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The Orientation Effect on Superfluid 3He in Anisotropic Aerogel
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We report on the orientation of the order parameter in the A-like and B-like phases of superfluid *He im-
mersed in uniaxially-compressed aerogel. By NMR methods we find that the orbital momentum of the A- and
B-like phases is oriented along the deformation. In the A-like phase we observe a relatively narrow NMR line
with an anomalously large negative frequency shift. We have succeeded in measuring the Leggett frequency in
the A-like phase which shows the same energy gap suppression as in the B-like phase.
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1. Introduction. Superfluid 3He has the most com-
plex order parameter encompassing many degrees of
freedom which can currently be successfully described
by a comprehensive theory. Furthermore, many quan-
tum phenomena observed in superfluid ®He can be used
to test general concepts in other areas of physics, from
non-conventional Cooper pairing, BEC, Bose condensa-
tion of spin waves [1] to cosmology [2, 3]. The influ-
ence of disorder on ordered states is one of the most
interesting and ubiquitous problems in condensed mat-
ter physics. In superfluid ®He the disorder can be in-
troduced by immersing the liquid in high porosity sil-
ica aerogel. It has been found that the disorder in the
aerogel gives rise to significant changes in the superfluid
phase diagram. Not only is the critical temperature sup-
pressed, but there are also changes in the ground states
of A-like and B-like phases as well as in the temperature
and dynamics of the transition between them.

Of particular interest is the question of the influ-
ence of the local random anisotropy of the aerogel on
the superfluid order of the 3He A-like phase. The orbital
momentum part of the order parameter should be very
sensitive to the local aerogel anisotropy. Short length-
scale anisotropy can lead to a Larkin-Imry-Ma state [4].
The aerogel anisotropy on the scale larger than the tex-
tural healing length ( 10 ym in the A phase and 1 mm
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in the B phase) leads to inhomogeneous broadening of
NMR lines and creation and stabilization of textural and
topological defects. Experimental evidence of topologi-
cal defects contaminating in the B-like state in aerogel
has been observed in Grenoble [5], where NMR signals
were found to be superpositions of signals with different
properties. Similar observations for the A-like phase are
described in ref. [6]. The aerogel inhomogeneity can
play a role of defects formation [2, 3] in the same way
as dark matter fluctuations play a role for fluctuations
of relic radiation [7]. It was thought that in bulk super-
fluid 3He the disorder and topological defects generated
on passage through the transition can easily dissipate.
However, some types of defects can survive in superfluid
3He even in the bulk [8]. In the superfluid in aerogel,
topological defects can survive by attaching to some pe-
culiarities of the aerogel structure. This provides an
interesting example of a system with continuous sym-
metry in the presence of random anisotropy disorder.
Recently it was found [9] that the response of the A-like
phase to superfluid flow is highly anisotropic, reveal-
ing that texture and defects can be easily modified by
flow.

Recently much interest has been paid to aerogel
with a global anisotropy. It has been suggested that
anisotropic aerogel might lead to new phases of super-
fluid ®He [10], in particular the “polar” state [11, 12].
However, the property of the superfluid most sensitive
to the anisotropy of the aerogel is NOT the deformation
of the superfluid state but rather the orientation of the
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orbital momentum of Cooper pairs. In this article we
present the first experimental observation of this orien-
tational effect of the anisotropy in aerogel.

Global anisotropy can be imposed during the process
of growth and drying [10]. We have introduced in this
article the more direct method of anisotropic aerogel for-
mation. We have used the axial deformation of isotropic
aerogel by external force. We can explain the effect
of axial deformation on the orientation of order para-
meter in superfluid 3He by consideration, suggested by
Volovik [13, 14]. Let us consider the isotropic aerogel as
a randomly distributed cylinders of radius R < £ with
the length of a cylinder and the distance between cylin-
ders equal to [ > R. The characteristic energy of each
of a small cylindrical object with R < ¢ is according
to [15]:
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The axial deformation of aerogel leads to the appearance
of a regular arrangement of cylinders. If one squeezes
the sample of length L by AL, then the preferable ori-
entation of the ensemble of cylinders will be of order of
A = AL/L in the direction, perpendicular to the axis of
deformation. This slightly non-random distribution of
orientation of cylinders contributes to the energy den-
sity
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where Z is the direction of the regular anisotropy axis
caused by deformation and L is the unit vector along
the direction of the orbital momentum of Cooper pairs.
This energy which orients the L-vector along z must
be compared with the orientational energy caused by
dipole-dipole interaction,

€dipole — _}\D__(L ' d)2a (3)

orienting the L-vector along the magnetic vector d,
which in turn is perpendicular to the magnetic field.
Since Ap is about 10~7 and R&,/1? is about 100, a very
small deformation of aerogel A can reorient L along the
direction of deformation.

Our experiments with superfluid 3He in aerogel un-
der an axial deformation confirm that orbital momentum
in the A- and B-like phases is indeed oriented along this
deformation axis causing changes in the NMR signatures
of both phases. NMR signals from the A-like phase dis-
play a large negative frequency shift, while those from
the B-like phase remain close to the Larmor frequency,
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consistent with the orientation of the orbital momentum
along the magnetic field. We also observe broadening of
the NMR line, probably arising from the effect of the in-
homogeneity of the aerogel anisotropy on a length scale
larger than the textural healing length. We were also
able, for the first time, to observe the dependence of the
A-B transition temperature on the NMR frequency shift.
This effect may shed light on the mechanism of the A-B
transition in aerogel.

2. Experimental setup. The aerogel sample used
was of 98% porosity material, made by N. Mulders, in
the form of a cylinder of diameter 5 mm and length 3
mm with the axis oriented along the external magnetic
field direction. We expect that the aerogel was squeezed
by about 3% and 2% along the axis at two sets of our ex-
periment. We have placed the aerogel sample inside the
cell of diameter 5.2 mm, made from Stycast 1266. At the
process of closing the cell, we have pressed it by about
20% and then released the pressure. We can estimate,
that the deformation, remaining after releasing the pres-
sure, i.e. the plastic deformation, was of about 2% (see
analysis below for comparison between two runs). We
carried out two sets of experiments. In the first, there
was no gap between the aerogel and top and bottom sur-
faces of the cell. On cooling the Stycast body contracts
about 1% more than aerogel itself. Consequently, in the
first set of experiments the aerogel sample had an ad-
ditional deformation along the axis of about 1% more
than as pre-deformed at room temperature. In the sec-
ond set of experiments the aerogel was fitted loosely into
the cell which had gaps between the aerogel and the cell,
and thus with no additional deformation due to thermal
contraction.

All the experiments described below were made at
29.3 bar pressure in a magnetic field of 290 gauss, cor-
responding to an NMR frequency of 940 kHz. The 3He
in the aerogel cell was connected to the bulk *He by a
channel of 1 mm diameter. Thermometry was based on
a melting curve thermometer placed outside of the cell.
To avoid the formation of solid He on the surface of
aerogel strands, we preplated the aerogel with layers of
“He. The cell was installed on a rotating nuclear demag-
netization cryostat of ISSP, University of Tokyo, which
allowed us to observe the influence of rotation on the
observed NMR signals. To make the measurements we
have used both conventional cw NMR spectroscopy and
the Homogeneous Precessing Domain (HPD) method of
NMR [16].

3. Experimental results. In the A-like phase we
observe a relatively narrow NMR line with a large neg-
ative NMR frequency shift, shown in Fig.1. The NMR
frequency in the A-like phase depends on the relative ori-
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Fig.1. The cw NMR signals for various temperatures, la-
belled on each curve as T'/T. Those signals with negative
frequency shift are from the A-like phase and those with
positive frequency shift from the B-like phase

entation of the orbital momentum L and the spin vector
d according to [17]:

w? = w? + Q4 (1 - 2sin® B), (4)

where wy is the Larmor frequency, (24 is the Leggett fre-
quency in the A phase and 3 is the angle between L and
d. In the applied magnetic field, the spin vector d is
oriented perpendicular to H. The dipole-dipole energy
orients L along d, which usually leads to the observed
positive NMR frequency shift. Contrary to that, in our
experiments we see a big negative frequency shift, which
shows that sin? 3 > 1/2. The quantitative analysis of
frequency shift shows that sin? 3 ~ 1, as shown in Fig.4.

Below 0.82 T2 (with T2 being the transition tem-
perature of the A-like phase) a fraction of the superfluid
A-like phase undergoes a transition to the B-like phase.
NMR signals from the bulk B phase usually show a very
broad distribution extending from the Larmor frequency
to a large positive shift arising from the texture. In Fig.1
in contrast, we see a relatively narrow NMR line with a
small positive shift, which is most naturally explained as
arising from the orientation of the induced orbital mo-
mentum along the magnetic field. We can claim that
this orientation of the orbital momenta in both phases is
indeed the result of the orientational effect of the aerogel
anisotropy. In Fig.2 we show the frequency shift for the
peak of the NMR absorption signal for the A-like and
B-like phases.

The shape of NMR spectrum is determined by the
spatial distribution of L and d according to equation
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Fig.2. The frequency shift of the peak of NMR spectrum.
Results for the first set of experiments (e) and for the sec-
ond set (o)

(4). Our estimations shows that in the first set of exper-
iments the maximum frequency shift reaches the value
corresponding to orientation of L parallel to the mag-
netic field, and consequently, perpendicular to d. If this
is the case, the maximum frequency shift, shown in Fig.3
by solid circles, should be equal to —Q%?/2w. In order
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Fig.3. The values of QY calculated from the NMR shift
for the first set of experiments (¢). The dashed line shows
the value of Q4 for bulk *He against reduced temperature.
The dotted line shows the corresponding 50% value of Q%
for bulk plotted as T over T

to confirm this conclusion we need to estimate the mag-
nitude of Q9 for aerogel, which has not been measured
previously. In the case of isotropic scattering model [18]
the ratio Qp/Q4 for the aerogel should be the same as
2007
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for the bulk case. The value of 2% in aerogel has been
studied by various methods [19]. From these data we can
estimate a 50% reduction of Q% in aerogel at 29.3 bar, as
shown in Fig.3 (dotted line). As can be clearly seen, at
low temperatures the measured Q% (o) approaches the
estimated value. At higher temperatures the frequency
shift becomes smaller than predicted by isotropic scat-
tering. This can be explained by anisotropic scattering
model [18].

We may suppose that the sample of aerogel before
the global deformation is applied is not homogeneous.
There are regions with local deformation which are ori-
ented randomly. In a squeezed aerogel the local defor-
mations are oriented mainly along the axis, but with
some scattering. The additional pressure arising from
the Stycast constraint, makes the orientation more par-
allel to the axis. We can characterize the shape of the
3He-A NMR spectrum in a local approximation. The
difference in the distribution of 3 between the first and
the second runs could be caused by the additional ther-
mal contraction due to Stycast cell in the first run. Sim-
ple calculations shows, that the distribution of angles in
Fig.4 can be explained by about 1% of random orien-
tation in the aerogel before the deformation, additional
2% orientation along the axis at the second set of data,
and additional 3% orientation in the first set of data.

We can confirm this picture by looking at the NMR
data for the B-like phase. The textural healing length in
the B-like phase is much greater than that in the A-like
phase. Thus averaging over this longer scale makes the
effective mean deviation of the random orientation very
small. That is why the B-like phase shows nearly verti-
cal orientation of the average L in both cases. The small
deviation from zero frequency shift can be explained by
the well-known NMR shift due to spin waves, which are
not taken into account in our local approximation.

Surprisingly we have found that the transition tem-
perature from the A-like to B-like phase depends on the
frequency shift in 3He-A. Previous studies have shown
that the A-like and B-like phases can coexist over some
range of temperatures [20—22]. 'We observed that on
cooling, that part of the 3He-A phase with the largest
frequency shift undergoes the transition first (see Fig.1).
For those experiments without the Stycast constraint the
effect is even more pronounced. It should be noted that
in the second run the frequency shift of NMR spectrum
(o) starts to increase at some temperature even though

% should continuously increases as temperature de-
creasing (see Fig.2). The greater the angle of deviation
of L from the magnetic field direction, the smaller is the
frequency shift and the lower the transition temperature
(see Fig.2). It is a problem for the theory to explain the
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Fig.4. The spread of the NMR signal in the A-like (a) and
B-like (b) phases plotted as function of the angle of deflec-
tion L from the vertical in a local NMR, approximation.
The solid line shows the signal from the run with the Sty-
cast constraint, and the dashed line shows the signal after
the pressure release (see text)

dependence of the A-B transition temperature on the
orientation of L.

We have performed many different experiments un-
der rotation. We have cooled through the transition un-
der rotation, or simply rotated at constant temperature,
or rotated with the simultaneous creation of an HPD.
From these experiments we conclude that counterflow
has negligible influence on the orientation effects on *He-
A in squeezed the aerogel. This is a direct consequence
of aerogel orientation energy. The counterflow energy
can be on an order of magnitude bigger than the dipole
energy, but it is not enough for reorient the vector L in
a percent squeezed aerogel. In 3He-B the aerogel orien-
tation energy is significantly smaller owing to the small
value of orbital momentum, induced by magnetic field.
We can see some influence of rotation in B-like phase
when we cross T2 under rotation. In this case spin-
waves modes are clearly seen in the B-like phase [23].
The effect of counterflow, observed in reference [24] can
also be seen but with very small amplitude in deformed
aerogel. In the A-like phase we observe the formation of
a state with coherent precession of magnetization which
will be discussed elsewhere.
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4. Discussion and conclusions. To conclude,
we have demonstrated for the first time that the global
anisotropy of aerogel has a strong influence on the orien-
tation of the orbital momentum in both the A-like and
B-like phases. In both phases the orbital momentum
orients itself along the direction of the squeezing. The
resultant line broadening in the A-like phase is greater
than that in B-like phase owing to the difference in the
respective textural healing lengths.

We also shed new light on the problem of orientating
effect of the aerogel surface. It has been found [19] that
the free surface of aerogel orients L in the B-like phase
parallel to the surface. From our results this effect can
be explained by the presence of a local deformation in
the aerogel caused by the mechanical slicing of the sam-
ple. Such treatment can lead to a dense layer of aerogel
near the surface. L can then be oriented by this layer,
rather than by the aerogel surface itself.
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