much 
larger than 104'. According to Leggett and Takagi I121 
there is no NMR relaxation as long as P < 104' and 
the precession frequency of the superfluid and normal 
components coincide. At ,6 > 104' the relaxation due 
to  the difference of these frequencies rises proportion- 
ally to (w, - ~ , h ) ~  (where w,h = 7Bch). 

Thus the first step of our program was to develop 
a method of exciting NMR precession with a tilting 
ande B fixed in a narrow range above 104'. 

2. Homogeneously precessing domain (HPD) 

We solved the problem of fine control of the value 
of (w, - yBch) by exciting the NMR in the pres- 
ence of an external magnetic field gradient. Exper- 
iments with one experimental cell will be described 
to demonstrate this. The experimental cylindrical cell 
(H = 0.8 cm, D = 0.4 cm) is placed in an external field 
(B = 140 Oe) with the axis parallel to the field. The 
gradient (VB x 0.1 - 1 Oe/cm) is parallel to the field 
so that the field is larger in the lower part of the cell. 
The NMR spectrometer RF coil surrounds the cell (see 
Fig. 2). The RF magnetic field is homogeneous in the 
whole volume of the cell. 

Fig. 2. - cw NMR absorption signal W in 3 ~ e - ~  at 
T = 1.6 mK, P = 20 bar, bd = 2.7 x Oe, VB = 
0.54 Oe/cm. Closed circles - Fomin's theory. 

At a given RF frequency w, the static magnetic field 
is swept from a value B > w, / y in the whole volume 
of the cell. As soon as the value of the magnetic field 
at the top of the cell becomes equal to wr / y, NMR 
is induced in a thin upper layer of the cell. If the 
RF magnetic field is large enough (b,f = lo-' 0e)  the 
tilting angle of the magnetization precession P rises up 
to 104'. That is because no bulk absorption exists as 
long as 0' < P 5 104'. A domain is created in the 
upper part of the cell when the magnetic field is swept 
further to lower values. In this domain the magneti- 
zation precess spatially uniform with the frequency w, 
and the tilting arigle ,6 2 104'. We call this a homo- 
geneous precession domain, HPD. HPD exists in that 
part of the cell where the magnetic field is smaller then 
w, / y. The frequency difference (w, - yB,) is compen- 
sated at each level z by a term 6P ( z )  added to 104' (see 
Eq. (3)). Usually 6p (z) 5 2' at the top of HPD and 
falls to zero at the bottom of it. This distribution of P 
is created and controlled by vertical magnetic super- 
currents JL= (see [6, 81). At the bottom of HPD lies 
the domain wall (about 0.1 mm thick). Inside the do- 
main wall ,B smoothly changes from 104' to 0'. There 
is no supercurrent through the domain wall because 
the gradient of /3 is compensated by the gradient of 
the precession phase angle a. The position of the wall 
is determined by the condition Bo = w, / y , where Bo 
is the value of the magnetic field in the middle of the 
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wall. Below the wall the magnetic field is too large and 
there is no NMR procession. This model of HPD was 
proposed by Fomin [6] and proved in our pulse NMR 
experiments [8]. 

The results of cw NMR experiments which demon- 
strate the existence of HPD in this case are shown in 
figure 2. It shows the NMR absorption signal when the 
magnetic field B (let it be the field at the top of the 
cell for certain) is swept down and up. When sweeping 
down to point B, = w, / y, the HPD is created. That 
corresponds to  the rise of absorption which is caused 
mostly by losses on spin diffusion through the domain 
wall. Therefore the absorption does not change when 
the domain wall moves down due to the decrease of the 
magnetic field. At point Bb the magnetic field at the 
bottom of the cell is equal to w, / y. That means that 
HPD fills the whole cell, the domain wall disappears 
and the absorption falls down. On decreasing the field 
the absorption signal rises due to the Leggett-Takagi 
mechanism [12] of relaxation because the values of 6P 
in HPD continue to rise. At point Bd, the RF power 
is not large enough anymore to cover the relaxation 
losses, the HPD is destroyed and the NMR absorption 
disappears. We can not explain the jumps in absorp- 
tion a t  points B, and B,, yet. When the magnetic 
field is swept up, no HPD can be created, as the spin 
currents destroy the NMR precession with large P in 
the lower part of the cell and only close B, a small 
NMR signal can be observed. Quantitatively similar 
results have been observed first in [13, 141; but they 
are hard to analyze because in those experiments the 
gradient of the magnetic field was not measured and 
controlled. 

3. The observation of magnetic supercurrent I 
The main idea of the experiment is to use two HPD's 

in two cells as "bulk electrodes" which are connected 
by a channel. A magnetic supercurrent must flow 
through the channel if a phase difference of the magne- 
tization precession between the HPD's is established. 
Figure 3 shows the experimental set. It consists of two 
cylindrical cells (5, 6) (D = 4.5 mm, L = 5.5 mm), con- 
nected by a long (1 = 5.5 mm) narrow (d = 0.6 mm) 

channel (7). Two pairs of RF coils (1, 2) are wound 
around both cylinders. These coils are used to ex- 
cite and maintain in both cylinders HPD's and also 
to measure the NMR absorption and dispersion in the 
HPD's. Each coil is connected to a separate Rl? gen- 
erator. Two miniature coils (3, 4) are wound around 
the channel. These pick up the signal induced by per- 
pendicular components of the magnetization process- 
ing inside the channel. All the coils are screened by 
copper shields. The external magnetic field is directed 
verticaly perpendicular to the axes of the channel and 
the cylinders. The values of the field and its gradient 
can be changed. Liquid 3 ~ e  is cooled with a nuclear 
demagnetization cryostat. Most experiments were car- 
ried out in a magnetic field of 142 Oe (w, = 250 kHz), 
under pressures 0, 11, 20 and 29.3 bar and at temper- 
atures down 0.3 millikelvin. 

The experiment proceeds as follows. Two HPD's 
filling both cells are created with equal precession fre- 
quency w,. The difference of the precession phases be- 
tween them A a  = a2 - a1 = 0. Then, the frequency of 
one of the RF generators is changed by Sw = 0.1 Hz. 
This causes A a  to grow (Aa = 6w.t). A phase dif- 
ference between two HPD's means a phase gradient 
along the channel which is measured with pick up coils 
i = 3, 4. The difference between the phase of Rl? sig- 
nals Aai  = cui - a1 is measured with help of lock-in 
amplifier. Figure 4a and 4b shows what occurs when 
ha starts to rise. From figure 4a (curve AB) one can 

Fig. 4. - The change in NMR absorption A w l  in the cell 5 
(a) and the precession phase difference in the channel (Aori) 
(b) versus phase difference of precession in both HPD's - 

Fig. 3. - Experimental setup for observation of magnetic Aa .  Dotted line represents a theoretical calculation with 
supercurrent. See text for description. corrections on spin diffusion losses. 
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see that the RF absorption in the cell 5 rises (at the 
same time it diminishes in cell 6). On reaching a crit- 
ical phase difference Aa, the absorption jumps to a 
smaller value, reaches the critical value again etc. It 
begins to oscillate with a period 2an in Acr (all periods 
from 2a to 16a have been observed). If at a certain 
time (an arrow in Fig. 4a) we make the frequencies 
equal again the absorption does not change any more 
- it stays at the point D. Upon changing the sign of 
the frequency difference 6w, the absorption goes down, 
reaches ihe initial value and continues to decrease un- 
til it reaches the critical value in opposite direction 
(at Acr,). If we change the sign of 6w at point D' we 
observe a hysteretical behaviour (dashed line). The 
behaviour of the phase of precession of magnetization 
inside the channel is very similar (see Fig. 4b). 

In accordance with the theoretical considerations we 
interpret our experimental results in the following way. 
If a phase difference of precession in the HPD's is es- 
tablished the phase gradient Va  is created inside the 
channel. This is schematically shown in figure 5. That 

As soon as the value of Va  reaches its critical value 
(6), the supercurrent is destroyed in the region of the 
maximum of the phase gradient. As a result of the 
break between the two HPD's, the phase gradient di- 
minishes in such a way that the phase difference be- 
tween two HPD's falls by a value multiple of 2a. This 
effect of a phase slippage is analogous to those ob- 
served in thin superconducting wires [15] and mass 
superflow through a small hole (161. Fomin's theory 
predicts (see relation (6)) that the critical gradient 
(Vcr), N J-. Figure 6 shows the comparison 
of our experiments with the theory. There is a qual- 
itative agreement. If we take into account the spin 
diffusion we get a very good agreement. 

Fig. 6. - Critical phase difference Aa, versus frequency 
Fig. 5. - The illustration of the phase gradient of precession shift in the (w, - 'YBch) . = 29.3 = 
(arrows shows M I )  in the channel when Aa = 3n. 1.4 mK. Dashed line represents the Fomin's theory. Solid 

line represents theory with correction on spin diffusion 
losses. 

follows from the curves shown in figure 4b. This gra- 
dient leads to the magnetic supercurrel~t, which trans- 
ports the longitudinal magnetization M, from the cell 
6 to the cell 5 (see Fig. 3). The rise of the magneti- 
zation in cell 5 means a diminishing of the angle P. 
To maintain the resonance condition, the HPD in this 
cell begin to absorb more RF power (compare with 
the curve AB in Fig. 4a). The magnetic supercurrent 
J~ ,which  transports the magnetization M, from the 
cell 6 would increase ,f3 in the HPD. To prevent this 
the NMR absorption must fall down in this cell (curve 
AB'). In other words, the magnetic supercurrent trans- 
ports some magnetic energy JE = -JM, B from the 
cell 5 to  the cell 6. To compensate this energy flow, 
the RF absorption rises in one cell - SW$ and falls 
in the other one - 6WF. If the magneti~ation trans- 
ported by the supercurrent was conserved, we would 
have 6wF = -6WF. However, there are some relax- 
ation processes caused by phase gradient in the chan- 
nel. These lead to a growth of M, : M, cc D ( ~ a ) '  . 
This effect is negligible at small gradients as it can be 

4. Conclusions 

Our experiments has demonstrated the existence of 
the magnetic supercurrent in 3 ~ e - ~  and a qualita- 
tive agreement with theory in spite of rather large 
channel diameter. On the other hand, decreasing the 
channel length should bring us from the hysteretic 
regime with phase slippage to  the Josephson-effect-like 
regime. This experiment has been successfully carried 
out by our group and is discussed in detail in a separate 
report at this Conference [17]. 
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