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Spin-Density Relaxation in Super8uid 3He-A t
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We report measurements on the spin-density relaxation in the superAuid He-A& phase as a function
of temperature, pressure (3-28 bars), and magnetic field (0.75-14 kOe). The temperature dependence
of the relaxation time shows an unexpected discontinuity near the middle of the phase and very close to
T, (the zero-field transition temperature). The relaxation time changes only by about 30% over the
pressure range measured. In the higher-temperature side of the phase the relaxation time is proportional
to the applied field.

PACS numbers: 67.50.Fi

In the superfluid phases of Fermi liquid He, both
mass and spin supercurrents can be induced. ' In the A
and 8 phases, the two types of supercurrents can exist in-

dependently. The mass superfluidity leads to phenomena
such as persistent currents and fourth sound propagation.
The spin superfluidity effects have been probed mainly
by NMR. Early NMR experiments uncovered puz-
zling magnetization relaxation effects in both A and 8
phases. Recently, both experimental ' and theoretical
work were carried out to show that the puzzling effects
arose from the spin supercurrents leading to instability in

spin precession in A phase and to formation of magneti-
zation domains in 8 phase. In the 4 l phase, the two su-
percurrents are no longer independent of each other. A
mass supercurrent is simultaneously a spin super-
current. This implies that the spin current effects such
as the spin-temperature wave propagation may be mea-
sured' by a mechanical detector. The A ~ phase spin dy-
namics has not been measured extensively owing to the
technical difficulty in creating the phase in substantial
temperature widths in large magnetic fields. We report
on new spin-relaxation phenomenon in the Ai phase
measured by a novel mechanical method.

Consider a small chamber (a differential pressure sen-
sor) whose one wall is a llexible diaphragm and another
is a stack of parallel superleak channels which connect
the interior of the chamber to a large liquid reservoir.
The chamber is immersed in A~ phase liquid produced
by a static magnetic field applied along the channels (i
direction). A gradient in magnetic field can be applied
to produce superAow along the same direction. The
superAuid component velocity v, in the superleak is de-
scribed by an equation of motion given by

Bv, /r)t = —(8rrrr/pBL)z —(6/2mL)B'av,

where z, o., and 8 are the displacement, the tension, and
the area of the diaphragm, respectively, p is the total
liquid mass density, L, is the length of the superleak, andI the mass of He atom. The difference in angular ve-
locity across the superleak is given by Bcv=y(ASS/g
—SH), where y is the absolute value of gyromagnetic

ratio, g is the magnetic susceptibility, 6S is the spin-
density difference, and BH is the magnetic field differ-
ence across the superleak. The first term of the right-
hand side of Eq. (1) is the hydrodynamic pressure gra-
dient across the superleak. '' The thermal drive is small
and neglected. We neglect here any eff'ects of magnetic
field transverse to the superfluid Aow direction. Spatial
variations of the orbital anisotropy vector and the spin
quantization vector both couple to the superAuid velocity
only in second-order derivatives and these coupling
terms are neglected in Eq. (1). In the limit that the fluid
is regarded incompressible, the velocity of the diaphragm
is related to the Iluid velocity by z = (2/B ) [(p,/p)
&& v, +(p„/p)v„], where 2 is the cross-sectional area of
superleak, p, is the superAuid component density, p, is
the normal component density, and v, is the normal
component velocity. In the dc flow limit, the normal
component velocity is given by v„= —(8rrrJ/pBLR)z,
where R is the Aow resistance of the channels. The mea-
surement of z as a function of time then allows us to
determine the time dependence of 6rv, and hence 65, in

response to a known externally applied field gradient.
To reduce construction time, we removed and used the

diff'erential pressure sensor intact from our previous set-
up. ' The superleak made of Stycast 1266 epoxy was a
stack of ten parallel channels of height=25 pm, width
=6.5 mm, and length (along z) =3.3 mm. The large
normal ilut'd liow resistance of the channels (e.g. , R =3.5
x10 sec ' at 2.6 mK and 24 bars) allowed us to
neglect the normal component acceleration. The tension
cr of the diaphragm was 2.2x10 dyn/cm. The change
chic in capacitance between the diaphragm and the fixed
plate was measured by an ac bridge operating at 1 kHz.
The diaphragm displacemer. t is related to Sc by z =(6c/
co)zo, where co and zo are the ambient capacitance and
the separation of the capacitor plates, respectively. The
sensor was immersed in liquid He (with less than 10
ppm He ) and place into our new PrNi5 nuclear demag-
netization apparatus. ' A new superconducting mag-
net '" capable of applying static fields up to 17 kOe in the
sensor region for creating the A ~ phase was made and in-
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corporated into the demagnetization apparatus. The
magnetic field was measured to be homogeneous to 0.2%
within 1.0 cm of the center of the magnet. Another set
of coils was placed inside the magnet for applying a
linear field gradient along the superleak. The static and
the gradient field coils were both anchored to the mixing
chamber of a dilution refrigerator. The temperature was
derived from the magnetic susceptibility of La-diluted
cerium-magnesium-nitrate powder immersed in the
liquid He and calibrated against the He phase dia-
phragm of Greywall. ' The temperature width of the A

&

phase as measured by magnetically driven superAow was
reproducible within 2% and in agreement depending on
pressure within 2%-15% of the phase diagram measure-
ment by Israelsson et al. ' and 2%-17% of that by
Sagan et al. '

Examples of the measured diaphragm displacement z
as a function of time and the magnetization diff'erence

yBS/g derived from it are shown in Fig. 1. The field
gradient was kept constant at —77 6/cm for t (2 sec,
increased linearly to +77 6/cm within a ramp time of
100 msec, and then kept constant for observing the re-
laxation. The computation of 6S was simple since z(t)
dominated over its time-derivative terms by 2 orders of
magnitude. As the field gradient ramps up and the
superfluid component (carrying fully polarized spin)
Aows into the small chamber at essentially constant ve-
locity, the displacement and the spin-density gradient in-
crease linearly. After the field gradient becomes con-
stant, z continues to increase transiently before it finally
begins to relax towards zero. The transient increase in z
shows up as a dip in the spin-density gradient before it
relaxes towards the final equilibrium value gBR/y. The
conversion of the superAuid spin into quasiparticle spin is
thought to occur on a short-time scale of quasiparticle
relaxation time (—psec). The transient behavior may
result from the time required for spatial dispersion of
spins initially localized near the edges of the superleak
channels. Over most of the temperature range (II and
III of Fig. 2), the final relaxation was exponential as
shown in Fig. 1(a). In this case, the relaxation time r
was determined by a least-squares fit to exponential de-
cay. The relaxation time showed no systematic depen-
dence on the ramp time and the relaxation time was con-
stant within the scatter of 10% for ramp rates between
11 x 10 and 1.7 x 10 6/cm sec. The relaxation time did
not depend on the magnitude of the final field gradient
left on in the range from —77 to 77 6/cm. Very close to
T, j, the spin-density recovery was nonexponential as
shown in Fig. 1(b). The spin density overshot before
finally relaxing to its equilibrium value.

The temperature dependence of the relaxation time as
a function of the normalized reduced temperature, r
=(T, I

—T)/(T, I
—T,2), is shown in Fig. 2. T, I and T, 2

are the 4 i-W and A2-A|transition temperatures, respec-
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FIG. I. Examples of measured diaphragm response (z) and
derived magnetization diAerence across the superleak (@AS/g).
The pressure was 7.0 bars. The applied static magnetic field
was 9.2 kOe. The sampling time interval was 41.6 msec. The
normalized reduced temperature was r =0.40 and 0.03 and
averaged 25 and 5 times for (a) and (b), respectively.
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FIG. 2. Relaxation time and "time constant" (see text) as
functions of normalized reduced temperature at p =7.0 bars.
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tively. The liquid pressure was 7.0 bars and the applied
static magnetic field was 9.2 kOe. The temperature
dependence can be divided into three regions. In regions
II and III the relaxation was exponential and they were
separated by the sharp change of relaxation time near
r =0.52. In region III the relaxation time is relatively
short and independent of temperature within the scatter
of 10%. The sharp increase at the region II-III bound-
ary occurs within a temperature width less than 2 pK.
We believe that the apparent rounding is caused by
averaging and that there is a discontinuity of ~ here.
Comparison between the phase diagram' and measured
pressure dependence of r at the discontinuity showed
that the discontinuity occurs at the zero-field transition
temperature T, within 5%. ' The relaxation time goes
through a character minimum. In region I, the relaxa-
tion is nonexponential as shown in Fig. 1(b). The region
I-II crossover occurs over a narrow temperature range
( 1 pK) near the minimum in relaxation time. For the
purpose of displaying temperature dependence in the
nonexponential region, the "time constant" defined by
the time interval that the diff'erence of spin density from
its equilibrium value takes to reduce from 90% to 40% of
maximum after the decay begins to take place, is plotted
in Fig. 2. The time constant increases steeply as T, &

is
approached.

The measured pressure dependence of the relaxation
time at r =0.40 (in region II) and 0.90 (in region III) is
shown in Fig. 3. The applied static magnetic field was
9.2 kOe. The qualitative temperature dependence was
similar to Fig. 2 at all pressures between 5 and 28 bars.
The estimated values of the shear viscosity, the second
viscosity, and the spin-diffusion coe%cient' at or near
T, increases by factors of 5.8, 13, and 18, respectively, in
decreasing the pressure from 28 to 3 bars. Figure 3
clearly shows that the pressure dependence of i is much

smaller than this in regions II and III. Neither the nor-
mal Auid Aow nor spin diff'usion alone plays a dominant
role in the relaxation phenomenon. We cannot rule out,
however, the possibility that the two eff'ects combine to
show a relatively small pressure dependence.

The dependence of the relaxation time on the static
magnetic field was measured at 23 bars and is shown in

Fig. 4 for selected values of normalized reduced temper-
ature. At each field studied, the temperature depen-
dence was measured in the same manner as that of Fig.
2. The general temperature dependence as described by
the three regions as in Fig. 2 could be clearly dis-
tinguished down to the field of 5 kOe. At fields less than
5 kOe the relative width of region I increased and that of
region II decreased. The data in Fig. 4 for which H ~ 3
kOe and r ~ 0.15 refer to the time constant of region I.
In region III (see r =0.90 data), r has little or no depen-
dence on the applied field except in the range H ( 5 kOe
where it may be proportional to the field. In contrast, ~

is approximately proportional to H in region II (see
r =0.13, 0.30, and 0.50 data) in the range 5 (0& 14
kOe. The proportionality constant decreases as the value
of r decreases. The field dependence in region I is
dificult to establish because of the sharp temperature
dependence as described above.

In the only other experiment on spin-relaxation phe-
nomena in the A~ phase, Corruccini and OsheroA' mea-
sured the longitudinal relaxation time T~ of the A ~ phase
at melting pressure and an applied field of 3.05 kOe us-

ing NMR. Within precision there seems to be no anom-
aly at T, in their experiment. Since the measured spin-
relaxation time is greatly affected by the interface be-
tween bounding solid wall and liquid He, it is dificult
to draw a firm conclusion from comparison of the two
experiments. The observed linear field dependence of the
relaxation time above T, is the same as the field depen-
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FIG. 3. Pressure dependence of relaxation time for selected
values of normalized reduced temperature. The polycritical
point pressure is 21 bars.
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FIG. 4. Static magnetic field dependence of relaxation time
at selected values of normalized reduced temperature.
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dence of T
~

of liquid He immersed in confined
geometries. This suggests that the interface boundary
layer is important in the spin relaxation in our experi-
ment. If the relaxation is boundary dominated, there
remains the puzzle of what mechanism is responsible for
apparently turning it off' below T, . Existence of surface
superAuid phases ' diAerent from that of bulk might
lead to the changes in relaxation rates we observe. It
would be very interesting to observe how the surface
phase (assuming it exists) would be modified by coating
the surfaces with a one or two monolayers of nonmagnet-
ic He. Recently it was demonstrated by Freeman et
al. that such a coating on a Mylar substrate could
modify the local order-parameter magnitude.

In summary, we have discovered an unexpected dis-
continuity in the spin-mass Aow relaxation in the
superAuid He-2

~ phase. The discontinuity occurs near
the middle of the phase very close to the zero-field tran-
sition temperature. The measured pressure and applied
static magnetic field dependence show that the relaxation
phenomenon does not result form the usual bulk trans-
port eAects such as viscosity, spin diffusion, and thermal
conductivity. It is hoped that our experiments will
stimulate new theoretical and experimental studies on
the magnetohydrodynamic phenomena of the He-A~
phase.
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