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Phase Boundary for Flow-Induced Textures in 3He-A
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Texture transitions in superfluid 'He-3 are produced by a moving bellows system control-
ling mass flow. These texture changes are caused by the competition of magnetic, flow, and
gradient energies. We have located the boundary of a region of stability with v, II l IIH. This
boundary may be related to theoretical predictions of a transition to helical textures, but
there is substantial disagreement with the theory over the maximum magnitude of the super-
fluid velocity in what we interpret as uniform textures.

PACS numbers: 67.SO.Fi, 43.35.+d, 47.20. +m

Textures in superfluid He are a striking manifes-
tation of the symmetry of the order parameter. To
date, however, only a few relatively simple textures
have been studied. We report here the first mea-
surements on nontrivial dynamic textures in the 3
phase which are produced in a controlled fashion
and which exhibit great sensitivity to the effect of
superfluid flow. We have located a boundary
between the uniform texture and a complex texture
by varying the magnetic field while maintaining a
constant mass r low.

The texture of superfluid He-A results from the
competition between several nonlinear energies that
can be varied by changing the applied magnetic field
H and the velocity of the superfluid v„as well as
the temperature. These energies can be written in
terms of the complex order parameter' consisting of
an orbital unit vector I and a spin-space unit vector
d. The free energy in the A phase is composed of
a dipole energy FD, a magnetic energy FH, a flow
energy F„, and a gradient term Fg„& involving
bending of the order-parameter vectors l and d:

F=Fp+FH+F„+Fs„,d, Fp= —Ap(l d), FH=XH(d H),
F„=—,

'
p, w, ——,

'
po(l v, ) +c(v, '7 xl) —co(v, l)(l '7 xl),

F,„,d= —,'K ('7 l) + 'Kt(l. 7 xl) +——,'Ki, (jx & xl) + —,Kt[(l '7)d] + —,'K2[(l x'7)d] .

For smail relative flow velocities in the absence
of other external forces, the anisotropy of the su-

perfluid density causes the I vector to line up with

the flow as indicated in the second term of F„,
resulting in a uniform texture state with I II d II v, .
In our experimental geometry, the measurements
take place in a uniform tube, and thus we expect
that the resulting textures are uniform in the plane
perpendicular to the axis. For this reason, the third

term in F„will not contribute as long as v, remains
parallel to the mass flow. The uniform texture is

expected to become unstable at high velocities be-

cause of the cp term in the free energy, which tends
to align V' x I with v, . The presence of a magnetic
field parallel to v, further destabilizes the uniform
texture. Several theoretical studies of these ener-

gies have predicted a transition to a helical texture
state when the magnetic field is increased. The
helical texture is a screwlike distortion of /and d
having a velocity-dependent pitch typically on the
order of 10-100 p,m. The opening angle of t from
the flow direction X is predicted to increase from
zero above a critical field H, . An earlier experi-
ment by Kleinberg observed a textural transition

by means of heat flow, but could not deduce a
phase diagram. Other experiments 8 have looked
for transitions in large magnetic fields ( & 100 G)
where initially v, t l II d.

We have developed a flow cell which creates a
constant driven mass flow (Fig. 1). A driven mass
flow has the advantage that the flow can be well
controlled and is independent of minor dissipation
caused by textural changes in the fluid. The flow is
created by use of a He-filled bellows to drive a
matched pair of He-filled bellows which force fluid
through a superleak consisting of 830000 glass
capillaries with 2-pm diameters while conserving
the total He volume. Constant superfluid flow
velocities are obtained by use of a heated "bomb"
to drive the He bellows linearized with feedback
from a mutual-inductance position detector. We
can impose constant mass flows for several minutes
at a time. The position of the bellows far from the
experimental region insures that the mass flow at
the experiment is superflow. There is certainly
normal-fluid motion at both moving surfaces, but
on one side the superleak blocks normal flow, and
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FIG. 1. Schematic representation of the flow cell. The
3He bellows have an effective driving area of 0.77 cm'.
The flow channel is formed by a removable epoxy insert
containing the sound crystals. Rectangular channels with
cross-sectional areas of 0.054 and 0.028 cm' have been
used. The crystal spacing d for these two channels was
3.05 and 1.35 mm, respectively.

on the other, the imposition of our main liquid
reservoir dilutes v„ to a negligible level.

The average orientation of the l vector is detected
by use of 30.8-MHz zero sound propagating across a
rectangular flow channel positioned about 3 cm

from the superleak. The attenuation of zero sound
is highly anisotropic in the 3 phase. '0 For
TjT, (0.98 and at 30.8 MHz the attenuation is less
when sound propagates perpendicular rather than
parallel to l. In separate experiments we measured
the sound attenuation anisotropy by slowly rotating
the magnetic field in planes both perpendicular to
and including the flow axis. Although this pro-
cedure leaves an ambiguity in the direction of l, we
were able to estimate the coefficients in the sound
absorption, which has the form

~ —~, =A sin g+Bcos g+2Csin2gcos g, (2)

where 0 is the angle between I and the sound pro-
pagation vector j. In the flow experiments,
jiv, IIH which is applied along the flow channel
axis.

Figure 2 illustrates some typical behavior of the
flow cell and indicates several important features of
the experiment. Si and S~~ represent the max-
imum and minimum sound levels observed at this
particular temperature. With reference to Eq. (2),
SJ can be used to estimate A, and S ii measures
some combination of 3, 8, and C, but is dominated
by 8. Before either flow or field is applied we ob-
serve large fluctuations of the sound signal. These
fluctuations are strong evidence that the texture in
this state is in fact fairly uniform on a large length
scale. The texture responds to any residual forces
caused by heat flow, fluctuating in direction on a
time scale of a second. The application of a
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FIG. 2. Trace at T=0.96T, showing typical behavior of the superfluid when subjected to flow and field. Positive

velocities are those in which the flow is towards the superleak. Si corresponds to an attenuation of 1.7 cm ', SII corre-
sponds to an attenuation of 11.0 cm ', and S„ is the sound signal level calculated for a completely random texture as
described in the text. The first region has both flow and field at zero. At about 1.5 m the flow is started; subsequently
the magnetic field is ramped. After the flow stops there is still enough field applied to suppress the oscillations which re-
turn when Happroaches zero. The negative velocity pulse starting at about 5.5 m fails to produce the aligned texture ex-
pected.
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constant-velocity bellows stroke (piston moving
down) immediately suppresses these oscillations
and brings the sound level up to near its maximum
value, indicating that the I texture is both uniform
and aligned with the flow, and hence perpendicular
to j. The aligned state becomes unstable as an ap-
plied magnetic field is increased.

The last section of the experimental trace shows a
quite surprising effect. When the bellows stroke is
reversed (piston moves up), the sound does not
reach the level associated with the aligned, uniform
texture. Instead, we see a steady but smaller signal
level. The sound signal measures the spatial aver-
age of the attenuation and thus the signature of the
low constant signal is likely due to a complex tex-
ture forming between the sound crystals. For com-
parison, we have shown on Fig. 2 the expected
sound level, S„for the case where I varies random-
ly in space with zero mean. The most surprising as-
pect of this result is that this texture forms within a
few seconds after the flow has started. We believe
that this effect is due to the generation of unstable
textures that are possibly created at the outlet of the
sup erleak.

In order to determine the boundary of the
uniform texture region (i.e. , measure H, vs v, ), we
fit the sound signal to a simple function taken from
the theory for helical textures. We assumed that
for fields near the transition the opening angle X for
the I helix will follow a field dependence
sin X= b(H H, ) Com—bining . this with the form
for the absorption anisotropy, computing the spatial
average, and using h =H —H„we obtain

S =Soexp [[ ——,
' (C —2A) bh

——, (A +B —C)b h jdI (3)

for the sound signal Sas His increased beyond H, .
A, B, and C are the coefficients in Eq. (2), d is the
crystal spacing, and b is a measure of the rate at
which the helix opening angle increases with mag-
netic field. So is the sound signal level before the
transition We first fitted the data by allowing b to
vary. Since its effect is not orthogonal to So and H,
it caused excess scatter in H, . We did, however,
find that b decreases with increasing v„ in qualita-
tive agreement with theoretical expectations, but
the velocity scale would have to be increased by a
factor of 4—5 in the theory to obtain agreement.
Fixing b as a function of v„we then fitted the data
with only So and H, as free parameters.

The resulting phase boundaries at 28.8 bars and
three temperatures are plotted in Fig. 3(a)-(c).
Only traces in which the sound level indicated a
uniformly aligned starting texture were used in the
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FIG. 3. Results for the phase boundary for the uni-
form texture region at P =28.8 bars. (a) —(c) Data taken
at three temperatures in two different flow channels,
with cross-sectional areas represented by circles (0.028
cm') and filled circles (0.054 cm'). H, is determined by
fitting sound traces to Eq. (2). Smoothed data is shown
for all three temperatures in (d). The solid curves in (d)
are results of theoretical calculations for the boundary as
a function of temperature. Curve (i) is calculated for
0.94T, with the weak coupling values of the free-energy
coefficients. Curve (li) is for one parameter increased by
10% as described in the text.

phase-boundary plots. The superfluid velocity v, is
derived from the bellows velocity, known geometri-
cal factors, and p, i[, the parallel component of the
superfluid density tensor. " Some offset in the
velocity is due to residual thermal current
( =10 '0 W). The dashed lines in Fig. 3(d) show
the same data as in Fig. 3(a) —(c) after smoothing.
Qualitatively, the transitions resemble the predic-
tions of the helical texture theories. 5 In particular,
the experimentally determined boundary of the uni-
form texture has a critical field of similar magnitude
as the predictions. Also we see that experimentally,
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the region of stability shrinks at lower tempera-
tures, as expected when the temperature depen-
dence of the free energy is estimated. " However,
the uniform texture region appears to be stable for
much higher velocities than predicted as we can see
by comparing the results with curve (i) in Fig. 3(d)
derived from the helical texture theory. Kleinberg
also reported transitions at fields ranging from 0.5
to 5 G, but v, was not accurately known.

We have considered several possibilities for the
large quantitative discrepancy between the calculat-
ed and measured uniform texture regions. First is
the question of whether the estimated values for
parameters in the free energy are correct. The most
important of these parameters are co, Eb, and po.
The region of stability is indeed very sensitive to the
actual values. For example, curve (ii) in Fig. 3(d)
shows the effect of increasing the coefficient Eb by
10%, keeping all the other coefficients unchanged.
Despite this sensitivity, however, we have not as
yet found a way to fit the whole curve.

Another possibility is that we simply missed the
"top" of the stable region because the expected an-

gle of inclination X at velocities above this region is
small. We attempted to detect the upper bound of
the uniform region by taking alternative paths in
the H-v, plane by starting with a small constant
velocity below the predicted upper limit of the uni-
form region along with a field of about —,'H„ fol-

lowed by increasing v, . These attempts failed to re-
veal a transition. Finally we must consider that
there is some other mechanism that stabilizes the
uniform texture at high flow rates. In future exper-
iments we plan to explore texture transitions with
differential pressure measurements and spin reso-
nance.
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