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Spin-polarization enhancement of dilute 3He- He solutions through porous media
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The flow of 'He quasiparticles in a dilute 'He- He solution through a porous medium is inves-

tigated theoretically on the basis of the percolation model. It is pointed out that the chemical po-

tential p of He quasiparticles is related to the percolation density p of the porous medium. This
allows us to control the flow rate for polarized 'He quasiparticles through the porous medium by

magnetic fields. It is suggested that highly spin-polarized 'He- He solutions are achieved by this

mechanism at millikelvin temperatures.

One of the important problems in the field of low-tem-
perature physics concerns the experimental achievement
of spin-polarized quantum systems such as the H f, D f, or
3He f phase, where completely new phenomena could be
expected due to the polarization of nuclear spins. Many
ideas to produce these systems have been proposed so
far. ' It is, however, difficult to reach the degenerate
Fermi-fluid regime in gases, since the condensation to the
liquid states generally sets in before the effects of quan-
tum degeneracy become important. The most promising
system studying the degenerate case is a dilute 3He f -4He
solution which provides unique insights about many
effects common to different types of degenerate Fermi sys-
tems, including transport properties. 5 It is sure that di-
lute solutions can be polarized almost perfectly by the ap-
plication of a large magnetic field. This brute force
method is, however, applicable to the case of very low con-
centration of He in HetI of 0.0196 because magnetic
fields at hand are limited below several ten Tesla. Mullin6
has suggested that degenerate 'He f systems are produced
by using a Nuclepore filter. The idea is based on the fact
that, in polarized gas, f and ) spins have different Fermi
velocities so that the dominant spin species diffuse down a
channel at a faster rate.

In this Rapid Communication, we propose a novel
mechanism utilizing a porous medium by which a highly
spin-polarized dilute 'He-4He solution with a high con-
centration of 3He can be achieved. The schematic dia-

ram of our system is given in Fig. I, in which a dilute
He- He solution is partially polarized in one chamber

and polarized 3He quasiparticles flow through the porous

3Het -~He He II

cell t cell 2
FIG. 1. Schematic diagram of our system. Cells 1 and 2 are

separated by a thin porous medium with thickness L, where the
cells 1 and 2 are filled initially with a partially polarized He-
He solution and He II, respectively.
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medium into a second chamber filled by He 11. The porous
medium is modeled as a percolating network consisting of
spherical pores (diameter a) and cylindrical channels
(length I and radius d with distribution) connecting
pores. ~ The zero-point energy of 3He quasiparticles con-
fined in a porous medium can be expressed as a function
of sizes of pores or channels. For instance, the zero-point
energy of He quasiparticles in a cylindrical channel with
the cross section trd becomes V,h=tr h /4m3d, where
m3 is the effective mass of 3He quasiparticles in a dilute
solution. It is crucial that the zero-point energies of 3He
quasiparticles in pores are lower than those in channels
due to the condition a ~ 2d. As a result, when 'He quasi-
particles diffuse in the porous medium, they feel the ran-
dom potential barrier V,h corresponding to the random
distribution of channel radii d's. Only 'He quasiparticles
with kinetic energy Et, (cr is the spin index) higher than
the barrier height V,h can diffuse into the adjacent pores
(the bond is opened up). This means that the percolation
density p for diffusive He quasiparticles is related to their
energy. We can neglect the tunneling effect of 3He quasi-
particles through narrow channels because of its very low
tunneling probability. Thus the bond-percolation density
p(Ek ) for He quasiparticles with the energy Ek is ex-
pressed as

P Ekty

p(Eka) -psi„F(Vch)dVch, (1)

where p„is the bond-percolation density for the original
porous network. The function F(V,h) is the density of the
distribution of potential barrier V,h, which we determine
from the inverted random void percolation model. In
this model, the distribution function is expressed by
F(V,h) 3V;,(1 —V;„/V,h)' /2V, h, where V;„is the
bottom energy of potential wells. We can derive from Eq.
(1) that the percolation density p(Ek ) is expressed by
p(Et, ) p„(1—V;„/Et,v)' '. It is important to note that

He quasiparticles with kinetic energy lower than some
critical energy E„de fiednby p(E, ) p„cannot diffuse in
the porous medium. Here p, is the critical percolation
density. '

The diffusion constant of He quasiparticles with the
energy Ek is given in the following general form: "
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where t and P are the exponents for the conductivity and

for the order parameter (the probability belong to the
infinite cluster) of the percolating network, respectively. '

The channel length is given by I. The averaged hopping
time of diffusive particle with Ek is given by I/r(Ek )

E /1/2 13

The diffusion constant for polarized He quasiparticles
in a dilute He- He solution ~ith the chemical potential p
under a magnetic field 8 is defined by J —D,(p,
B,T)Vtt„where J and rt are the flow density and the
number density of He quasiparticles with the spin o, re-

spectively. The diffusion constant D (p, B,T) is obtained

by averaging the diffusion constant D(Ek ) for a diffusive

He quasiparticle with Ek as, by using the number densi-

ty n(Ek ) of He quasiparticles,

j.;D«k.)a«~.)«».
D (p, B,T) (3)

s,«t, dEk

where the number density n(Ek ) is given by the product
of the density of states (DOS) for He quasiparticles and

the Fermi distribution function expressed by f(Ek )
I/jexp[ —(Ek —yBrr —p)/ktt T1+ ll. Here y is He

nuclear magnetic moment (0.778 mK/T) and o + l.
The density of states p(Ek ) for polarized He quasiparti-
cles has a continuous spectrum for Ek &E, and a
discrete one for Ek (E,. This is due to the fact that 3He

quasiparticles for Et, &E, are localized in the porous
medium. The DOS per unit volume for the continuous
spectrum for Et,~ & E, is given by

m*"'
p«k. )- iEk. . (4)

2tr 5
Using Eqs. (2)-(4), we find that the diffusion constant

for zero magnetic field shows the universal critical behav-
ior in the vicinity of p E, as a function of the chemical
potential p as D-(p —E,)' ~. Under a magnetic field

8, the diffusion constant for He quasiparticles behaves as
D —(p+yBrr —E,) ~. This indicates that the mobility

edge E for He quasiparticles is different for t and f
spins under a magnetic field, where the mobility edge is

defined as the minimum energy at which 'He quasiparti-
cles can flow, i.e., E E, —yBcr. Hereafter, He quasi-
particles with parallel spin to the magnetic field and with

anti-parallel spin are denoted by sHet and He], respec-
tively. In the case of p E„wesee that 3He t quasiparti-
cles diffuse dominantly according to the power law on the
magnetic field 8 as
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FIG. 2. Schematic illustrations of the density of states

(DOS) under various magnetic fields. The DOS's are shown as
a function of the kinetic energy Ezo of He quasiparticles with

spin o in a dilute 'He-4He solution with chemical potential
tt (a) under zero magnetic field and (b), (c) magnetic field 8.
The magnetic field for (c) is higher than that of the case (b).
The shaded regions indicate that 'He quasiparticles can diffuse
into porous media, i.e., Ek &E,. Figures (b) and (c) corre-
spond to the case I [n~i(0) &n~i(0) &n, l and the case II
[n ~ t(0) & n, & n ~ ~(0)], respectively.
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constant shows the power-law dependence of Eq. (5) in
the region 8 & 10 T.

Let us consider the situation in which 'He quasiparti-
cles in a dilute He- He solution in one cell can flow
through a porous medium into the second cell filled by
superfluid He. As argued above, the magnitude of the
diffusion constant becomes different among t and ) spins
because these particles have different kinetic energies un-
der high magnetic fields, i.e., the dominant spin species

Dt —8' (5)
——T= 1rnK

but He) quasiparticles do not diffuse through the porous
medium (see Fig. 2).

By taking the suitable values for our percolating sys-
tem, the pore diameter a 50 A, the channel length I 50
A, and the percolation density of the porous mediump„0.5, the mobility edge at zero magnetic field is calcu-
lated as E, 70 mK. Using these values and the known
values of the exponents t and P for the d 3 percolating
network, the diffusion constants for t spins at p-E, are
computed in Fig. 3 from Eq. (3) as a function of magnetic
field 8 at various temperatures. We find that the diffusion
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FIG. 3. The diffusion constants Dt of 'He quasiparticles in

dilute He- He solution with p E, are calculated as a function
of magnetic fields from Eq. (3) for various temperatures. We
have used the following values of the parameter: the pore diam-
eter a 50 A, the channel length I 50 A, and the percolation
density of the porous medium p, & 0.5, respectively. The criti-
cal energy is obtained as F., 70 mK and the known exponents
for percolating nets, P 0.4 and t 2.0, are used.
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diffuses faster. This implies that the spin polarization in

the second cell will be enhanced. In the next paragraph
we will discuss the time development of the spin polariza-
tion in each cell.

Consider the case that two cells of each volume V~ and
V2 are separated by a thin porous medium with the thick-
ness L (z 0 and z L). The current density of He
quasiparticles with spin cr is written by

PlaJ —D
Z

(6)

where the diffusion constant D is defined by Eq. (3), and
n is the number density of He quasiparticles with spin cx

in the porous medium. The time derivative of the density
n~ in cell 1 is proportional to the current density J as

J.(0),
dt Vi

(7a)

where A is the effective cross section of the porous medi-
um at z 0. The identical equation holds for the density
n2 in the other cell,

t'n2
( —1)'+' D dn (i =1,2).

dt L, V 4 'Iia (9)

We have iteratively computed these equations at T 2
mK for the following initial conditions (see also the
caption of Fig. 4): the case I in which n~1(t 0)
&n~1(t 0) &n„nad the case II in which n~1(t 0)
& n, & n ~1(t -0). Here the critical density n„wher 3Hee

quasiparticles in the cell cannot diffuse into the porous
medium, is given by'

(2m' E, )"'
n,

6m A.
(10)

The density in cell 2 is zero for both types. The time
dependence of the polarization in the cell i is defined by

n;t(t) n; i(t)—M~t-
n;t(t)+n;)(t)

Let us consider, at first, the case I. Since the relevant
velocities of He quasiparticles are different for t and J
spin, Het quasiparticles diffuse faster into cell 2. As a

J.(L). (7b)
dt V2

The current density of 'He quasiparticles in the porous
medium can be determined by Eq. (6) and the continuity
condition for the density of the form Bn /Bt |IJ /Bz. It
is obvious that, as long as the total void space in the
porous medium is much smaller than that of each cell, the
density reaches the steady state faster (8n /8t 0) in the
porous medium. Thus the current density is obtained by
integrating Eq. (6) with respect to z from 0 to L,

l +82J —— D dnCT

L J + 0'

where n~ and n2 indicate the boundary conditions for n

at z 0 and z L, respectively. The time derivative of the
density for He quasiparticles with spin o in the cell i is
obtained from Eqs. (7) and (8),
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next step, Hej quasiparticles flow into cell 2. The time
development of the polarization ratio in cell 2 is calculated
in Fig. 4, as well as the time dependence of 'He concen-
tration. The mechanism of polarization enhancement of
this type is analogous to that suggested by Mullin. 6 The
case II is unique where Het quasiparticles flow dom-
inantly into cell 2. This is because 3He J quasiparticles do
not diffuse through the porous medium. As a result, the
polarization in cell 2 becomes almost unity and in cell 1

decreases from the initial one. One sees from the calculat-
ed curves for the case II in Fig. 4 that the concentration of
He quasiparticles in cell 2 increases monotonically as a

function of time. This implies that an almost complete
spin-polarized Het system with a high concentration of
He quasiparticles can be produced. It should be em-

phasized that the mechanism of spin-polarization
enhancement of the type II is unique compared with that
of the type I because we utilize the fact that the mobility
edge exists for the system. It should be noted that the
spin-relaxation time due to the interaction with a wall
coated by He is much larger than the diA'usion time
rD —L /D (L is the size of sample) of polarized He
quasiparticles through the porous medium (for the case of
thickness I atm, zD is of the order of I s). '

In summary, we have studied the mechanism of spin-
polarization enhancement for He quasiparticles in dilute

FIG. 4. The time development of the polarization ratio M2(t)
(solid lines) and 'He concentration (dashed lines) in cell 2 for
two cases. These two I and II are realized for the cases that
0.59% 3He-4He solution (EF 80 mK) in cell I is polarized un-
der magnetic fields 8 2 and 12 T at T 2 mK; i.e., the initial
conditions are taken as n, -5.15X10'9/cm3, n~1(t 0)

6.40X10 "/cm', n~~(0) 6.00x10'9/cm' for I, and n~t(0)
7.29x10 "/cm', n ~(0) 5. 11&& IO'%m' for II, respectively.

These conditions produce the initial polarization ratio
Mi(0) 0.03 and 0.18, respectively. We have used the follow-
ing values of parameters: the volume of cells 1 and 2 are
VI 4V2 4 cm', the thickness of the porous medium L 1 pm,
the eAective area A 1 cm, and other parameters the same as
those in Fig. 3.
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'He- He solutions through a porous medium. It is crucial
that the mobility edge for He quasiparticles is different
for f and j spins under high magnetic fields. Using this
magnetic technique, it is possible to produce the degen-
erate Fermi system with a very high polarization ratio. In
particular, an almost completely polarized system with a
high concentration of He quasiparticles can be achieved

for the case that the number density of one spin species (f
or f) under magnetic fields is smaller than the critical
density n,
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