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For temperatures below phase separation of 1000 ppm 'He in solid 4He, we measure
a heat capacity yT for a pressure between melting of pure 3He and 4He. Together with
the confined sample geometry, this results in liquid ~He droplets {p- 1031) either di-
lute or pure depending on the phase diagram topology which is discussed theoretically.
In the case of a pure 3He droplet, an anomalously high effective mass m*/m = 10 is
found, which could be explained by paramagnon effects enhanced by the confined geom-
try.

PACS numbers: 67.60.-g, 67.50.-b

A possibility for a self-confined geometry,
which has been little explored either experimen-
tally or theoretically, is the formation by isotopic
separation of a distinct phase of helium in the ma-
trix of the other phase. In this paper we discuss
specific-heat results and theoretical considera-
tions of the formation of droplets of liquid helium
with typical size 10' A in a host matrix of solid
4He.

The experiment consisted of measuring the heat
capacity, C, of a mixture of 1000 ppm 'He from
3 mK to 1 K by applying a heat pulse hQ and
measuring the corresponding DT. The basic ap-
paratus which has been described in detail else-
where" consisted of a cell tightly packed with 22

g of cerium magnesium nitrate (CMN) (filling fac-
tor 65%%uo) that served as both refrigerant and ther-
mometer for T &40 mK. From the tight packing
of the CMN, we know that the average open vol-
ume available to the helium has a diameter be-
tween 1 and 5 p, m. Our earlier experiments done
with the pure liquid and solid phases of both 'He
and 4He confined in the same cell did not show any
anomalous behavior in C„.' After the last of the
pure studies, that of 'He, was completed, the cell
was evacuated while the apparatus was held at 4
K. To form the isotopic mixtures we condensed
-6 cm' STP of pure 'He into the cell and then add-
ed pure 4He to the extent needed to give pressures

of 90kPa, 2.2 MPa, and 2.7 MPa. The latter
pressure, with an uncertainty of approximately
0.1 MPa, being that of a solid formed with use of
the blocked capillary technique starting from liq-
uid at 5.1 MPa and -2.3 K.'

Our results are displayed in Fig. 1(a) for the
two lower pressures in the homogeneous liquid
phase. Above 500 mK, C is essentially that of
pure liquid 4He as we measured earlier, ' while
for T&400 mK the 4He contribution decreases as
T' and becomes negligible below 100 mK. Below
150 mK and for T» TF, the Fermi temperature
(T„-30mK for 1000 ppm'), the temperature-in-
dependent C is that expected from a noninteract
ing gas of 'He particles in the classical regime,
where the specific heat per atom is &k,. This
gave us the means, using the low-temperature
measured value C= 3.1 mJ/K, to precisely de-
termine the total number of 'He atoms, 1.5 & 10"
(held constant in this experiment), which will be
important in deducing the effective mass dis-
cussed later.

The next increase in pressure was planned to
bring us between the melting curves of 4He, es-
sentially flat at 2.5 MPa below 800 mK, and that
of 'He (2.9 MPa at T-300 mK to 3.4 MPa at T
=0). A similar experiment, ' but using a 'He im-
purity concentration 10 to 20 times larger, showed
from NMR measurements that below the isotopic
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phase separation temperature the 'He aggregated
into what the authors believed to be droplets of
essentially pure liquid 'He suspended in a matrix
of nearly pure hcp 4He. They estimated a droplet
diameter of several microns based on T, meas-
urements.

In the present experiment, the size of the drop-
let was further restricted by the -1 pm CMN
cage and smaller concentration of 3He. This gave
a constraint on the maximum size of the droplet
y = x' 'D, where D = 1 p, m, x = 1000 ppm, and thus

y = 1000 A if only one droplet of pure 'He was
formed within the cage. Surface effects can be
important since for this droplet size, 5% of the
atoms are in the two outer layers.

The results of specific-heat studies presented
in Fig. 1(b) show a transition around 150 mK with
an associated latent heat, and we believe it marks
the phase separation of the solid helium. The
temperature agrees well with an extrapolation to
small x of the solid helium coexistence curve. '
We estimate a latent heat of approximately 5 p J/
cm' by subtracting off a smoothed background
heat capacity of 3 mJ/K. This latent heat is con-
siderably smaller than expected from an entropy
of mixing term hQ = TaS -- TRxln(x) as in Ref. 5.
However, it corresponds in order of magnitude to
the melting latent heat of the dilute phase which
we discuss below.

Below 100 mK, the heat capacity varies linear-
ly with temperature and the proportionality con-
stant y = 66 J/K' (mole 'He) corresponds to C/RT
= 8 K '. It has to be compared to the value 4. 85
K ' for pure bulk 'He at the melting pressure.
Translated into effective mass, we get m*/m,
=10.2 +0.5 if the droplet is pure 'He. By compar-
ison the highest value measured in bulk liquid
'He is m*/m, =6.2 at a pressure 0.7 MPa higher
than here. ' We show in Fig. 1(b) heat-capacity
terms linear in temperature from Ref. 6, and an
extrapolation from lower temperatures due to
Alvosalo etal. ' The difference between our meas-
urements and the others is large, and we discuss
two interpretations of our results.

Below 100 mK, C- T is the signature of a Fer-
mi liquid coexisting with almost pure solid 4He.

The authors of Ref. 4 supposed a pure 3He liquid
phase as indicated by the phase diagrams availa-
ble in the literature. " In fact there may well be
a dilute phase which remains stable for a few
tenths of MPa above 2.53 MPa (the solidification
of pure 'He), thus giving the proposed phase dia-
gram in Fig. 2.

(i) This topology satisfies continuity require-
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FIG. 1. Heat capacity of 6.2 om' 4He containing
1000 ppm 3He. (a) Liquid solution, p = 90 kPa (open

tria~les) and P = 2.2 Mpa (closed triangles) (b) So.l-
id solution, p = 2.7 MPa. The measurements, taken
on vrarming (open circles) and cooling (closed circles),
are displayed as 4@1~ to take into account the latent
heat at the transition around 150 mK. The dashed line
shows the background heat capacity as measured in
Ref. 2. For T & 60 mK the experimental uncertainity
is about the size of the datum point.

ments, as regards diluted/concentrated liquid 'He
equilibrium, below and above 2.5 MPa. A number
of (T, x) diagrams have been systematically inves-
tigated at various pressures, "but they are hypo-
thetical for T ~ 200 mK. For concentrations be-
low 5% (&x„ the finite solubility of 'He in 'He
which increases to 10% at 0.8 MPa and slowly de-
creases to 8% at 2.2 MPa), "the behavior seems
to be different from all others, indicating that for
the dilute solutions, equilibrium is between phas-
es I and II (Fig. 2) rather than phases I and III.

(ii) The equilibrium condition of phases I and II
in Fig. 2 may be written p,,~(x,) = p„(x,)+ p,,'= p,,'
=E,' (for T =0; note that, because of the third
law, the phase boundaries are vertical on the T
=0 axis). p, ,"(x,) is the chemical potential of 'He
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FIG. 2. Proposed phase diagrams (for higher tem-
peratures, see Refs. 8 and 9). I: hcp; II: dilute liquid
solution; III: concentrated liquid 3IIe. (a) P &P *,
(b) p &p*. A triple point (phases I, II, and III) appears
at T = 0 for p =p" and rises to finite T for p &p*.

in the dilute 1.iquid phase at minimum solubility
x, . It consists of the perfect Fermi gas potential
p, F(x, ) x, '~' plus a correction term" p,,'=E, '

-Nx,
~ Vo~, where E, ' and E,' are the rest ener-

gies of a 'He atom in liquid and solid 'He, respec-
tively Ep' is related to I.„ the latent heat of va-
porization per atom of pure 'He at T = 0; at satu-
rated vapor pressure —(E,'+ L,) = 0.29 K." For
zero-point-energetic reasons, we consider the
following hierarchy as probable (not too far from
'He melting pressure): E, '&E,' & —L, &0. We
may then extract the minimmn solubility x, from
a geometrical construction entirely similar to the
one that gives xo, the maximum solubility. " x, is
smaller than x„as it should be, as long as E,'
& —L,. For the pressure p* where E,'=- L, (i.e.,
x,=xo), a triple point, bringing phases I, II, and
III into coexistence, would first occur, at T=O.
We expect P* to be a.round 2.8 Mpa (see added
note). Above p*, the triple point rises to finite T
and equilibrium is between essentially pure solid
'He and liquid 'He.

(iii) Coming back to the yT term which has been
measured here, we are able to fit this term with
an effective mass m* =3m, (which is the relevant
figure for dilute solutions at the highest pres-
sures'0), assuming x, 8%. But to do so, we are
forced to consider that only a fraction -0.7 of the
total number of 'He atoms actually contributes to
yT. We assume that a single droplet forms in
each CMN pore of our restricted geometry with
one pseudo-solid monolayer of 'He atoms at the
droplet surface in order to lower its surface ten-
sion. " For our pore geometry, these absorbed
atoms, taken out of the Fermi bath, amount to a
large fraction (-&) of the total.

We now examine what happens when the droplets
are pure liquid 'He as in Fig. 2(b) for p &p*. In
the following model, we suppose that the droplets
are small enough so that the surface to volume
ratio, o, of 'He atoms is nonnegligible (10 '&o
as a rough estimate) and yet large enough for a
Fermi-liquid picture to hold, which appears ful-
filled in the present experiment. Then each drop-
let can be regarded as a strongly interacting Fer-
mi liquid in confined geometry. In recent years,
it has been shown that, in a nearly magnetic Fer-
mi liquid, the enhanced spin-fluctuations ("para-
magnons") already existing in the bulk are expect-
ed to be much stronger near the surface. " Then
two different types of behaviors can be expected"
depending on whether I, the ratio of the bulk spin-
spin interaction in the paramagnon model to the
Fermi energy, exceeds or not some critical val-
ue T, (T, I,&1 and I, depends on the potential ex-
erted by the surface on the single particle wave
function of the fermions" in particular the Van
der Waals attraction to the surrounding medi-
um").

When I, &I & 1, the central part of the volume
remains paramagnetic with the bulk Pauli-type
susceptibility constant at very low T, but a few
layers next to the surface switch to a two- (or
quasi-two-) dimensional itinerant-electron ferro-
magnetic behavior, with a strong temperature
variation of the susceptibility (and the specific
heat). This was proposed to apply" to liquid 'He
confined in various substrates. "

But I, is closer to 1 when the 'He-substrate
attraction is weaker, "which is the case here with
a 'He substrate in contrast to conventional ones. "
Then the behavior I & I,&1 is more likely to hap-
pen. In this case both the central part of the vol-
ume and the surface region exhibit Pauli-type
susceptibilities, but the surface region is expect-
ed to have a larger Stoner enhancement than the
central part: The magnitude of the local suscepti-
bility, overenhanced near the surface, decreases
from the surface to the center of the droplet,
where it would assume the bulk Stoner value at
the pressure of the experiment. Therefore, if o

is not negligible, the overall effective Stoner en-
hancement, measuring the ratio of the whole drop-
let susceptibility to the standard Pauli one of non-
interacting fermions, is larger than the bulk one
at the same external pressure. Similarly, the
overall specific heat still varies linearly with T
but with a coefficient much more enhanced com-
pared to the bulk one, yielding anomalously large
values of m*/m, . An effective overall interaction
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of order -0.98 to 0.99 would give an effective
Stoner enhancement of the susceptibility of order
50 to 100 and an m*/m, enhancement of 8 to 11
through m*/m, = 1+4.5Tln[1+ T/112(1 —T))]. In
that case, interesting associated consequences
might be expected: a slight increase of the super-
fluid 'He transition temperature, "a greater po-
larizability than in the bulk liquid, etc.

Both situations (T& T, and T& I, ) discussed
above for liquid He' may apply as well to other
nearly magnetic metals or compounds in confined
geometry (powders or thin films of Pd, for ex-
ample, could thus exhibit triplet pairing super-
conductivity or two-dimensional itinerant-elec-
tron ferromagnetism'4).

To conclude, we report new experimental and
first-stage theoretical investigations of a self-
confined phase of liquid helium. According to our
proposed phase diagram, one or the other of the
above two interpretations will prevail depending
on the pressure. Experiments such as neutron
scattering and static susceptibility measurements
are necessary to obtain more information on the
phase diagram, the magnetism, the structure,
and the size of the droplets.

Note added. —D. O. Edwards has suggested to
us a way of more accurately evaluating the triple
point pressure p* using existing osmotic pressure
data. We thus obtain p* approximately equal to
2.6 MPa. A more detailed discussion will be pre-
sented in a paper now in preparation. "
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