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Phase Diagram of Liquid 'He between 0.7 and 2.5 mK
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We describe a nuclear demagnetization cryostat in which liquid 3He has been cooled to
below 0.7 mK. Data on the boundaries between the normal Fermi-liquid and the super-
Quid phases of He, as determined from NMR measurements, are presented between 0.7
and 2.5 mK and from 0 to 27 bar. The "~ point" of He was found at 0.98 mK.

Vfheatley and co-workers' have previously de"
termined the phase diagram of liquid He above
1.9 mK and 10 bar pressure. By employing nu-
clear refrigeration techniques we have extended
this work to lower temperatures and pressures,
including the saturated vapor pressure. In con-
nection with these experiments liquid 'He was
cooled to 0.7 mK, lower than ever before. A
considerable effort was made to measure the
temperature of He directly.

Adiabatic demagnetization of the nuclear spins
of a suitable metal ' is a method whereby liquid
'He can, in principle, be cooled well into the
microkelvin region. A drawback of this method
is that the cryostat is necessarily quite compli-
cated because a low starting temperature, be-
low 20 mK, and a high initial magnetic field,
over 5 T, are required for successful nuclear
demagnetization.

Furthermore, it was thought that the high
Kapitza thermal boundary resistance, assumed
proportional to 1/T, between liquid helium and
a metal would prevent the use of nuclear refrig-
eration for cooling 'He below 2 mK. Subsequent-
ly it was observed, ' however, that the heat re-
sistance is smaller than expected, exhibiting a
relatively weak 1/T temperature dependence be-
low 10 mK. The low thermal boundary resistance
is presumably due to a magnetic interaction be-
tween the nuclear spins of 'He and the electronic
impurity moments of the metal. This additional
thermal coupling is of paramount importance for
nuclear refrigeration of liquid 'He.

Our cryostat is illustrated in Fig. 1. The nu-
clear stage is made of a bundle of 0.1-mm-diam
copper wires containing a total of 22 moles of
copper; the bundle was made stiff by epoxy.
Highest purity wire, having a resistance ratio
B(300 K)/B(4 K) =150, was used. The wires were
welded at their top end to a copper piece which,
in turn, was welded to the 'He cell.

In order to achieve good thermal contact be-
tween liquid He and the nuclear refrigerant, the

cell was sintered full of copper powder' with a
40/& packing factor, except for a cylindrical space
occupied by the NMR coils. The main magnetic
impurities of the powder are 200 ppm of iron and
4.4 ppm of manganese; it is believed that manga-
nese is the more important element in reducing
the thermal boundary resistance to 'He. With
28 g of sinter in the cell the total surface area
for heat exchange is 30 m'; the space available
for liquid 'He is 6 cm'. Because the bulk ther-
mal conductivity of the sinter is relatively poor
the 'He chamber was equipped with sixteen cop-
per rods of 2 mm diameter, welded to the bot-
tom of the cell. Highest-purity copper was em-
ployed for constructing the 'He cell and other
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FIG. 1. Schematic illustration of the lower part of
the cryostat showing the mixing chamber of the pre-
cooling dilution refrigerator, the He cell, and the nu-
clear stage.
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parts through which heat must flow.
A 7.5-T superconducting solenoid is used for

nuclear demagnetization; it incorporates two
compensating coils which cancel, over the re-
gion of the 'He cell, the field produced by the
main solenoid. The smaller coils as well as the
relatively large distance between the demagne-
tization solenoid and the cell ensure that the
field applied to liquid He can be varied inde-
pendently.

Two 7-mm-long NMR coils, each wound on an
epoxy former 14 mm long and with a 4.5 mm i.d. ,
are located on the center axis of the 'He cell.
The upper one is filled to 35% by volume with
platinum powder of 8 p, m average diameter; it is
used for thermometry by observing the NMR sig-
nal of platinum, and also for measurements on
'He. The lower resonance coil contains only He.

The static magnetic field for NMR measure-
ments is generated by means of a saddle magnet
made of two coils which produce a field trans-
verse to the vertical axis of the NMR coils. The
overall field homogeneity bB/B is 6X10 ' as de-
termined from the linewidth of the 'He resonance
signal. NMR measurements on liquid 'He were
made by sweeping the static field and by frequen-
cy modulating the rf excitation; low-frequency
phase-sensitive detection techniques could thus
be employed.

our pulsed NMR thermometer' was self-cali-
brated via an automated measurement of the nu-
clear spin-lattice relaxation time v, of 'Pt and
by the use of Korringa's relation, 7,T, =29.8
msec K; T, is the lattice and conduction-electron
temperature of platinum. The measuring proce-
dure was to find the calibration constant A. in
Curie's relation X„=A/T„ from relaxation-time
measurements between 2 and 4 mK; here X„ is
the dynamic nuclea, r susceptibility and T„ the
nuclear spin temperature of platinum. Above 5
mK the platinum thermometer could also be
cheeked against a. nuclear orientation thermome-
ter, based on the anisotropy of y rays emitted
by oriented "Mn nuclei in nickel. It should be
noted that a pulsed NMR thermometer measures
the temperature just before the pulse; the read-
ings are thus equilibrium temperatures and un-
affected by transients. We also want to empha-
size that the platinum powder is in thermal con-
tact with liquid 'He only; our thermometer thus
measures the 'He temperature directly. This is
an important improvement over some of the ear-
lier nuclear refrigeration experiments. '

A dilution refrigerator cools the nuclear stage
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FIG. 2. The maximum resonance amplitude as a
function of temperature near T~ and T~ for P =22.4
bar. Between 2.4 and 2.2 mK the amplitude decreases
by 40%. The inset shows the NMH signal at T~,. the
transition from the A. to the B phase happens to occur
in the middle of a resonance peak.

to 17 mK. Demagnetization from 7.5 T to a final
field between 0.05 and 0.1 T is then performed
in 3.5 h, and liquid 'He reaches its lowest tem-
perature, presently slightly below 0.7 mK, in 4
h; the subsequent warm-up time to 1.0 mK,
caused by an external heat leak of 0.2 nW per
mole of copper, is 20 h.

Our transverse NMR measurt:ments were per-
formed in a static field of 32 m'T. The signal
was recorded both upon cooling and during sub-
sequent warming through the phase transitions
which were identified by changes in the signal
a,mplitude. Above 20 bar, the A phase could also
be recognized from a shift of the resonant fre-
quency. '

Figure 2 illustrates a typical behavior of the
NMR signal. Upon crossing the second-order
phase boundary from the normal Fermi liquid
into the A phase at T„ the amplitude first in-
creased a few per pent and then slowly started
to decrease. These variations in the maximum
a.bsorption are caused by changes in the line
shape; the total area. under the resonance curve
appears to be roughly constant within our reso-
lution. At the first-order transition between the
A and B pha, ses the amplitude changed discontinu-
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FIG. 3. The phase diagram of liquid He. Our data
at 32 mT: open circles, T; crosses, T~, crosses in
circles, "average" of T and T~. Triangles, melting-
curve data from Ref. 8.

ously and then decreased rapidly in the B phase.
The transition temperature T~& could be deter-
mined, above 20 bar, only upon warming because
substantial supercooling always occurred; super-
heating was never observed in the lower coil con-
taining bulk liquid. In order to avoid thermal in-
homogeneities, the temperature was varied slow-
ly, 50 p, K/h, through the transition region. In
most cases T~& and T, could be determined with
a precision of 30 p, K.

By tracing the NMR signals as a function of
temperature at different pressures we have de-
termined the phase diagram of liquid 'He; the
results are shown in Fig. 3. Below 15 bar the

A. phase becomes so narrow that the resolution
of our NMR measurements is not sufficient for
distinguishing between T, and T». At these pres-
sures the measured transition temperature thus
corresponds to an "average" of T, and T», the
transition was identified by a discontinuity in the
temperature derivative of the resonance ampli-
tude.

We observe that the boundary between the nor-
mal Fermi-liquid region and the superfluid
phases is smooth all the way to the saturated
vapor pressure, which probably means that the
main features of the phase diagram have by now

been observed. The "~ point" of 'He, i.e., T, at
zero pressure, is at 0.93 mK. The precision of
our transition temperatures on the platinum NMR
scale is about 0.02 mK. We have also plotted in
Fig. 3 the transition points on the melting curve

as determined recently by Halperin et a/. ' from
thermodynamic measurements.

The phase diagram of liquid 'He has previously
been investigated above 1.9 mK by Wheatley and
co-workers'; discontinuities in the temperature
derivatives of heat flow and static magnetic sus-
ceptibility were employed for identifying the
phase boundaries. For the sake of clarity these
results have not been included in Fig. 3 but the
agreement with our data, especially below 20
bar, ls surpl" lslngly good. The same transltlon
temperatures for the second-order phase change
at T, were also obtained from resonance data on
liquid ~He intermixed with 8-p, m platinum pow-
der. ' There are indications that in the A. phase
T, is pushed towards lower temperatures for
some of the liquid within the powder. This inter-
pretation of the data is based on the fact that
both an unshifted and a shifted resonance line
are simultaneously observed in the A. -phase re-
gion; the intensity of the former signal decreas-
es rapidly towards lower temperatures.

It appears from our data that the thermal re-
laxation time between liquid 'He and the nuclear
stage is not increasing significantly upon cooling.
This gives us hope that even lower temperatures
can be achieved by nuclear refrigeration of li-
quid 'He. It also seems that the temperature of
liquid 'He below 1 mK can be measured reliably
by the platinum-powder NMR thermometer, al-
though further investigations are required.

Finally, it should be pointed out that nuclear
refrigeration now has made possible experi-
ments involving the free surface of superfluid
'He.
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Superfluid Mass of Liquid Helium Three*
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Fourth sound has been generated and detected in the superfluid phases of liquid He by
means of a new technique.

The discovery of transitions to new phases of
liquid 'He in the millikelvin temperature range
by Osheroff et al. ' revitalized old speculations
about the possible superfluidity of liquid 'He. A
convincing demonstration of superfluidity has
been provided by measurements of fourth-sound
modes in liquid He by Kojima, Paulson, and

Wheatley, ' and more recently by our group. '
Kojima, Paulson, and Wheatley' have employed

the technique developed by Shapiro and Rudnick4

to obtain the fourth- sound velocity. The porous
medium used is a compressed powder of cerium
magnesium nitrate (CMN) which also serves as
a refrigerant and thermometer. Drawing a rea-
sonable analogy to fourth sound in 4He, Kojima,
Paulson, and Wheatley' interpret their results in
terms of simple two-fluid hydrodynamics and ob-
tain the superfluid fraction p, /p from the expres-
sion4

p, /p =n'(c, /c, )',

where c4 is the measured velocity of fourth sound
and c, is the velocity of ordinary sound in bulk
liquid. The factor n' is a correction term which
arises from the complex geometry of the porous
medium through which the fourth sound must
propagate.

In the work reported here, we employ the meth-
od developed by Hall, Kiewiet, and Reppy. '
Fourth sound is generated by oscillating the en-
tire sample chamber. The liquid properties are
then deduced from the response of the sample
chamber to a known applied force, and the iner-
tial mass of the oscillating superfluid is obtained
directly. This independent measurement can be
compared to the value of superfluid density ob-
tained from Eq. (1), thus giving a partial test of

the validity of the simple two-fluid model for 'He.
The apparatus is shown in Fig. 1. A cylindri-

cal sample chamber, packed with CMN powder,
is suspended elastically by an epoxy rod inside
a massive epoxy incasement. An', electrode mount-
ed in the incasement drives the cell electrostati-
cally along the cylinder axis. The resulting cell
displacement X is sensed electrostatically and
monitored by two lock-in amplifiers in quadra-
ture.

Figure 2(a) shows the frequency response with
the cell filled with liquid 'He at a temperature of
0.5 K. At O.V kHz a suspension resonance is
seen. Here the cell oscillates along its axis at

FIG. 1. Schematic diagram of fourth-sound appara-
tus. 1, Epoxy sample chamber; 2, packed powder
(see Ref. 4); 3, metal electrode for driving cavity elec-
trostatically; 4, epoxy suspension rod; 5, fill capil-
lary; 6, high-purity copper wire to heat switch and
mixirg chamber; 7, wire brush (40 cm surface area);
8, electrode for detecting cavity motion; 9, suscepti-
bility coils and solenoid for magnetic cooling; 10, mas-
sive epoxy incasement.
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