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OBSERVATION OF STRONGLY POLARIZED LIQUID AND SOLID 3He USING THE CASTAING-NOZIERES
EFFECT AND POMERANCHUK COOLING

G. Frossati

Centre de Recherches sur les Trés Basses Températures, C.N.R.S., 166 X - Centre de Tri
38042 Grenoble Cedex, France.

Résumé - L'Helium trois étant un liquide de Fermi, pour obtenir des polarizations proches de 1
par brute-force i1 faut appliquer un champ magnétique H ~ KgTg / u ~ 200 T trop grand pour &tre
maintenu en laboratoire pendant un temps suffisamment long. Cgstaing et Noziéres ont suggeré une
méthode trés &légante qui ne fait pas appel a des champs aussi &levés. Il s'agit de polarizer
3He solide, qui est en premiére approximation un paramagnétique de type Curie-Weiss, et de le
Tiquéfier en un temps court devant Ty, le temps de relaxation de 1'aimantation. Nous avons ob-
servé le bien fondé de leur hypothése, 1'aimantation étant maintenue dans le liquide avec un
temps de relaxation de quelques minutes. Des polarizations de solide d'environ 78% ont &té ob-
tenues récemment. A cause des interactions antiferromagnetiques i1 faudra des champs magnéti-
ques de 1'ordre de 14 T pour obtenir des polarizations proches de 100%. La plupart de 1'aiman-
tation du solide peut &tre transférée en liquide.

Abstract - Because of the Fermi character of liquid 3He, to polarize this system to values close
to one by brute-force W& should apply a field H ~ KgTp / u ~ 200 T far too high to be produced
in the laboratory for a sufficiently long time. Castaing and Noziéres_suggested a very elegant
method of overcoming this problem which consists in polarizing solid 3He ( which has a magnetic
susceptibility of the Curie-Weiss type) and quickly melt it in a time short compared to Ty, the
time for the magnetization to relax. The magnetization was observed to stay in the liquid phase
with a relaxation time of a few minutes. Using Pomeranchuk cooling, solid polarizations as high
as 78% were recently obtained. Because of antiferromagnetic interactions, larger solid polariz-
ations will need higher magnetic fields. Most of the solid magnetizations can be transferred to

the liquid.
1.Introduction ~ At the present state of technolo- ation will probably still demand a lot of experi-
gy it is impossible to acheive liquid 3e magneti- mental effort.
zations my much larger than 10% of the saturation A totally differentapproach was suggested by
magnetization ms,by brute-force, that is cooling B.Castaing and P.Noziéres (5). Their idea was to
under a high magnetic field. use strongly polarized solid 3He which to a first
The condition to acheivemz = mg implies approximation they supposed a simple Curie paramag-
uH = KBTé where —%— = 0.8 mK/T and TF = 179mK at magnet ( polarization would be about 90% at 4mK
P = 33 bar,(1) whicﬁ means H = 225 T a field and 7 T). If solid could be melted in a time short
about ten times larger than what can be sustained compared to T,, the relaxation time of the magne-
at present with the best Bitter magnets. tization, then the Tiquid should conserve the mag-
One possible way would be polarizing 3He gas netization of the solid.
by optical pumping and then condensing it. Very We would then have
good results have recently been obtained in pola- me = X Hext = E_QSEE_
rizing the gas by M.Leduc and F.LalSe (2) using a m, = X Ho = E;ﬂ
laser of the convenient frequency. Although inte- TF

if mg= m, then H = H T§ which, for T = 4mK and

resting properties are expected from the gas phase ext—f""

(3,4) liquefaction and conservation of the polariz-  Pext™ 71 Would give H =300 T a substantial increa-
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se of the applied field indeed.

Assuming we can produce and measure strongly
polarized solid 3He, the only difficulty to observe
the Castaing-Noziéres effect would be related to
the relaxation time T1, this is a combination of
intrinsic dipole relaxation, due to collisions
between 3He atoms, and extrinsic relaxation, at

the walls of the container.

The intrinsic relaxation time is directly pro-
portional to the spin diffusion coefficient (5,6).
Extrinsic relaxation time will depend on how fast
the 3He quasiparticles can diffuse to the wall,
where they will relax hence T1 v D']. In the de-
generate region liquid 3He has a diffusion coeffi-

cient that goes as T-2 with a broad minimum of

about 3 x 107 %em? s™' at a few hundred millikelvin.
We would then expected that at those temperatures
and for relatively large volumes (a few cubic
millipeters) intrinsec relaxation times of 5 or 6
minutes should be observed,

Decreasing the dimensions of the 3He cell
would lead to a predominantly extrinsic relaxation.

4He can reduce the

Since coating the walls with
wall relaxation by more than a factor 10 (8,7)
typical minimum distances between walls of 0.lmm

could still be used without much probiem.

2. The Method - To observe the Castaing-Noziéres
effect we used a specially designed Pomeranchuk
cell for reason which will become clear in a mo-
ment. The experiment would consist in cooling 1i-

3He inside the cell by means of a dilution

quid
refrigerator in a high magnetic field. Magneti-
zation would be followed by continuous wave nu-
clear resonance using a Q-meter.During solidifi-
cation the signal would increase due to the forma-

tion of magnetization solid. 3He pressure would

JOURNAL DE PHYSIQUE

then be released to a value lTower than the minimum
of the melting curve. The NMR signal should de-
crease with a time constant T] which we expect to
be roughly the intrinsic relaxation time at the tem-
perature at which the liquid would find itself after
decompression.

in a first experiment which was done at the H.C.
Prsted Institute of Kopenhagen (8) at 2.7 T, liquid
polarizations up to 20% were obtained. Simultaneous
measuyrements by Schumacher et al.(9) at Grenoble

3He have also shown

using indirect cooling of solid
the feasability of the Castaing-Noziéres effect. Al-
though polarizations were only about 9% in3.5T field,
later experiments with indirect cooling Ted to pola-
rizations close to 20% in a 7.3 T field.(10)
We then made new experiments at Grenoble using

Pomeranchuk compressions ina 7.2 T field, but we
concentrated on the properties of strongly polarized

3He (11,12} since it became clear that the se-

solid
cond (larger) cell was not ideal to study polarized
1iquid 3he. Solid polarizations near 75% were then
obtained.

We will discuss briefly some problems associated
with solid magnetization measurements as well as the

design of the cells used on each experiment and the

results obtained.

3. Magnetizations measurements and Pomeranchuk cells

- F.Rasmussen (13) discusses different possibilities
for cooling solid 3He and in particular Pomeranchuk
cooling. This method relies on the fact that liquid
entropy, which decreases as T well below TF is Tower
than the so017d entropy (equal to R 2n 2 in the non
interacting solid picture) below about 300 mK, where
the melting curve has a minimum. Isentropic solidi-
fication of Tigquid 3He absorbs heat and produces

cold solid.



Let us first convince ourselves that Pomeranchuk
cooling is better than indirect cooling when it co-
mes to magnetize solid 3He in a non-restricted geo-
metry.

Fig.1 shows the entropy of solid 3He

in zero
field, and in a 7.2 T field as we deduced by taking
the slope of the melting curve Fig.2 measured dur-

ing the Grenoble Pomeranchuk experiment.
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Fig. 1 Entropy of “He
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Fig.2 e melting curve at H=0 from Ref.(28) and our results (7.2T)
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We see that to cool (for example) from 10 mK to

8 mK entropy has to be reduced by about 0.6 J mole’!

K
The cell described in refs.(9,10) in which

3 3

1 cm” of solid “He was indirectly cooled through a

3 cm2

heat exchanger made of 100 insulated copper
wires (coated with several layers of 4He)wou]d take
about 100 hours to go from 10 mK to 8 mK,in the sa-
me field. (We assume a 3 mK dilution refrigerator

. o 3 -2m2Y4
and a reasonable Kapitza resistivity RoT =10 W4L
In practice the solid temperature was limited td
~ 18 mK implying that some other thermal resistance
(or a large heat leak) appeard (14). The time cons-
tant v = RC goes as 7% due to the nuclear heat ca-

2 and the Kapitza resistance 773, it

pacity term T~
is then very difficult to cool to much lower tempe-
ratures even if the exchange area is increased by a
factor 10 or more, in which case, even if relaxa-
tion time is still long, NMR might be difficult to
do.

The advantage of the Pomeranchuk cell is that

3He which has about 13 times

weare cooling liquid
less specific heat (at 10 mK) and an excellent ther
mal conductivity allowing the use of a heat exchan-
ger of much larger area separated from the experi-

mental space (Fig.3)

Tem

Pressure gauge
AN

3 Flexible
>y Kapton
¥ wall

N

_Silver heat
exchanger

Fig.3 Pomeranchuk cell used in
the Kopenhagen experiment.
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Solid will then be formed at temperatures at
least as low as the precooled Tiquid. Some other
difficulties might appear though, as we discuss
later on.

The Pomeranchuk cells we have used have some
particular features which we developed to solve
some of the problems associated with precise mea-
surements of solid 3He magnetization particularly
in high magnetic fields. Let us briefly discuss
some of these problems.

The NMR aspects of the experiment and 1in par-
ticular the interconection of the lattice,

Zeeman and exchange reservoirs are discussed by
M.Chapellier (14).

It is important to know exactly the solid frac-
tion and the temperature distribution inside the
solid formed. Using the traditional type of metal-
1ic cell (15) oniy part of the solid could be stu-
died by NMR (since RF cannot penetrate the metal-
lic container). This was usually done by adding to
the cell some plastic tail around which the NMR
coil was wound. Solid formation could then be in-
duced inside the coil by means of a heater resis-
tance or a gradient of magnetic field or pressure,
The solid fraction inside the coil was the estima-
ted but errors due to spurious and incontrollable
solid growth are far too large to derive for ins-
tance the M x T. Diagram (16,17)

The situation is improved when solid is formed
from the superfluid phase (18)because of supression

3He becomes

of thermal gradients; in fact if liquid
superfluid during a compression it is probable that
solid will melt everywhere along the cell and reso-
1idify at the bottom. Magnetic field distribution
is also very important.

Because of the depression of the melting curve

with magnetic field (Fig.2) due to solid spin en-
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tropy reduction, solid will form, at a given tem-
perature, where the field is higher.In high magne-
tic fields, roughly 1 to 2% 1iquid has to be soli-
dified to decrease the temperature by 1 mK. Because
the difficulty of cooling butk solid it is essen-
tial that Tiquid be precooled to as low a tempera-

ture as possible, to avoid unwanted thermal and
magnetic gradients inside the solid under study.

To complete the Tist of problems, thermometry
under high magnetic fields is one of the most dif-
ficult ,and special attention must be payed to it
if quantitative measurements are to be made.

The Pomeranchuk cells that we used are then
made interely of plastic, and can be made in very
small dimensions so as to fit inside a very low in-
ductance NMR coil. A1l the spins can be probed in
this way, and the complete cell can be placed in a
highly homogeneous region of the magnet.

A precise measurement of the volume change can
be made and hence the solid fraction accurately
deduced as explained by Rasmussen (13).

By placing the cell inside the mixing chamber
of a dilution refrigerator which can maintain 2 mK
{18) continuously the hot solid fraction can be
eliminated since solid can be formed directly at
its nuclear ordering temperature, which we measured

to be about 3.5 mK at 7.2 T (11,12,20). Solid in

high fields could in principle even be formed di-
rectly from the superfluid phase using our dilu-
tion refrigerator although we never did it (in high
field)because of the small exchanger areas that we
used { o ~ 500 cm2). In a field of 25 mT a similar
cell had been precooled to 2.8 mK essentially the
temperature reached by the refrigerator at that
time (21).

Their construction is as follows: A cylindrical

membrane is made by wrapping a convenient number



of plastic Kapton foils (22) 12.5 p thick around a
Teflon rod and gluing them together with 1266 Sty-
cast (23). The ends are reinforced with double
thickness of plastic foil. The membrane is cut to
the desired length and removed from the Teflon rod
by cooling with liquid N2‘ The epoxy end pieces

( fianges ) are then glued to it and a pressure test
is made at N2 temperature. The membrane is then

4He container and holes are machi-

glued inside the
ned on one (or both) ends. The measuring sensors
and the heat exchanger are introduced and sealed

with new epoxy plugs. (Fig.4)

Fig. 4.Assembl1ng a Pomerarchuk celi. for details, see text.

To calculate such cells, the procedure is as
follows. We first determine the tickness of the
membrane for a given radius of the cells. For cells
of a few mm, since we are using Kapton foils of
12.5 u (15u including the glue) we actually cal-
culate the number N of layers and determine the
exact radius R of the cell by means of the empiri-
cal expression

R=4.4x10°N (py -Pp )7 M
i

1
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where R is in meters and P3i = P4i the maximum dif-
ferential pressure across the membrane in Pascal.

This gives for the maximum stress

o=2.9x 108 $?~
at 77 k, which increases by about 5% at 4 K.

A long thin cylinder fixed at one end and sub-
jected to an internal pressure P will have its ra-
dius R increased by AR(x) (x=distance from the end)

AR (x) = %%— {1- ekx { sin kx + cos kx)}
where E is the Young's modulus, t is the cylinder
thickness and K is a coefficient, related to the
Poisson's ratio, and equal to k = %ﬁgﬁ— for our
case. The end (or flange)effect can be considered
negligible when the maximum deformation AR(x) has
reached say 90% of its maximum value §%-which is
acheived for x¥ 2 v tR, For R=4 mmand t = 0.06
mmo, x = 1 mm

Since the stress at the flanges is twice that
at the center, we must provide a larger thickness
over the region where the effect of the flanges ex-
tends possibly decreasing with increasing x.

If we do not exceed the elastic limit, the in-
crease in volume will be proportional to the chan-
ge of the differential pressure across the membra-
ne (usually 3He pressure inside and 4He pressure
outside).

AV = a {(P31 - P4i) -~ {%f - Py
from which we deduce
N R

= — AP 2
v fr 3.4 (2)

The final pressure P3f is about 3,4 MPa.Know-

f) } = aAP3,4

ing that we can go from zero to 2.5 MPa on the 4He
side and that the maximum differential pressure is
P3i - P4i » chosen according to experimental rea-
sons, we calculate é¥ for the cylinder defined by
the membrane in the region situated at distances

x = 2 ¥/ tR from the end flanges.

If we take for example P3i - P4i max = 2.6 MPa
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(P3i = 3.0 MPa and P41 = 0.4 MPa) and N = 4 Ta-
yers (60 meters) we deduce from (1) R= 6.8 mm.
Using E = 6.1 x 10° N m'z, the Young's modulus of
Kapton film at 4 K we deduce & = 6.3%. This is
enough to totally solidify the liquid sample, (vo-
lume decrease of about 5%) and to provide some
increase of the liquid pressure (13). Roughly
about 4 bars of 4He are needed to increase 1 bar
in liquid pressure when the volume of the cell is
the one defined by the membrane (ends excluded).
If the compression is to be started at a low
initial 3He pressure, this fact is to be taken into
account and some liquid volume has to be excluded
(Fig.3). If the initial 1iquid temperature is of a
3He pressure can be set almost

few m{ the initial

equal to the final pressure.

4.Experimental Results

4.1 The Kopenhagen experiment: observation of the

Castaing-Noziéres effect - This experiment has al-

ready been described in the Titerature (8,24,25),
We will comment on some aspects of it.

The 3He sample, which contained less than 1000
ppm 4He impurities was solidified in a Pomeranchuk
cell whose membrane was made of 2 layers of 15 p

Kapton of 6.8 mm diameter and 8 mm total length,

with the inner distance between flanges reduced
to 4 mm(fig.3). The maximum differential pressure
was kept below 2.8 MPa. Making use of the liquid
compressibility, the solid fraction was determi-
ned through the expression

xg = 5.9% { APy ~ 2.5 AP4 .

The heat exchanger inside the cell was made by
sintering about 50 mg of 400 R Ag powder (area of
about 900 cm2) (28) to very pure Ag plated cooper
foil 0.1 mm thick. About 10 times this amount exten-
ded outside the cell to provide contact with the

diluted phase of the dilution refrigerator mixing
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chamber.

Since we wanted a free Helium space nothing was
placed inside the cell. Thermometry relied on the
melting curve pressure at 2.7 T (27).

The pressure qauge of this cell was not ment
for precise measurements but only as an indication.
It was made by using the deformation of one of the
ends of the cell, the configuration being shown in
fig.3. We knew that it would be dependent on the
4He pressure, as was already observed in a similar
pressure gauge made of much stronger BeCu (28).

A carbon thermometer was also placed inside the
exchanger well, but the contact broke and we could
not measure the temperature of the cell after de-
compression to the 1iquid phase. A reasonable esti~
mate was made by recompressing back to the melting

curve. °
Two saddle coils were provided for NMR detec-

tion, at right angles to each other. One with 2
windings for high frequencies around 90 MHz and one
with 80 windings, for frequencies of about 1 MHz.
The signal was detected with a conventional Q-meter,
using field sweep.

The cell was precooled to temperatures in the
range 20-40 mK, usually with some solid inside. The
3He line was blocked by a solid plug, the outside
pressure being kept at 3.4 MPa. The 4He pressure was
then increased at a constant rate until a maximum
signal was observed ({soljd fraction of 30 to 50%),

3

when the compression was stopped and both “He and

4He pressures released, in about one second.

Fig.5 shows a typical (hence one of the best)com-
pression-decompression experiments.Each spike corres
ponds to an absorption curve obtained by sweeping the
field.

The upper part of the figure shows schematically

the pressure trace and the moment of decompression.

At point D the sensitivity of the pressure gauge was
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Fig.5 NMR absorption and pressure re-
corded during a compression of “He
followed by a decompression.
reduced and pressure released. 3He final pressure
for this decompression was 1.6 MPa.
The NMR signal is seen to decrease almost ex-
ponentially after decompression in what we think
is the liquid phase. The relaxation times as a func-

tion of final pressure and magnetic field are shown

in Fig. 6.

Relaxation time (min)
w
T
|

Pressure (MPa)

Fig. 6 - Relaxation time of polarized liquid 3He versus the final
pressure in decompressions like fig.5 . The applied magnetic fields
are indicated.
We could think that what we have is in fact a
very expanded solid and this hypothesis cannot be
totally excluded but the indications are very strong

that it is actually the liquid phase. First of all

there is no discontinuity in the relaxation times
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which are in very good agreement with those of the
normal 1iquid. Is is hard to believe that melting
of the sotid will proceed at slower rates when the
pressure is lower, and that it would stay sotid in-
dependently of pressure.

Besides the fact that the cell pressure gauge
could be actuated from the outside, indicating that
there was no solid blocking the way to the gauge,
we have also made some recompressions to find
the melting curve. 3He pressure was quicky in-
creased from outside until a solid plug formed in-
side the 3He capillary and 4He pressure was then
increased as in a normal compression. This method
was actually tried to see the depression of the
melting curve, predicted by the theory.

No significant depression was observed, but
the effect expected would be very small for the po-

larjzations acheived.

For a constant 4He pressurization rate 3He pres

sure increases with time, the P x t slope being
related to the liquid compressibility.

When the melting curve is reached at a pressure
P30 the slope decreases due to solid formation,
because of the smaller molar volume of solid 3He as
compared to liquid.

If the temperature is know at P30 » then the
melting curve can be derived and vice-versa. The
existance of this change in slope is an evidence
that we went from Tiquid to solid.

We can allways argue that the solid could be
overexpanded and exist even at P = 0 and eventually
melt very slowly and have the same compressibility
as that of the liquid. In this case this new"solid"
would have properties just as interesting as the
polarized liquid phase but then we should specify
again what we mean by solid or liquid.

The liquid polarization was not accurately mea-
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sured. It was deduced by taking the ratio of the
signal height just after decompression, to the Ti-
quid signal after relaxation, corrected from the
mixing chamber contribution (about 30% of the equi-
librijum Tiquid signal at 20 mK), and for the loss
of polarization due to the increase in temperature
after relaxation. Maximum average liquid polari-
zations of 15 to 20% were thus obtained. If we con-

sider that only a fraction of liguid was solidified

thep the largest partial liquid polarizations could

exceed 30 to 40%.

Fig. 7 shows peculiar features of the NMR signals
observed during some compressions.

If we kept a constant 4He pressurization the
signal increased due to the increase in solid mag-
netization per unit volume, (since the temperature
decreased and due to the increasing solid fraction.
When the pressure approached its maximum value,
which is related to solid ordering and, in any
case, to a decrease in solid entropy (if not a
large heat leak due to solid crushing) the signal
would stop growing (Point A).

Increasing the compression rate (Point B) ac-
tually increased the 3He pressure hence producing
a considerable amount of cold solid but the NMR

signal actually decreased.
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If the compression was halted the pressure re-
Taxed and the NMR signal increased to values higher
than at point A.

Magnetizations was seen to increase with a time
constant of about 1 min. while pressure relaxed
with about the same time constant. These out of equi
librium processes are not easy to analize. From B
to C we certainly produced a large amount of stron-
gly underpolarized solid. The lattice was quite cold
since the melting pressure was quite high, and close
to the ordering pressure in zero field. When the
compressijon was stopped this cold solid tended to
acquire its equilibrium magnetization at that tempe-
rature and field. Some of the magnetization was ac-
tually recovered and the heat of magnetization re-
leased caused the decrease of pressure.

The decrease in magnetization at point B could
be related to some warming of the existing magneti-
zed solid due to mechanical friction, but this pos-
sibility seems quite remote since only about 20%
solid was formed until point B, and compression
could be continued until nearly 100% solidification,
when a permanent decrease of the NMR signal was ob-
servedjUnfortunately we do not have a better expla
nation at present. This decrease in the total NMR
signal was not observed in the subsequent experi-

ments done at Grenoble in a higher magnetic field.

4.2 The Grenoble Pomeranchuk experiment

a) The cell - To obtajin some quantitative informa-
tjon on the behavior of solid 3He in high magnetic
fields, as well as higher liquid polarization we
made a larger cell, to be precooled by our dilution
refrigerator below 3 mK ina 7.2 T field.

This cell had a flexible membrane of 13.6 mm
diameter made of

6 Tayers of Kapton to a total

thickness of 94 um and 24 mm Tlength.



After gluing to the epoxy end pieces the free
length of the membrane was 16.1 mm. The Tiquid 3He
space was further reduced to 14.1 mm length, for

a total liquid volume of 2.05 cm3.

PRESSURE GAUGE

NMR COIL

THERMAL
LINK

Fig. 8

Fig.8 shows a cut view of the cell.

On one end we glued a Beryllium-Cooper pressure
gauge of standard design (29), encased in a vacuum
container to keep the reference pressure constant.
The connecting channel was 1 ¢m long and 1 mm in
diameter. This channel was expected to be blocked
by solid at some stage of the compression (which
actually happened at a solid fraction of about
40%) but we did not consider this to be a serious
drawback. In fact we expected to solidify most of
the liquid at almost constant pressure because of
the expected very low initial liquid temperature.
The cell also had a volume gauge obtained by evapo-
rating two Ag electrodes on the plastic membrane.

These electrodes were only 4mm wide and were
placed in opposite directions in such a way that
the RF, field of the NMR coil would be parallel to
them. The other pair of electrodes was evaporated
inside the 4He plastic container.

Opposite the pressure gauge we glued the heat
exchanger of similar construction to that of the
previous cell, with the difference that 3 such ex-

changers were placed in parallel and that 0.15g
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of 400 X Ag powder were used with a total area of
0.3 mz.

The cell was also provided with a heater, a
carbon thermometer (Matsushita 68 Q 1/8 W, sTiced
to 0.5 mm thickness), and a glass thermometer.

b) The NMR circuit - The NMR detection was done by

means of a conventional Q-meter type circuit shown

in fig. 9

————————
U GENERAIOR |

LI

s e S
” i e 20m
R . T/>
FIELD SWEEP,

CURRENT S |
10 AMP RAMP GEN ‘ XY RECORDER

FIGS NMR CIRCUIT

DE TECTOR

The signal area was measured and the height
compared to a calibrated 1% change of the RF. le-
vel, to correct for drifts of the amplifiers.
The NMR coil was of the saddlie type, 25 mm in
length, 21 mm in diameter, the RF. field being
perpendicular to the cell axis. It wad tuned to
231 MHz by means of a 0.6 pF capacitor in series
and a larger capacitor in parallel to match the
circuit as well as possible to 50 Q.
¢) Thermometry - The cell was provided with a
thermometer made by evaporating two Ag.electrodes
to a thin (0.16 mm) glass plate 9 x 11 mm in size,
cut from a microscope slide cover (3a}. The very
Tow temperature dielectric behaviour of amorphous
materials is now relativelly well understood and
its temperature variation was shown to be useful
as a magnetic field independent thermometer. (31)
(32) Commercially available capacitance thermo-
meters (33)could also be used but there are no

reports on their usefulness below 10 mK, which can
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be limited if the losses and internal thermal re-
sistance are large.

Inside the mixing chamber we had another capa-
citance thermometer (34)and a Pt NMR coil tuned to
500 KHz.

The mixing chamber capacitance thermometer was
calibrated against the nuclear resonance of plati-
num both C.W. and pulsed. The cell glass thermo-
meter was checked to be practically independent of
the 3He pressure at fixed temperature. A very small
effect ,Jinear in pressure,could have been subs-
tracted if necessary. Some calibration points were
done in zero field as a function of temperature
deduced from the melting curve (28). Unfortunately
during a decompression done to adjust the internal
pressure of the cell an electric contact of the
thermometer broke and we lost our field independent

thermometry.
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Fig.10 shows the low temperature part of the
calibration curves of both thermometers.

The mixing chamber thermometer had a resolu-
tion of 30 uK at 2.4 mK when measured with a Ge-
neral Radio 1615 capacitance bridge using 0.5 V

at 3430 Hz.
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c) Experimental results - Besides the broken ther-

mometer the cell had another problem. The cooling
down time constant was 10 times larger than the 3
hours calculated. This was later found to be due
to Stycast having leaked and plugged most of the
heat exchanger. Since at 7.2 T the melting curve
was unknown we made preliminary measurements of

it (Fig.2) by allowing the cell, which was direc-
tly immersed in the mixing chamber to be in ther-
mal equilibrium with it.

Theestimated error at 4 mK was + 0.5 mK, de-
creasing with increasing temperature. From the
slope of the melting curve we derived the solid
entropy at 7.2 T using the Clausius Capeyron
equation. This curve is similar to the free spin
entropy curve shown in dotted Tines, the excess
in entropy which appears below 7 mK being due to
the antiferromagnetic nature of the exchange in-

teractions. The best Physical model to explain

the solid 3He experiments used 3 and 4 spin

exchange, and was reported by M.Roger (20) and
J.M.Delrieu (35).

By assuming that the solid was ordered when
entropy had fallen to a value so low that cooling
ended as a consequence of equilibrium between the
heat absorbed and the heat leaks (during very siow
reversible compressions) the magnetic phase dia-
gram from 1.0 T to 7.2 T was derived. Entropy mea-
surements at 2,75 mK (TA) showed that the entropy
had fallen quite below that of a paramagnet with
antiferromagnetic interactions indicating magnetic
ordering. The width of the transition being rather
large confirms that the transition is of 2" order.

These results as well as measurements of the
pressure splitting of the A superfiuid transition
and the linearity of the Po X H diagram, where Py

is the ordering pressure, are reported separately

(11),(12).



Magnetization measurements were done by fixing
the dilution refrigerator temperature at some con-
venient value and allowing the cell to thermally
equilibrate. Fixed amounts of solid were then for-
med (typically 5%) and the magnetization deduced
by measuring the areas of the Tiquid and the solid
signals. The liquid signal was corrected from the
mixing chamber contribution. The solid fraction
for this cell was given by the expression

Xg = 2.89 {aP, - 4.23 AP5}
and a maximum of 75% liquid could be solidified.

The 1iquid magnetization at T = 0 was calcu-

lated in terms os the saturation magnetization
m, uH

m by ——— = with
sat Msat KBTé

k-~ = 0.8 mK/Tesla and TF = 177 mK at 3.43 MPa (1)
B

which gives m, = 0.032 Mt

The NMR signals were checked to be proportio-

nal to the solid fractions.
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Fig.l1-~Solid to 1liquid magnetization ratio

Experimental points compared to:
a)Mean field Brillouin law with 6=3mK
b)Brillouin law for non interacting spins

Fig. 11 shows the experimental magnetization
points of solid compared to the liquid magnetiza-
tion taken equal to 1 at T = 0. A Brillouin law
for an antiferromagnet with 6 = 3 mK is seen to

fit the points quite well. Also shown for compa-

3

raison is the Brillouin law for solid “He supposed

paramagnetic.
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The maximum solid volarization obtained was
78 % t+ 6%, the error being due mostly to the mixing
chamber contribution to the liquid signal. This va-
lue agrees, within the error bars with the one de-
duced from the P x H curve slope at the ordering
temperature, as analized by Roger, Delrieu and
Hetherington (203. From this model and the experi-
mental results mentioned above, 14 T would be nee-
ded to acheive nearly 100% polarization,

To conclude on the experiments with solid 3

He
we would like to comment on a problem related to the
growth of magnetization and the features shown in
fig. 7. This was observed during solidification ex-
periments. In order to measure the magnetization
we formed successive solid fractions at constant
temperature. The magnetization per unit solid
should have been constant. On the contrary what we
saw was that at the Jover temberatures after a
small initial solid fraction, the new solid was
less magnetized . Signals reduced by as much
as a factor 3 were observed, if we tried to
increase the compression rate (pressure would also
increase). If the compression was halted the pres-
sure would decrease, just like in fig.7 correspon-
ding to heat being released while magnetization was
recovering. Compression rates which were very slow
compared to zero field compression rates, had to be
further decreased and were typically about 5% per
hour.

Because of irreversible heat generated when
the magnetization of the solid was lower than the
equilibrium magnetization the cooling power due to
the Pomeranchuk effect was strongly reduced (Tow
compression rates mean Tow cooling power, which can
be rapidly balanced by the magnetic heat due to ir-
reversible heating). Because of the decrease in so-

1id entropy and the onset of order the minimum
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temperature at 7.2 T was probably Timited to 2.5
- 3 mK.

An experiment we have done using this possi-
bility of making strongly underpolarized solid by
fast compression might clarify somewhat this

subject.

P
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3
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a
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Frg. 12 CH MR sigmls of solrd e

Fig. 12-a shows the NMR signal due to the for-
mation of 20% solid at the very slowrate of 5.3 9
per hour at a temperature around 4 mK. The liquid
signal prior to compression,including the mixing
chmber contribution is also shown. The magnetiza-
tion was measured to be 25 times that of the 1i-
quid. Fig. 12-b shows the signal obtained after a
further quick compression that added 5.3% extra
solid, at a rate of 5% per minute. The magnetiza-
tion of this extra layer was only 13 times that
of the liquid, hence this solid was only half
magnetized. The compression was then stopped and
the cell left for ~ 105 seconds with the mixing
chamber at 3 mK. Fig. 12-c shows the final signal
compared to that of Fig. 12-b. 1t is seen to be
nearly identical. Exactly the same amount was
then melted in about 10 minutes. The signal after

decompression is shown in fig. 12-d, compared to
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the initial signal. Apart from small shifts of so-
me of the spikes, the area is the same hence the
magnetization did not change during the n 1ésse-
conds.

It seems clear that there was no diffusion of
magnetization between the highly magnetized and
the Towly magnetized layer.

Knowing the area of the cell and supposing the
signal grows uniformely along the cell (the solid
signal seems to grow with the same distribution as
the 1iquid signal) we can estimate the spin diffu-
sion coefficient between the two regions. For our
cell the wall area was 9 cm? and the volume 2.05
cm3. 20% solid would correspond to a uniform dis-
tribution of about 0.4 mm thickness, and an extra

5% would form a Tayer of about 0.1 mm. We can

derive
2 -2,2
pY A_ 4 (2.5 éo ~ 6 X 10'9cm2/s
10
This value is quite low but follows the tendency

e
A

already observed by Johnson, Symko and Wheatley
of a sharp decrease of D at large solid polari-
zations, not yet explained. (38)

If the uniform distribution hypotesis is wrong
this value could be larger, but on the other hand
after & 30 hours no significant change was seen
which could mean that D is even smaller.

A short time constant of about 300 sec. was
allways observed just after growing or melting of
solid which correspond to a very superficial rela-
xation probably at the liquid to solid interface,
where many vacancies should exist. This fast rela-
xation must be responsible for the heat of magneti~
zation release and corresponding decrease of pres-
sure (which adjusts itself to the liquid-solid
equilibrium)

The large magnetization of the solid has to be

given either by the solid walls of the cell or by



the liquid itself which would loose magnetization
to the solid and recover it from the walls becau-

se of the fast diffusion of 3

He at those tempera-
tures. If the walls are covered by a fine layer
of solid and if we belive the experiment just
shown, magnetization can no longer be transferred
from the walls to the liquid then to the new so-
1id; the solid layer acts as a magnetic insulator.
The only possibility for the solid to be magneti-
zed is via the intrinsic dipole-dipole relaxation
of the liquid, intrinsic T] could be many thou-
sand seconds which would explain the very slow
compression rates needed.

A lack of magnetization is seem as a higher
melting pressure at a given temperature. If for
some reason T] could suddenly be decreased, for
a given compression rate magnetization would be
less out of equilibrium and the pressure would
drop back to a lower value corresponding to the
sudden increase of solid magnetization at the
interface.

This "backstep" in pressure was observed by
Shubert et al (27} to appear after the superfluid
A1 transition. This was first interpreted as
a transition in solid but it seems to us that the
explanation of Yu and Anderson and of Delrieu(37)
agrees better with our observations.

After the superfluid transition, since the
temperature must become uniform throughout the
liquid, the solid at the top of the cell should
migrate to the bottom where the interface would
be at a constant pressure(hence temperature).

This would expose the wall and the supercur-
rents (or simple diffusion to the wall, which
should be quite fast) would then allow fast grow-
ing of magnetization. This shows the interest of

precooling the cell to the superfluid transition.
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An interesting problem concerning polarized 1i-
quid 3He s related to its melting curve. In finite
fields the melting curve is depressed (as compared
to zero field) because of the reduction of solid
spin entropy. The depression AP is given, in terms

of the liquid and the solid magnetizations, by

H
AP:‘I_J'

Vi¥s Jo

where vzand vg are the molar volumes of the liquid

(ml - ms) dH

and solid 3He. For normal fields m, is negligible

L
and m_ dominates. (Fig.2). For very high fields
(Hn~ TF),ms is saturated and the melting curve will
depend on m, - The extrapolation of my to very large
polarizations depends on wether the liquid is quasi
s01id or nearly ferromagnetic

In the first case a depression of the melting
curve of about 0.7 MPa was calculated (5), with
liquid phase existing down to T = 0. On the other
hand, if the nearly ferromagnetic liquid picture
is correct, the internal field corresponding to
100% polarization has to be much larger and could
lead to the appearence of a triple point, or two
triple points, if polarization is incomplete. (5}

We see the importance of this kind of measurement.
The effect should be relatively small around 300mK
but should increase with decreasing temperature.

If the initial solid entropy is very low, the final
polarized 1liquid 3He should be at verylow Tand the
effect quite easy to observe ( roughly 0.2MPa with
70% polarized Tiquid at 60 mK).

Some compressions starting from about 45% 1i-
quid polarization did show a depression of about
0.1 MPa at the temperatures indicated by the carbon
resistor (between 60 and 100 mK) but this “depres-
sion" was also found at zero field. The reason
could be that large temperature inhomogeneities ap-
pear when quickly decompressing, may-be due to
frictional heating, in regions far from the:thermo-

8
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meter. For a 2 cm3 cell at 60mK the thermal time
constant due to the diffusion of quasiparticles
is of several minutes which explains the existan-
ce of large thermal gradients.

A much smaller cell is now under test orien-
ted primarily towards the study of the polarized

1iquid phase,using the experience acquired during

the two experiments just described.

5.Conclusion - The method of polarizing 3He sug~
gested by Castaing and Noziéres was shown to be

a practical possibility. Solid magnetization was
observed to stay in the liquid with relaxation
times similar to those of the normal liquid,up to
5 minutes at P < 1 MPa and T ~ 100-300 mK.

The magnetization, the melting curve and the
entropy diagram of so]id3 He at 7.2 T were also
measured. Further evidence of a an order phase
transition and extension of the magnetic phase
diagram (27) to 7.2 T, confirming the 3 spin + 4
spin exchange model of Roger, Delrieu and
Hetherington was reported on another paper pre-
sented at this conference (12).

As a consequence of thesemeasurements and of
the theoretical model it is found that to obtain
polarizations close to 1 on solid 3He at least a
14 T field must be applied at 3 mK.

Further experiments are now being prepared to
gather quantitative information about the strongly
polarized Tiquid 3He phase. In particular we will
try to measure the new melting curve as a function
of polarization, the thermal diffusivity and a
possible increase in temperature of the phase Aq
superfluid transition due to the megagauss inter-
nal magnetic fields, associated with these large

polarizations.(38)

JOURNAL DE PHYSIQUE

References:

(1) J.C. WHEATLEY in L1qu1d Heliums, St.Andrews

(2) M. LEDUC and F. LALOE th1s conference.

(3) C. LHUILLIER and F. LALOE J. Phys. (Paris)
40, 239 (1979).

(4) C. LHUILLIER and F. LALOE, this conference.

{5) B. CASTAING and P. NOZIERES, J. Phys. (Paris)
40, 257, (1979).

{6) H. GODFRIN, this conference.

(7) H. GODFRIN, G. FROSSATI, D. THOULOUZE, M, CHA-
PELLIER and W.G. CLARK, J. Phys. (Paris), 39,
suppl. 8, C-6, 287 (1978).

(8) M. CHAPELLIER, G. FROSSATI and F.B. RASMUSSEN,
P. Rev. Lett. Vol. 42, n° 14, p. 907.

(9) G. SCHUMACHER, D.THOULOUZE, B. CASTAING,

Y. CHABRE, P. SEGRANSAU and J. JOFFRIN, J.
Phys. Lett. (Paris), 40, L143 (1979).

(10) D. THOULOUZE, this conference,

(11) H. GODFRIN, G. FROSSATI, A. GREENBERG,

B. HEBRAL and D. THOULOUZE, submitted to P.
Rev. Lett.

{12) H. GODFRIN, G. FROSSATI, A. GREENBERG,

B. HEBRAL and D. THOULOUZE, this conference.

(13) F.B. RASMUSSEN, this conference.

(14) M. CHAPELLIER, this conference.

(15) 0.V. LOUNASMAA. Experimental principles and
methods below 1 K. Academic Press, 1974, p.59.

(16) R.T. JOHNSON and J.C. WHEATLEY, J. Low Temp.
Phys. 2, 423 (1970)

(17) R.T. JOHNSON, D.N. PAULSON, R.P. GIFFARD and
J.C. WHEATLEY,J. Low Temp. Phys. 10 (1973).

(18) D.D. OSHEROFF, M.C. CROSS and D.S. FISHER,
Phys. Rev. Lett. 44, 792, (1980).

(19) G. FROSSATI, Journal de Physique, C6, 39,
1978, p. 1578.

(20) M. ROGER, J.M. DELRIEU and dJ.H. HETHERINGTON,
J. Physique Lett. 41, L139, 1980 ; see also
this conference.

(21) G. FROSSATI, H. GODFRIN, B. HEBRAL, G. SCHU-
MACHER and D, THOULOUZE, Proc. ULT Hakoné
Symposium, Phys. Soc. of Japan, 1977.

(22) Kapton 50H POLYIMIDE FILM - E.I. Du Pont
de Nemours, film department, Wilmington,
Delaware 19898, U.S.A.

(23) Stycast 1266, Emerson & Cuming Europe N.V.
Nijververheidsstraat 24, Oevel (Belgium).

(24) M. CHAPELLIER, G, FROSSATI and F.B. RASMUSSEN,
XV International Congress of Refrigeration,
Venezia, Sept. 1979.



C7-109

(25) G. FROSSATI, ICM Conference, Proceedings of
Munich, North Holland, p. 1585 (1979).

(26) Ultrafine silver powder - 400 R - Ulvac va-
cuum metallurgical Co Lt, Shonan Bldg 14-10,
1 Chome Chuoku, Tokyo, Japan.

(27) E.D. ADAMS, Proc. ULT Hakoné Symposium,

p. 162 (1977).

(28) W.P. HALPERIN, F.B. RASMUSSEN, C.N. ARCHIE
and R.C. RICHARDSON, J. Low Temp. Phys., 31,
p. 617 (1978).

(29) G. STRATY and E.D. ADAMS, Rev.Sci. Instrum.,
40 (1969).

(30) Lamelles couvre objets, fordinary chemistry
glass),Prolabo, 12, rue de la Pelée,

75 PARIS 15e.

(31) G. FROSSATI, J. GILCHRIST, H. GODFRIN and
D. THOULOUZE, Proc. ULT Hakon& Symposium,
1977.

(32) G. FROSSATI, J. le G. GILCHRIST, J.C. LAS-
JAUNIAS and W. MEYER, J. Phys. C : Solid
Stat. C. Phys. 10, L515 (1977).

(33) W.N. LAWLESS, Rev. Sci. Instr. 46, 561,
(1971).

(34) R. ISNARD, G. FROSSATI, J. GILCHRIST and
H. GODFRIN. To be published.

(35) J.M. DELRIEU and M. ROGER, this conference.

(36) R.T. JOHNSON, 0.G. SYMKO and J.C. WHEATLEY,
Physics Letters, A 39, 173 (1972)

(37) C. YU and P.W. ANDERSON, Phys. Lett. 74 A,
236, 1979,

(38) A.J. LEGGETT, this conference.



