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Observation of a Freedericksz Transition in Suyerfluid 3He-A

J. R. Hook, A. D. Eastop, E. Faraj, S. G. Gould, and H. E. Hall
Schuster Laboratory, University ofManchester, Manchester M13 9PL, United Kingdom

(Received 30 May 1986)

%e have observed an instability of the uniform orbital texture of a slab of He-3 in a perpendicu-
lar magnetic field (Freedericksz transition) in two different experiments with slab thicknesses of
105 p, m and 2 mm. The theoretically predicted threshold fields for the tao experiments are slightly
larger than the observed values but have the same temperature dependence. Behavior characteris-
tic of the uniform texture ~as obtained only ~hen the A phase ~as entered by cooling from the
normal phase. Very different behavior was observed ~hen the A phase was entered by ~arming
from the 8phase.

PACS numbers: 67.50.Fi, 64.70.Ja

The Freedericksz transition in a nematic liquid crys-
tal occurs when a thin slab of liquid of spatially uni-
form texture is subjected to a magnetic field in a direc-
tion such that the alignment favored by the field is
perpendicular to that preferred by the boundaries. The
analogy between superfluid 3He-A and a nematic liquid
crystal suggests that a similar transition should occur
in the orbital texture of dipole-locked superfluid 3He-A

contained between two parallel plane surfaces when a
magnetic field is applied perpendicular to the surfaces.

We have observed this transition in two different
experiments cooled by nuclear demagnetization at a
pressure of 29.3 bars. In the first, a disk of 3He with
nominal thickness 100 p, m and diameter 8.38 mm was
contained within a torsional oscillator; the changes in
texture associated with the transition affected the

resonant frequency and damping of the oscillator via
the amsotropy of the normal-fluid density and viscosi-
ty. In the second experiment, the 3He disk had a
thickness of 2 mm and a diameter of 10.7 mm; textur-
al changes were detected via their effect on the at-
tenuation and velocity of pulses of 15.15-MHz zero
sound. The experimental cells were normally cooled
through T, with a magnetic field in the plane of the
disk, to encourage formation of the uniform texture.
Lanthanum-cerium magnesium nitrate thermometry
was used in both experiments, with the superfluid
transition temperatures of Mitchell et a!. and the re-
duced temperature of the 8-A transition of Greywall3
used to calibrate the thermometers.

The free-energy density for dipole-locked 3He-A in
the presence of a magnetic field can be written as~

f=
2 Ks(div 1)2+ —,

' Ks(lx curl 1)2+ —,
' Kr(l curl l)2+ —,

' AX(1 H),
where b, X is the susceptibility anisotropy and Ks, Ks, and KT are the dipole-locked splay, bend, and twist bending
energy coefficients. The parallel planes bounding the fluid are taken to be at z =0 and z = d, and the field is paral-
lel to i. We characterize the texture by the angle 8(z) between 1 and the z axis. 8 satisfies the Euler-Lagrange
CQURt10Il

2(K, sinz8+ Kit cos28)8"= —sin(28) [(Kg Kti)8'+ hX H'], —

with the boundary conditions 8=0 at z=0 and z= d
For H & H„, where

H„= (~/d) (K,/~X) ti',

the only solution is the spatially uniform texture 8 =0. For H )HF, the texture is distorted, and for Ginzburg-
Landau values (Ks= Kit) of the bending energy coefficients the distorted solution is symmetrical about z= d/2
and for z & d/2 is given by

2,i2
= F(sin lsinH(z)/sinHo]$8o),

siil Ho —siil 8
(2)

where Ho, the value of 8 at z= d/2, is evaluated by putting z= d/2 and 8(z) =Ho in Eq. (2). The notation for the
elliptic integral F(C(a) is that of Abramowitz and Stegun. As H increases through HF, Ho increases initially with
infinite slope, Ho=2f(H/HF) —I]'i2. For H &) HF„cosHti=4exp( —n H/2HF), and Ho tends asymptotically to
n/2. The threshold field for the transition has previously been calculated by Fetter. 6
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FIG. 1. Resonance-frequency shift (v~ —v, ) from the
frequency v, at the superfluid transition, arid bandwidth ~~
for the torsional oscillator, as functions of applied magnetic
field. At the Freedericksz transition, v~ first decreases
slightly, a feature which is more marked close to T,.

The motion of the torsional oscillator was driven
and detected electrostatically at a frequency close to
the resonant frequency ( —1333 Hz). The resulting
charge variation was amplified by use of a current
preampiifier and then phase-sensitively detected, and
the bandwidth and resonant frequency were deduced.
In the normal state, the bandwidth versus resonant-
frequency plot for the torsional oscillator was in excel-
lent agreement with the theoretical prediction; the slip
length calculated by Einzel et a!.7 was used to deter-
mine the small finite-mean-free-path correction.
Values of qT obtained from the normal-state mea-
surements agreed with those of Carless, Hall, and
Hooks at 29.3 bars if a plane spacing of 105 p, m was as-
sumed; this value was used for subsequent analysis.

Figure 1 shows the resonant frequency and
bandwidth of the oscillator as functions of magnetic
field for the A phase at T/T, =Q.832. The sharp
change in resonant frequency associated with the
Freedericksz transition at H=HF is clearly visible.
The bandwidth decreases slightly at the transition, but
increases in larger fields. Analysis of the results
for the uniform texture gives p„„/p =0.876 and
q44/g, =0.225, where p„i and q44 are the appropriate
normal-fluid density and viscosity for this texture (we
use standard crystallographic notation for the viscosity

coefficients). This value of p„Jp agrees well with
that obtained by Berthold et al.9 For the limit of large
field, we tentatively assume that the texture can be ap-
proximated as 1 uniform along a particular direction in
the plane of the disk; the alignment of I by flow should
be slight, since at our velocity amplitude of about 30
p, m/s the flow-alignment energy is only about 1% of
the field energy at HF. In this case, the anisotropic hy-
drodynamics has an analytic solution, and fitting this
to the high-field limit in Fig. 1 gives p„~~/p =0.925 and

q66/q, =0.198. This gives rather less than the factor-
of-2 anisotropy in p, expected near T„but the degree
of agreement can be considered encouraging because
(i) we have ignored the thin boundary layer in which 1

must turn normal to the surface; and (ii) with a purely
vertical field, there are no strong forces to make the
direction of 1 uniform in the plane of the disk.

The plane of textural distortion can be made definite
by application of a magnetic field with a component
parallel to the slab boundaries. The well-defined plane
is that containing the horizontal field component and
the normal to the boundaries. The response of the os-
cillator to a varying magnetic field has been measured
for a fixed parallel component and also for fields at
various constant angles to the slab normal. A full nu-
merical solution of the anisotropic hydrodynamics,
currently in progress, should enable us to obtain com-
plete information on the anisotropy of the normal-
fiuid density and viscosity from these measurements.
A feature of our results is that in a field at 45' to the
slab normal, the increase in damping and associated
reversal of the frequency shift observed in large per-
pendicular fields are absent, confirming that these ef-
fects are associated with 1 at a small angle to the plane
of the disk.

The texture obtained on warming from the B phase
responded in a very different way to an applied per-
pendicular field, whether or not a field was applied in
the plane of the disk at the time of the transition. The
resonant frequency started to decrease at zero field
and, although there was a knee in the resonant-
frequency versus field curve at about the Freedericksz
transition field, the decrease in resonant frequency as-
sociated with it was small and the subsequent increase
in larger fields was often sufficient to give a resonant
frequency higher than in zero fleid. These observa-
tions suggest that the low-field texture obtained after
warming from the B phase to the A phase is
anomalous: either a disordered texture or a different
ordered texture. The response of the anomalous tex-
ture to a magnetic field in the plane of the slab was
comparable to that of the uniform texture, namely, no
observable change in damping and a very small fre-
quency shift. We have no certain explanation for this
surprising result, but one possibility is that we have
created a uniform d texture with many small regions
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of 1 parallel and antiparallel to d.
In the ultrasonic experiment, the plane surfaces of

the slab were the surfaces of the quartz crystals used
for generation and detection of the ultrasonic pulses.
Typically, pulses of duration 2.8 p, s, spacing 5 s, and
amplitude 1.25 V were applied to the transmitter crys-
tal, and the amplified signal from the receiver crystal
was detected by integration of the output of a double-
balanced mixer used as a phase-sensitive detector.
The quadrature response was also measured by inser-
tion of a quarter wavelength of cable in the reference
channel.

The ultrasonic experiment was constructed in order
to detect and measure the inertia associated with rota-
tion of 1 by the method suggested by Eastop, Hall, and
Hook. '0 We have not yet succeeded in creating a tex-
ture that precesses with a precessing magnetic field, as
required for that experiment, and we suspect that tex-
tural motion is inhibited by the presence of the side
walls of the slab; the aspect ratio of the 3He cavity is
necessarily rather small.

The response of the detected sound signal to a field
applied perpendicular to the slab (i.e., vertically) is
shown in Fig. 2. The symmetry of these results (and
the lack of response to a reversed field) suggests that
there is a trapped vertical field of about 1.1 G. Asym-
metry in the response to a horizontal field suggests
that this trapped field has a horizontal component of

120

ATURE

0.11 G. The full curves in Fig. 2 have been fitted to
the data by taking the Freedericksz field, the trapped
vertical field, and the sound anisotropy coefficients as
fitting parameters. This fit gives a trapped field of
1.116 G for the data shown; the distribution of values
for all data gives 1.04 +0.04 G. Our interpretation of
this parameter as a trapped field is strengthened by the
fact that it shows no dependence on either temperature
or the field in the demagnetization solenoid, and by
the observation that when the vertical component is
compensated by an applied vertical field the resulting
texture is independent of an applied horizontal field,
as expected for the uniform texture. As in the tor-
sional oscillator experiment, very different results
were obtained when the A phase was entered by warm-

ing from the 8 phase.
Rounding of the theoretically sharp Freedericksz

transition in the ultrasonic experiment is largely ac-
counted for by the trapped horizontal field of 0.11 G, a
factor which was allowed for in calculation of the
theoretical curves of Fig. 2. Response times, instru-
mental or textural, are not likely to have produced
rounding in either experiment, since we observed no
significant difference between upward and downward
field sweeps. Other possible contributions to rounding
are nonuniformity of slab thickness, magnetic field, or
texture, and superflow in the cell, particularly that
resulting from heating due to the sound pulses in the
ultrasonic experiment.

Since HFce I/d, we plot in Fig. 3 values of HFd for
the two experiments. The theoretical curves were cal-
culated by use of Eq. (1). We use expressions for AX

and Ks given by Leggett" and Cross. tz Near T, the
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FIG. 2, In-phase and quadrature sound signals as func-
tions of applied vertical magnetic field in thc ultrasonic ex-
periment. The curves are theoretical, fitted for a
Freedericksz field of 0.510 G, and a trapped field ~ith verti-
cal component 1.116G and horizontal component 0.11 G, as
described in the text.
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FIG. 3. Measured values of HFdas a function of reduced
temperature for torsional oscillator experiment (circles) and
ultrasonic experiment (crosses}. The theoretical curves are
explained in the text.
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threshold field may be written as

Hp = (3m./~2d) pi'7/rnppx~,

where 7 is the gyromagnetic ratio of 3He and Xiv the
normal-state susceptibility. Away from T, the thresh-
old field depends on the Fermi-liquid parameters Ff,
Fg, and Q, and is also sensitive to strong-coupling
corrections to the energy gap. In calculation of the
theoretical curves shown in Fig. 3, we have used
the following data: Ff = 13.08, 3

EP = —0.758, 3'3
Q= —0.8 '~ X =103x10 s.'3's The continuous
theoretical curves were calculated for the energy gap
predicted by the BCS theory, and the dashed curve was
obtained by application of an enhancement factor of
1.3 to the BCS gap, as suggested by the specific-heat
discontinuity measured by Greywell. 3

The experimental values of Hpd for both experi-
ments lie below the theoretical curves. There is an un-
certainty of around 5% in both experiments in the
magnetic field measurement and, in addition, a possi-
ble error of around 3% in the estimate of d for the tor-
sional oscillator experiment from detailed analysis of
the normal-state data. The small aspect ratio of the ul-
trasonic cell and heat currents in this cell are likely to
lead to a reduction in the transition field. At T, the
main uncertainty in the theoretical value of Hp is the
estimated 4% accuracy of the XN measurement. It
would be premature, therefore, to conclude that the
discrepancy between theory and experiment in Fig. 3 is
significant. We note that the temperature dependence
predicted by the theory does seem to be reflected by
the experimental results. It is worth noting that the
agreement with theory for our magnetic-field-induced
transition in a slab geometry is much closer than for
the superflow-induced transition in bulk liquid studied
by Bates et al. '6
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