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Magnetically generated superflows were observed in the *He-4; phase at pressures of 22.3 to 25.9
bars in magnetic fields of 3.7 to 5.5 kG. A two-fluid model is used to calculate the magnitude of
the magnetic fountain effect. Critical-velocity effects were observed for sufficiently high flow rates.
The critical velocity in the 3He-A4, phase was found to be 0.21 mm/sec in the reduced temperature
range 0.0004 to 0.008. A threshold field gradient for the magnetic fountain effect was observed in
part of the 4, phase and may be evidence of fluctuations above T,.

PACS numbers: 67.50.Fi

When liquid >He is cooled in a strong magnetic field,
it first undergoes a second-order transition into the su-
perfluid 4; phase.! The phase diagram of the 4,
phase was recently studied by Israelsson et al.? and by
Sagan ef al® A unique hydrodynamic mode exists in
the A; phase as a consequence of its broken relative-
spin-gauge symmetry. Liu* derived the equation of
motion of the superfluid component of the 4; phase
given in linearized form by

Ovy/ot=—[Vu+ME/2m)Vel, (€))

where v is the velocity of the superfluid component,
i is the chemical potential, # is Planck’s constant di-
vided by 27, m is the mass of the 3He atom, and M,
(=-1) is the magnetic quantum number®?;
w=vy(yS/X— H), where v is the gyromagnetic ratio,
X is the magnetic susceptibility, S is the spin angular
momentum per unit volume, and H is the externally
applied magnetic field. The chemical-potential term
allows the possibility of thermally driven superflow (as
in the fountain effect in *He); the Vw term makes it
possible to generate a superflow by applying a magnet-
ic field gradient. This hydrodynamic mode was first
observed as a spin-temperature wave in °He-4; by
Corruccina and Osheroff® in 1980. We previously re-
ported on the determination of the direction of the
magnetization of the superfluid component of the 4,
phase by observation of the pressure gradients pro-
duced by applying static magnetic field gradients across
a superleak.’

In this paper we present the results of a systematic
study of the magnetically driven superflows in the A4,
phase generated by transiently or sinusoidally (fre-
quency 0.5 to 3.0 Hz) applying a magnetic field gra-
dient across a superleak. The observed magnitude of
the superflow is in good agreement with the magnetic
fountain effect predicted by Liu.* When a sufficiently
large magnetic field gradient is applied, critical velocity
effects are observed. An unusual nonlinear behavior
in the oscillatory response is observed in the low-
temperature region of the 4; phase: A threshold mag-
netic field gradient exists below which apparently no
superflow is generated.

2238

The heart of our experiment is a differential pres-
sure sensor which detects the difference in liquid->He
pressure between a small chamber and a liquid reser-
voir connected by a superleak. A schematic of the
sensor is shown in Fig. 1. A stack of ten rectangular
channels, each having the dimensions 6.5%0.025x% 3.3
mm?® (X, ¥,Z axes), acts as a superleak which connects
the liquid reservoir above the sensor and a small
closed chamber (volume of 4.0x 1073 cm?) just below
it. The lower wall of the chamber is a flexible, silver-
coated, S5-um-thick polycarbonate diaphragm. The
movable diaphragm, together with the silver coating
on the lower face of the wall containing the superleak
channels, constitute two plates of a capacitively detect-
ed differential pressure sensor (plate separation of 70
pm, ambient capacitance of 7.6 pF). The region below
the diaphragm is connected to the liquid reservoir via
four relatively large channels surrounding the sensor.
The effective tension of the diaphragm was measured
electrostatically at 25 mK with the sensor immersed in
liquid 3He and was found to be 2.6x 105 dyn/cm. A
static magnetic field up to 5.8 kG Z could be applied in
the sensor region using a superconducting magnet.
The magnetic field was homogeneous within 0.1%
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FIG. 1. The superleak differential-pressure-sensor assem-
bly.
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along the superleak and 2% radially inside the volume
of the differential pressure sensor. The magnetic field
gradient to drive the superfluid was provided by a pair
of oppositely wound coils. The magnetic field gradient
per unit current was measured to be 33 G/cm - A.

The method of cooling the liquid *He is the same as
reported in our previous paper.” However, a signifi-
cant improvement was made to the thermometry by
placing the thermometer much closer to the sensor
than previously. The magnetic susceptibility of La-
diluted cerium magnesium nitrate powder measured
by a SQUID-based mutual-inductance bridge was cali-
brated against an independently calibrated germanium-
resistance thermometer in the range between 0.3 and
1.0 K. The La-cerium-magnesium-nitrate pill was
thermally linked to the differential pressure sensor re-
gion by a 6-cm liquid-*He column of diameter 4.0 mm.
The transition temperature, 7", measured by our ther-
mometer at P=22.3 bars, is 2.361 mK. This value
may be compared with 7;=2.433 mK determined by
zero sound attenuation by Paulson ef al.” Our magnet-
ic temperatures were converted to the La Jolla tem-
perature scale by comparing measurements of 7. at
different pressures in the range 22.3 to 25.9 bars.

A simple two-fluid model is used to describe the
sensor response. Consider the differential pressure
sensor shown in Fig. 1. In the very low-frequency
range of our measurements, all inertial terms may be
neglected. The average displacement z of the dia-
phragm (area B) is related to its tension o and the dif-
ferential pressure 8 P across the superleak by

8moz— B3P =0. )
Equation (1) yields

P By [¥8S i

pL+ ol | % 511] 0, (3)

where 8(quantity) is the difference in the quantity
across the superleak of length L and p is the mass den-
sity. The equation of motion for the normal fluid
(velocity v, and density p,) in the superleak channel
is

3P/pL+ Rv,=0, 4)

where R, the flow resistance, is 12n/ph? (h is the
height of the superleak channels and w the shear
viscosity). The fluid motion in the low-frequency
range of our experiment may be considered in-
compressible and we can write a continuity equation

pBz=(pyvs+p,v,)A4, (%)
where A is the total cross-sectional area of the super-
leak, ps the superfluid density, and v, the superfluid
velocity. The time rate of change of spin density in
the chamber between the capacitor plates is

8S=M,(5/2m)pus(A/V), (6)

where V'is the volume of the chamber. The longitudi-

nal relaxation time 7 is long compared to the time
scale of the measurements® and therefore the changes
in the spin density are governed by the mass flow.
Equations (2) to (6) will be used to model the experi-
mental results. The effects of the finite longitudinal
relaxation time, the connecting channels in parallel
with the superleak, and spin diffusion do not signifi-
cantly change the prediction of this model.

In the inset to Fig. 2 we show an example of the
response of the differential pressure sensor in the A4,
phase at a pressure of 22.3 bars and in a static magnet-
ic field of 5.52 kG when the magnetic field gradient is
increased linearly from —33 to +33 g/cm (along z) in
a ramp time of 100 msec. The field gradient is left
constant for 10 sec, which is sufficiently long for ob-
serving the transient response. The capacitance of the
differential pressure sensor is recorded and averaged.
The response is plotted as the displacement of the
diaphragm as a function of time. The observed direc-
tion of displacement agrees with our previous identifi-
cation that the magnetic moment of the paired spins of
superfluid- 4, phase is aligned in the same direction as
the applied static field. The relaxation of this pulse is
an exponential with a decay-time constant of 440
msec.

A series of these measurements was taken as the
temperature drifted through the 4; phase at a rate of
about 30 uK/h. The measured temperature depen-
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FIG. 2. Characteristics of the pressure-sensor response as
a function of reduced temperature. Inset: a typical
response. This plot is an average of 32 pulses; the decay
time constant is 440 msec.
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dence of the peak displacement (z,,), initial slope,
and the decay-time constant are shown in Figs. (2a),
(2b), and 2(c), respectively, as a function of reduced
temperature t=1—T/T,;. The liquid pressure was
22.3 bars, the static magnetic field was 5.52 kG, and
the ramp time was 40 msec for the data shown in Fig.
2. The temperature shown as T, in the graph is the
transition temperature we observed in the ac experi-
ments discussed below. The observed temperature
dependence of the initial slope in Fig. 2(b) may be un-
derstood in terms of a critical velocity effect. The
slope of a pulse is related to the volume flow rate of
fluid through the superleak. The 40-msec ramp time
for the data in Fig. 2(b) is short enough that the criti-
cal velocity is reached in the superleak channels during
the ramp up. If the critical velocity is independent of
temperature, the critical flow rate is proportional to the
superfluid fraction, which in turn is proportional to the
reduced temperature [ps, /p=0.2(1—-T/T,)] (Ref.
6). A straight-line fit to the data of Fig. 2(b) gives a
critical velocity of 0.21 +0.04 mm/sec.

When we solve Egs. (2)-(6) for the diaphragm dis-
placement z(#) for our transient experiment, we find
that after the magnetic field gradient becomes con-
stant, the diaphragm displacement should decay ex-
ponentially. The calculated value of the pressure
relaxation-time constant is about 325 msec at T, and
decreases about 25% through the A4, phase because of
decreasing normal-fluid shear viscosity.? The origin of
the long decay time just below T,; seen in Fig. 2(c) is
not understood. We do not believe that the increased
relaxation time is a second viscosity effect.!® "An addi-
tional dissipation due to second viscosity would result
in a marked temperature dependence near T.; of the
magnitude of the magnetic-fountain-effect signal in
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FIG. 3. Pressure sensor response at several different am-
plitudes of sinusoidal applied field gradient. The peak-to-
peak gradient coil currents are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4, 1.8, 2.0, and 2.4 A for the smallest to the largest
response, respectively. The noise of these signals is not
shown; the superimposed noise is about 0.1 A.
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our ac experiments. In these experiments described
below, we observe a temperature-independent ampli-
tude in the region near T,.

The measured temperature dependence of the
diaphragm response to sinusoidally applied magnetic
field gradients at a 3He pressure of 22.3 bars and static
field of 4.66 kG is shown in Fig. 3. For all the data
shown in Fig. 3, the frequency of oscillation was 0.75
Hz. The results in Fig. 3 were read from a chart
recording of the amplitude of the capacitance oscilla-
tions taken while drifting through the A4; phase with
the amplitude of the sinusoidal magnetic field gradient
kept constant. For sufficiently small warm-up rates,
the measured temperature dependence of the response
did not significantly depend on the warm-up rate. The
maximum temperature interval, 7,,— 7,,, does not
depend either on the frequency of oscillation or peak-
to-peak gradient coil current (i) for i=2.0 A. We
identify the temperature at which the response for
i=2.0 A vanishes as T,,. The width of the 4, phase
measured in this manner is 4.3 uK/kG. This width is
somewhat smaller than the width of 4.95 uK/kG re-
ported in Ref. 2 at this pressure.

As is clear from Fig. 3, the oscillatory response may
be divided into two distinct regions of temperatures:
above and below t=3x1073. In Fig. 4 the displace-
ment amplitudes at given values of reduced tempera-
ture below t=3x10"3 are taken from Fig. 3 and
shown as a function of the current in the field gradient
coil. It can be seen from Fig. 4 that in this tempera-
ture range the displacement amplitude at a given tem-
perature increases linearly with the applied field gra-
dient amplitude until a critical value is exceeded.
Then the response deviates from the linear behavior.
The slope of the linear region in Fig. 4 is independent
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FIG. 4. Pressure-sensor response at several values of re-
duced temperature.
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of temperature as well as the static field and its value is
2.9 A/A. This slope is essentially the magnitude of
the magnetic fountain effect. Solving Eqs. (2)-(6) by
assuming a sinusoidal solution 8H = Hye'! and &z
= zge'“’ we obtain

(VXm/Bpu)wdH,

@)

|20|=

[(1+X)%0?+ ¥2]V/2
where
Ky gmaxm*V _ pad8mo
=" X=— g Y= igg
2 p’u’B p’B’LR

Evaluation of Eq. (7) at 22.3 bars gives a slope of 1.60
A/A, which is a factor of 0.56 times the measured
slope. We regard the difference to be within the un-
certainties of the volume, flow resistance, and the
diaphragm tension and that our results confirm the
mag‘r‘ﬁtude of the magnetic fountain effect predicted by
Liu.

We interpret the response in Fig. 4 where the dis-
placement deviates from linear behavior as a critical-
velocity effect. Assuming the critical velocity is
reached in the superleak channels, we calculate a criti-
cal velocity of 0.22 +0.02 mm/sec at the reduced tem-
peratures in Fig. 4. The magnitude of the critical velo-
city did not depend on the applied static field between
3.7 and 5.5 kG.

In the temperature range ¢ > 3% 1073, an unusual
nonlinear behavior is seen in Fig. 3. The displacement
amplitude is very small or zero within the noise up to a
temperature-dependent threshold value of the magnet-
ic field gradient. Once the threshold field gradient is
exceeded, the displacement amplitude increases as the
field gradient is increased with a temperature-depen-
dent slope. To check if these effects might be caused
by a changing temperature gradient between the sensor
and the thermometer, we measured the response as a
function of applied field gradient as ¢ was held constant
at several different values. These measurements with

stabilized temperature reproduced the behavior shown
in Fig. 3.

A possible explanation for the threshold effect is
that of fluctuations above T,, (see, for example, Pat-
ton!!). As pointed out by Liu!?2 a small amount of
up-spin superfluid would be very effective in reducing
the magnetic fountain effect in the down-spin super-
fluid-4; phase. Similar small fluctuations around 7,
would not be seen in our capacitance signal. These
values are taken from data in Fig. 3. A comparison of
ac experiments performed in different magnetic fields
shows that the threshold effect begins at about 10 uK
above T, regardless of the width of the 4, phase.
This is further evidence that the threshold effect is a
precursor of T,.
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