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Semisuperfluidity of 3He in Aerogel?
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According to hydrodynamic, acoustic, and NMR studies the superfluid transition temperature of *He
in aerogel (T¢) is significantly suppressed with respect to that of bulk *He. We have found in the range
of temperatures between 7, and T¢ a large and unexpected NMR satellite line attributable to the liquid
inside the aerogel. We propose that this anomalous behavior of liquid *He corresponds to a new type of
superfluid ordering related to magnetic and possibly orbital coherence.

PACS numbers: 67.57.Fg, 67.57.L.m, 67.57.Pq

One of the current issues about superfluids and super-
conductorsistheinfluence of aspatial disorder on the order
parameter. Liquid *He is an absolutely pure superfluid at
low temperatures. However, short-range inhomogeneities
can be introduced by inserting materials of high porosity
into the liquid. Perhaps the most interesting material for
this sort of investigation is aerogel, a silica glass, which
has a structure consisting of interconnected strands. For a
typical 98% aerogel the strands are 5 nm in diameter and
are separated by 100 nm. The mean free path of aballistic
particle in this structure is 200 nm and during this time it
will be at most 30 nm from a surface. These lengths are
comparable to the relevant parameter of superfluid *He, the
coherence length.

The superfluid transition of *He in aerogel has been ob-
served by several methods. Torsion oscillator measure-
ments [1] give a clear indication of global superfluidity
of *He in aerogel over a range of pressure. In acoustic
measurements superfluidity manifests itself by a mode of
second sound [2], and in NMR experiments by afrequency
shift of the main resonance line [3,4].

In this article we address the question of the state of
3He inside aerogel in the temperature region between the
superfluid transition in the bulk and the observed global
superfluid transition in the aerogel. For a simple system
like superfluid “He or electrons in superconductors, which
exhibit only phase coherence, the suppression of superflu-
idity leads to a normal liquid state. For *He the answer
is not so simple because not only gauge symmetry but
also spin and orhit rotation symmetries are broken. Conse-
quently, in addition to phase coherence one must consider
spin and orbit coherence. As has been shown theoreti-
cally by Volovik [5], impurities can stabilize states where
the phase coherence is suppressed while spin and orbit co-
herence is preserved. In this article we report experimen-
tal observations, which can be explained by these exotic
semisuperfluid states of *He in aerogel.

We have used two samples of nominal 98% aerogel in
two different experimental setups. The first setup consists
of two cylindrical towers of 5 mm diameter connected to a
main reservoir of *He. One of the towers was almost filled
by the aerogel sample, the gap left between the wall of the
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cell and the aerogel being smaller than 0.2 mm. The sec-
ond tower was designed to force the angular momentum
vector of bulk *He-B to be nearly horizontal, thus pro-
viding a reference signal. It simply contained a 1.5 mm
diameter axia solid rod. The second setup had a single
experimental tower filled with aerogel. This time the gap
between the aerogel and the walls was made to be 0.1 mm.
Two vibrating wire resonators (13.5 pwm NbTi and 89 um
Nb) enabled us to determine accurately the *He tempera-
ture between 0.2 and 100 mK [6].

Continuous wave (cw) NMR measurements were made
at afrequency of about 660 kHz. We checked that heating
effectswere negligible at the very low NMR applied power
used. Asusual, the measurements were made by sweeping
the magnetic field (the Larmor frequency) but the results
will be presented in terms of a frequency sweep. In order
to suppress any coupling to bulk liquid at the open end, the
NMR signal was detected with a saddle coil that covered
only the lower part of the sample tower.

The measured NMR signal is the superposition of the
signals from severa different sources: the bulk liquid sur-
rounding the aerogel, the liquid confined within the aero-
gel, and the atomic layers of 3He adsorbed on the aerogel.
We find that the adsorbed solid is in thermal equilibrium
with the bulk liquid even at our lowest temperatures of
about 200 K provided by a copper nuclear demagneti-
zation stage. It is generally believed that there is fast ex-
change between the solid and liquid *He inside the aerogel,
|eading to acommon precession of the sum of the two com-
ponents of the magnetization at an averaged frequency,

_ (w )M, + (w))M;
<w> - Ms + Ml > (1)

where (w,) ({(w;)) is the average precession frequency and
M, (M) the magnetization of the solid (and liquid, respec-
tively). This condition, verified previously in experiments
using Mylar [7] and aerogel [3] was generally well fulfilled
in our experiment, except for one very important case, that
is the subject of this Letter.

In Fig. 1 we show the main results of our NMR ex-
periments with the first sample at 17.6 and 21.5 bar pres-
sures. The area of the main NMR line is proportional to
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FIG. 1. Thearea(o, ) and the frequency (X, +) of the main
NMR line at 17.6 and 21.5 bar as a function of temperature. At
the bottom is shown the area of the corresponding satellite lines.
Dashed line: Curie-Weiss law.

the magnetization of the *He in the cell. Its analysis of
over awide temperature range alows a clear identification
of the different contributions. At high temperatures, above
100 mK, we observe the well-known susceptibility of the
Fermi liquid (out of scale of Fig. 1). At lower temperatures
the magnetization of the solid increases, in accordance
with the Curie-Weiss law, and becomes the mgjor com-
ponent below a few mK. At temperatures below 0.4 mK
Curie-Weiss law fails to describe our results. However,
the solid contribution can be described well over the entire
temperature range by a 2D Heisenberg ferromagnet Ham-
iltonian as found for 2D solid films [8].

The dipole-dipole interaction of superfluid *He leads to
aNMR frequency shift which depends on the structure and
orientation of the order parameter. For superfluid 3He-B
the frequency shift is described by the equation

2

Aw = cos,B2 L , 2
wo

where () isthe Leggett frequency which characterizesthe
dipole-dipole interaction, w is the Larmor frequency, and
3 describes the orientation of the order parameter 7 with
respect to the external magnetic field. In the bulk, near the
walls of the cell, the orientation of order parameter leadsto
alarge frequency shift. Usually the order parameter forms
a spatial texture which determines the NMR line shape
observed in bulk *He-B.

It was found that below the superfluid transition inside
the aerogel liquid 3He has a frequency shift, which leads
to a frequency shift of the common liquid-solid preces-
sion, as shown in Fig. 1. The onset temperature of this
frequency shift 7¢ was found to be in good agreement

with torsion and acoustic measurements of the superfluid
transition temperature in aerogel. Our experiments show
the same behavior of the main NMR line. With the sec-
ond aerogel sample we find superfluid transition tempera-
turesin excellent agreement with previous experiments [3]
performed above 12 bars. We have observed also tran-
sitions at 900 K (8 bars) and at 300 uK (5 bars). We
did not find any transition at zero pressure with tempera-
tures down to 200 uK. In the first sample we find that
the transition temperatures 7¢ are systematically shifted
to lower temperatures. We have observed transitions at
1.4 mK for 21.5 bars, 1.18 mK for 17.6 bars, and 760 uK
for 12.5 bars. We have not seen any transition down to
300 uK for 8 and 5.4 bars.

With further cooling, the magnetization of solid 3He in-
creases, thus causing a decrease of the common frequency
shift, as shown in Fig. 1. At a temperature of 0.157, at
21.5 bars we have observed an unexpected growth of the
frequency shift. This last observation will be discussed in
other publications.

In addition to the main NMR line, we see a satellite sig-
nal that appears at atemperature near T, of bulk and moves
away from the main resonance with decreasing tempera-
ture. The origin of this signal is puzzling. At first glance
this signal could be due to bulk *He surrounding the aero-
gel sample. We were able to compare this signa with that
received from the empty cell of the same dimensions, but
with asolid rod in its axis, described above. The cell was
filled by bulk *He. The NMR lines from both cells shown
in Fig. 2 have been measured at exactly the same tempera-
ture using the same settings of the spectrometer. Thesigna
from the cell with the rod can be explained well by a bent
texture [9]. Its high frequency limit corresponds to a per-
pendicular orientation of the vector L with respect to the
vertical walls and the magnetic field. The signal from the
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FIG. 2. The NMR satellite line measured in bulk *He at
17.6 bar and 0.87, in (A) the cell with an axia rod, compared
to (B) the cell filled with aerogel.
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aerogel cell shows about the same frequency shift, but a
different form of broadening. To our surprise, the ampli-
tude of the satellite lines from the two cells is comparable.
One should remember that one of the signals is received
from bulk *He filling up the entire cell, while the other
originates from the cell with aerogel, where bulk super-
fluid *He exists only in a narrow gap between the wall and
the aerogel sample. In Fig. 3 are shown the satellite lines
a different temperatures. In all cases the frequency shift
is smaller, but gomparablewith that for *He-B with L per-
pendicular to H.

If indeed the satellite peak hasits origin in the bulk *He
contained between the cell’ swalls and the aerogel, then its
magnitude should simply be proportional to the suscepti-
bility of the B-phase superfluid and the volume. Given the
geometry of the cell, we can estimate the maximum vol-
ume of bulk liquid contained between the aerogel sample
and the wallsin the region seen by the NMR coils to be be-
tween 5 and 15% of the total volume of the cell. The mag-
netization of the measured satellite line, which varies with
both temperature and pressure, can be compared to that
tabulated for superfluid *He-B, normalized by the NMR
signal measured in our setup above T.. We show in Fig. 4
the magnitude of the satellite signal as a percentage of the
signal expected from the total amount of liquid *He inside
the cell. Thisvalue is found to be as large as 50%.

Such alarge value of the satellite signal simply cannot be
explained by the bulk *He surrounding the agrogel. There-
fore, we have to consider the possibility that it originates
from the *He liquid confined within the aerogel. This con-
clusion is further supported by measurements of the area
of the main NMR line, shown in Fig. 1. We observe that
the magnetization of the main line begins to deviate from
the Curie-Weiss law below the bulk transition T.. The
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FIG. 3. Thesatellitelinesin aerogel at 21.5 bar. The main line
has been subtracted.
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deficit in magnetization roughly corresponds to the mag-
netization of the satelliteline. At around 7¢ the amplitude
of the satellite line decreases, as seen in Fig. 1. At alower
temperature this magnetization returns to the main line.
Since bulk *He outside the aerogel does not change in this
region of temperature, this observation supports the con-
clusion that the satellite signal is emitted by *He confined
within the aerogel. These results have been confirmed by
the experiments made with the second sample.

Our measurements show that *He inside agrogel in the
region of temperatures between 7. and T¢ is not in a
simple normal state. Keeping thisin mind we have reexam-
ined the results of previous experiments. The observation
of asatellite NMR line of intensity of about 12% of liquid
has been mentioned in [10]. In arecent discussion of this
experiment we have learned that adding some amount of
“He had increased the amplitude of the satellite line up to
24% [11]. Since “He does not change any bulk parameter,
this observation definitely supports our conclusion that the
satellite NMR signal is emitted from He confined within
the aerogel. Acoustic measurements [2] also show asignal
intheregion between T, and T¢, which has been attributed,
without quantitative analysis, to the influence of external
*He. An unexpected anisotropy of the NMR signal from
aerogel at the same temperatures was reported [4]. Our
work suggests that this anisotropy is the result of atexture
inside the aerogel, the orientation of which is determined
by the cell wall.

As a first tentative explanation of satellite signals we
considered a proximity effect between the bulk superfluid
and the “dirty” 3He contained inside the aerogel. In order
to explain the amplitude of the satellite line, we should
suppose that all the *He magnetization (liquid and solid)
on adistance of about 0.1 mm inside the aerogel precesses
at afreguency related to the order parameter of the external
superfluid *He. Thiswould mean a giant penetration, over
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FIG. 4. The magnetization of the satellite signal in units of
that of an equal amount of liquid *He-B filling the cell.
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1000 coherence lengths. However, this hypothesis can
be applied in our case only if the satellite line frequency
corresponds to the averaged frequency of liquid and solid
magnetization precession, as described by Eq. (1). This
should lead to a broadening of the main part of the satellite
line down to the main line frequency and cannot explain
our relatively sharp satellite line.

If we assume that the aerogel sample hasrelatively large
voids where the liquid *He isin alocal superfluid B state
and its precession is decoupled from the solid one, then
the volume of these pores should be as large as about 30%
of the aerogel volume, which is unlikely. But if it is a
case, then the orientation of the order parameter in these
pores would be correlated with that of the superfluid *He
outside of the aerogel. In other words, spin and maybe or-
bital supercurrents transport the texture through the aero-
gel derby, while the global phase coherence is suppressed.
Consequently, *He inside the aerogel should be in a mag-
neticaly ordered and in aliquid crystal state.

It is more likely that the satellite signal is emitted by
the liquid *He confined within the aerogel. Clearly, it is
difficult to explain the existence of satellite lines without
invoking a substantial modification of the state of *He in
aerogel. The state of 3He in the region of temperature
considered here may be very unusual. Generally speaking,
there are many interesting exotic states related to the
p-wave pairing of Cooper pairs. It was Volovik [5], who
suggested that impurities tend to destroy the anisotropic
correlation of the order parameter (A,;), while the corre-
lations of the order parameter, which in principle are more
symmetric than the order parameter itself, may still sur-
vive. These correlations correspond to superfluidity with
four-particle correlated states (AqiAai), €apy(AailAgi)
(state with spin anisotropy), e;jx{A«iAq;) (state with orbi-
tal anisotropy), as well nonsuperfluid states with magnetic
or/and orbital ordering: eqgy(Ani, Agi), €iji{AqiAy ;). and
eijkeapy(AniAp;). SOme of these states are natural can-
didates for 3He ordering in the conditions considered here.

The existence of a *He state with spin and maybe or-
bit coherence should have important consequences on the
spin dynamics. Liquid *He undergoes an antiferromagnet-
iclike ordering, characterized by two NMR branches. In
bulk superfluid 3He the longitudinal branch of NMR has a
frequency of about ;. What should be with this branch
owing to the interaction with the highly magnetized sur-
face solid *He? As a tentative hypothesis we can suggest
that the satellite signal isthe signature of the second branch
of liquid NMR in the conditions of strong interaction with
magnetized solid 3He.

The state considered here would have similar character-
istics to *He-A modified by the influence of the aerogel;
in particular, we would expect the mass dynamics to have
similar dissipative properties. Thus atorsion oscillator ex-
periment may fail to detect the superfluid signal. The tran-
sition seen previously by torsion oscillator experiments as
well as by the NMR frequency shift of the main line would
then be the analog of the A-B transitionin the bulk. In sup-
port of this hypothesis, we can mention that thereisasimi-
larity between the transition observed in aerogel and the
A-B transition in bulk at high magnetic field. The surface
of the aerogel may play arole similar to a magnetic field,
which shifts the A-B transition to lower temperatures.

In conclusion, in this article we report for the first time
the unusual properties of *He in aerogel in the region of
temperature between T, in the bulk and 7¢ in aerogel,
which we named “ semisuperfluidity.” This phenomenonis
characterized by formation of a satellite NMR line which
cannot be explained by external bulk *He. Thisarticle can
be considered as a call for theorists to investigate in more
detail the possible magnetic and orbital states of 3Heinside
aerogel.
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