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The phase transition-like phenomenon recently observed in solid 3He in high magnetic fields may be related to the change
in the spin relaxation mechanisms of liquid 3He in the region of the A superfluid transition.

Schuberth, Bakalyar and Adams (SBA) [1] have
recently reported evidence for a phase transition on
the 3He melting curve near the A;—A, superfluid tran-
sitions in high magnetic fields. The phenomenon was
manifested as a backstep in the chart traces of pressure
versus time. There were, however, several odd charac-
teristics. For example, although the feature has only
been seen in high magnetic fields (~20 kG), it occurs
at the same temperature for different fields. In addi-

tion, it was not observed when the sample was warmed.

Latent heat measurements indicated that there was a
significant drop in the entropy (~0.1Rln 2). It should
be kept in mind that the magnetic properties of liquid
3He change dramatically as the temperature decreases
below the A superfluid transition temperature 7.
Corruccini and Osheroff [2] have found that the longi-
tudinal spin relaxation time T'; drops by three orders
of magnitude below T,. Anderson [3] and Vuorio [4]
have suggested that this drop can be explained by mag-
netic supercurrents of spin-up and spin-down super-
fluids. We propose the following explanation of the
phenomenon seen by SBA. Above the superfluid tran-
sition, the solid that is formed by compression may
not have equilibrium magnetization because spin re-
laxation and spin diffusion processes are too slow to
provide the necessary magnetization to the normal
liquid from which the solid is formed. This magneti-
zation deficit increases with the rate of compression.
Below T, however, the drop in T and the onset of

1 Also at Bell Laboratories, Murray Hill, NJ 07974.
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supercurrents may imply that magnetization can be
supplied rapidly enough to allow solid to form with
equilibrium polarization. Using the following expres-
sion for the entropy of the solid [5]:

AS=S(T,H)—S(T,0)__1( uH )2
Nk Nk T 2\KT-9)]

where 0 is the Néel temperature, we estimate AS/Nk
~0.1 In 2 in agreement with latent heat measurements.
This is a larger drop in entropy than that associated
with the pressure versus time chart traces because of
solid formation is much faster in the latent heat mea-
surements.

We can also compare the rate of change of the mag-
netization of the solid and the liquid above and below
T.. The change in T at the superfluid transition indi-
cates that the spin relaxation mechanism has changed.
A more specific model involves the onset of supercur-
rents which are much more effective in transporting
magnetization than is spin diffusion. We now present
two calculations—one with T and one with spin dif-
fusion and supercurrents causing the change in the mag-
netization deficit.

In order to form solid with equilibrium magnetiza-
tion, the rate at which the magnetization must be sup-
plied to the solid can be expressed as

M= (AM]d8)gop9 ~ (dv5/dDXH

where dy/dt is the volume of solid that is formed per
second and x is the susceptibility of the solid which
is given by the Curie—Weiss law. Since approximately
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0.5% of the liquid is converted into solid per millide-
gree of compressional cooling [6], dy /d¢ is about 2.2
X 10—4 cm3/s for the fastest rate of compression in the
experiment of SBA (d7/d¢ = — 12 uK/s near T).

The rate MQ at which spins can be supplied to the
solid from the normal liquid can be estimated by the
expression

My = dM/dt <x HV,|T; ,

MQ decreases as the polarization of the liquid increases.
V, is the volume of the liquid present and the liquid
susceptibility x, can be obtained from the formula for
the Pauli paramagnetism with T ~ 180 mK. T is
directly proportional to the magnitude of the mag-
netic field H [7]. If we assume that 7'y is a measure of
spin relaxation processes that occur at the walls of the
sample chamber, then it is inversely proportional to
the ratio of the surface area of the chamber walls to
the volume of the 3He sample. By properly scaling the
Ty measurements of Corruccini and Osheroff [2] above
T, we find that the ratio of M to M, is

MM, ~2.2X 10~2 HkG)/Z

where Z is the fraction of the total surface area of the
walls that was not covered by solid 3He. This ratio is
approximately 0.62 when H =28 kG and Z = 1. Our
estimate for Jl"l,Z assumed that all the spins are relaxing
at a rate characterized by 7. Even with such optimum
conditions, M >M ¢ and the solid cannot form with
equilibrium magnetlzatlon in high magnetic fields. For
low fields solid with equilibrium polarization is formed
both above and below T, and there is no change in the
entropy. The order of magnitude of our above estimate
for H = 28 kG is consistent with the fact that the effect
is seen around H = 20 kG. Below T, T’y decreases by
three orders of magnitude. This implies that

MM, ~ 22 X 10~6 H(kG)/Z.

Thus the liquid supplies the solid with a sufficient
amount of magnetization below T.

If we assume that the magnetization in the normal
liquid is transported by spin diffusion processes, then
the rate at which magnetization is supplied to the solid
can be written as follows:

My=dMdt= [jq - dA ~ Do (xoH/d)A ,

where j, is the current density associated with spin dif-
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fusion, A is the cross-sectional area through which the
spins diffuse, and d is the length through which the
spins diffuse. Taking the Leggett—Rice effect [8—10]
into account and using the measurements of Corruccini
et al. [11], we find that

Dgge ~ 1.7 X 1072/(1 + H2) cm?/s
and
Ms/My~0.40 (1 +H2) d/4 , 1)

with H in kG, d in cm, and A in cm?2. If we assume that
the spins diffuse down the cell between two concentric
tubes, then A is the area of the ring and is approxi-
mately 1.3 cm2. For H =28 kG, M, > M4 ifd >4
X 103 cm. We see from eq. (1) that for low fields the
solid is formed with equilibrium magnetization above
T since in this case M <Md This is consistent with
the absence of the phenomenon in low fields.

Below T, the transport of magnetization is domi-
nated by supercurrents j, which can be written as
Jsc = (ps/p) mpv,, where py/p is the ratio of the super-
fluid density to the total liquid density, v, is the criti-
cal velocity of the supercurrents, p is the number of
atoms per unit volume, and u is the magnetic moment
of a 3He atom. Assuming v, = 0.05 cm/s, we find that

jsc = 13 pg/perg/cm? kG s ,
with d=0.1 cm,

where H is measured in kG. For H = 28 kG, /. /jg =
2X 104 p¢/p which implies that solid is formed below
T, with equilibrium polarization.

The fact that the phenomenon was absent when the
system was warmed is not inconsistent with our model
since spin transport might be very fast in the highly po-
larized liquid formed by the melting solid. The depres-
sion of the melting curve with increasing magnetic
field [6] implies that the melting pressure decreases
with increasing solid polarization. Thus the step in the
chart trace may be due to a sudden transition to the
lower melting curve associated with the equilibrium
magnetization of the forming solid. In agreement with
experiment, our model predicts that larger backsteps
should be found in the chart traces for higher com-
pression rates because these have larger values of M
and thus larger magnetization deficits. The abruptness
of the drops may be related to the dependence of the
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spin relaxation mechanisms on the magnetization gra-
dient as we infer from the work of Webb [12]. He
found that at a certain critical tipping angle the spin re-
laxation process changes dramatically from exponential
to nonexponential behavior. Adams [13] has suggested
that the dependence of the position of the step on the
cooling rate may indicate supercooling in the sense that
solid with equilibrium magnetization cannot form direct-
ly on top of solid lacking such polarization.

In this paper we have proposed that the observations
of SBA may be related to a change in the polarization
of the forming solid which is due to a change in the
spin relaxation mechanisms as the temperature decreas-
es below T'.

After preparing this manuscript, it came to our atten-
tion that Delrieu [14] has proposed a similar idea in
which the rate of solid growth is limited by the spin re-
laxation rate in the liquid. According to his model, the
abrupt drop in T'; below T, results in an increase in
the rate of growth of the solid and an apparent de-
crease in the entropy. '
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