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We have measured the heat capacity of a mix-
ture of He' and powdered cerium magnesium ni-
trate (CMN) from 0.02'K to temperatures as high
as 0.1'K Rt pressures of 0.12, 1.10, 3.4, 6.1,
11.8, 21.1, and 28.0 atm and for pressures great-
er than that of the minimum in the melting curve,
Pmin, at external pressures of 30.7, 32.8, and
34.8 atm. The specific heat seems to be linear
in T below temperatures of about 0.03'K only at
the lowest pressures, but at higher pressures it
is possible that the linear temperature dependence
of the specific heat characteristic of a Fermi liq-
uid has not been developed by 0.02'K. Assuming
a Fermi liquid behavior at 0.03'K, we obtain at
zero pressure a ratio of the specific heat to tem-
perature which is considerably greater than that
deduced from earlier experiments' ' and predict-
ed by Brueckner and Gammel, but in agreement
with the theory of Goldstein. ' We also deduce a
lower limit for the isobaric expansion coefficient.
We find no discontinuity in specific heat down to
0.02'K for the full pressure range in the liquid
although the theories'&7 of cooperative transitions
in He predict an increasing transition tempera-
ture with effective mass and hence with pressure.
We find that the liquid phase of He' at pressures
above Pmin and at low temperatures has a small-
er specific heat and a reduced thermal boundary
resistance relative to that at somewhat lower
pressures. We were able to measure the thermal
boundary resistance at various pressures in a
more restricted temperature range than the spe-
cific heat and found that it decreased slowly as
pressure increased. Details of these measure-
ments will be given in a subsequent publication.

The measurements on the solid revealed a small
specific heat increasing as the temperature de-
creased below 0.036'K, indicating that the ex-
change interaction is much smaller than that pre-
dicted by Bernardes and Primakoff.

The cell containing the mixture of He' and CMN
had the same geometry as that reported previous-
ly, ' except that there was 0.585 g of CMN in the
cell and that the heater consisted of a bifilar lead
of 0.002-inch diameter manganin wire 6 inches
long, the ends of which were silver soldered to
0.004-inch diameter copper leads. These joints
were inside the cell. The Epibond 100A plug,
which closed the cell, was sealed by Epibond 121
which is nonmagnetic. ~'

The magnetic susceptibility of the cell was care-
fully measured in the 0.3-1'K temperature range
both with and without CMN inside. We were able
to calibrate the thermometer to within 2 k and to
deduce that magnetic effects caused an error of
less than 1.5$.

The pressure was applied to the He' using a
stainless steel Toepler pump. The pressure was
set using a dead-weight tester and monitored
using a Helicoid gauge. " The hydrostatic pres-
sures due to mercury and oil in the pressure sys-
tem were measured and corrections were applied
to the dead-weight pressures. The pressure was
held constant to within 1% during a run.

The quantity of He' in the cell below 1'K was
measured to be 0.0080+ 0.0002 mole at 0.12 atm.
The He content was less than 4 parts in 10' and
the tritium decay rate in the cell was less than
300 disintegrations/sec.

The low temperatures frere produced in essen-
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FIG. 1. Ratio of specific heat, C, to gas constant R (=8.317 joules /mole K ) for He under pressure.

ordinate is displaced upward in order to display the data better. Above 29 atm, the pressures indicated
in the external system.

.IO

The right
were those

tially the same way as previously described. '&"

Temperatures down to 0.02'K were obtained when
the cell was thermally coupled directly to the re-
frigerator using copper "coil foils. "' Tempera-
tures down to 0.04'K were obtained when a lead
switch was inserted between the cell and the re-
fr igerator.

The data for the heat capacity were taken by
the method of reference 1. With the tight ther-
mal coupling, the best data were obtained around
0.03'K; and with the lead switch, the best data
were obtained from 0.06 to 0.08'K.

The ratio of the specific heat, C, to the gas con-
stant, R, is displayed as a function of tempera-
ture, T, for various pressures in Fig. 1. In re-
ducing the heat capacity data to C/R, we assumed
the volume of the He' in the cell to be constant.
The number of moles in the cell was determined
from the molar volumes of Sherman and Edes-
kuty, t4 extended to O'K by extrapolating the den-
sity data of Lee, Fairbank, and Walker" to O'K

and higher pressures. The molar volume ratios
used for the reduction of the data are given in
Table I. For pressures greater than Pmin, the

Table I. Density ratios of He3 near T =O'K.

P
(atm)

0.12

1.10

6.1

11.8

a
p/p0. 12

1.000

1.033

1.094

1.148

1.234

P
(atm)

21.1

28.0

30.7

32.8

34.8

1.338

1.393

1.422

1.437

1.452

a
p/po &2 is the ratio of the density of He at pressure~ ~ ~ 3

P to that at 0.12 atm near T =O'K. The molar volume
of He at 0.12 atm is 36.73 cm /mole. p/po && is used
to reduce the heat capacity data to specific heats.

bThis is the pressure at which the He plug formed.

molar volume was assumed to be that of the»q-
uid just before the filling tube plugged. This.
assumption is probably not precise, but it does
not lead to errors in excess of 5 /o in C/R.

The data of reference 1, plotted on Fig. 1, have
been corrected for an incorrect temperature cal-
ibration resulting from the magnetism of SC-13
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where np = (1/V)(Bv/BT)f and v is the molar vol-
ume, we find at zero pressure

-Bo. /BT =0.08 (K') 2, (3)

as a lower limit. Brueckner and Atkins'8 obtain
0.076 (K') ' for this quantity, using results which
gave the effective mass incorrectly. Goldstein'

flexible silver micropaint" used to join the heater
to the copper leads inside the cell. Since the
same coil system and geometry were used in both
reference 1 and this experiment, the temperature
calibration in reference 1 was assumed to differ
from the present one only by the ratio of the mas-
ses of CMN. Both the corrected calibration con-
stant of reference 1 and that in the present ex=
periment agree within 5% with that calculated
from the known geometry, galvanometer flux sen-
sitivity, and properties of CMN.

A lower limit on the values of C/RT and m*/m
near T =O'K was obtained by drawing the best
straight line between the data near 0.03'K and
the origin. The results for various pressures
are displayed on Fig. 2. There is no experimen-
tal justification for this procedure at the higher
pressures. At zero pressure we find that C/RT
=2.78 (K') +10% and m*/m =2.82+10%, using
the formula

m+ C It' /3%~'
m RTmk (w Vj

where all symbols have their usual meaning. ' At
these temperatures (Cp -Cv)/Cp is negligibly
small. This value of m*/m is to be compared
with the extrapolation from 0.085'K of reference
3 giving m*/m= 2.00+ 0.05, and with the extrapo-
lation from 0.054'K of reference 2 giving m~/m
= 2.19+0.13. These are consistent with the curve
of C/R vs T bending in the region of 0.03-0.04'K,
the same temperature above which the thermal
conductivity began to deviate from the Fermi liq-
uid temperature dependence. ~~ The theoretical
value of m*/m of Brueckner and Gammel4 is 1.84.
Summing the spin and nonspin contributions to the
specific heat calculated by Goldstein, ' we find

C/RT =2.74 (K') ~, which corresponds to m*/m
= 2.78.

Below 25 atm, the limiting values of C/RT are
linear in p and may be used to obtain the isobaric
expansion coefficient. Using the formula, , valid
near T =O'K,
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FIG. 2. Variation of lower limits of m /m and C/RT
with pressure. The points on this graph were obtained

by taking the slope of the best straight line through the
data near 0.03'K and the origin. Below 25 atm, the
slopes of the curves are (d/dP)(m*/m) = 0. 074 atm '

and (d/dp)(C/RT) =0.036 (atm 'K)

predicts 0.103 (K') '. Brewer and Daunt" calcu-
late from their data 0.105 (K') '+ 25%. Recently,
Rives and Meyer'o found nf

——-(0.12 + 0.02) T be-
tween 0.04 and 0.08'K at 0.18 atm.

%e measured the specific heat and thermal
boundary resistance of liquid He' at pressures
above Pmin and at temperatures of 0.02'K and
somewhat above by applying pressures of 30.7
and 32.8 atm near 1'K and then cooling through
the solid and back into the liquid. In this region
both the specific heat and the thermal boundary
resistance are anomalously low, and the specific
heat had the opposite pressure dependence from
that at somewhat lower pressures. During meas-
urements taken when a plug formed in the filling
tube at a pressure of 32.8 atm, the specific heat
became very high at temperatures higher than
0.030 + 0.001'K, indicating the liquid-solid phase
transition. For an external pressure of 34.8 atm,
we found no evidence of two-phase equilibrium be-
tween 0.017'K and 0.036'K, and hence, we con-
clude that our specific heat measurements for
these conditions were for the solid only. The re-
sults of Sydoriak, Mills, a,nd Grilly indica. te
that, if the molar volume in the cell were the
same as that in the liquid just before solidifica. -
tion commenced, it would be impossible to have
only solid He' in the cell. Hence, we conclude
that during the formation of the plug in the capil-
lary leading to the cell, additional He' enters the
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cell. This effect can be observed in the external
pressure system.

The results of specific heat measurements of
solid He' for an external pressure of 34.8 atm
are displayed on Fig. 1. Although the data are
not precise enough to determine the temperature
dependence of the specific heat, the specific heat
does decrease as T increases. The theory of Ber-
nardes and Primakoff predicts, for a body-cen-
tered cubic crystal, that C/R =38 /kmT2, where
J/k is the exchange energy in temperature units.
Assuming that the data fit a 1/T' law, we find an
average value for I J/kl of 0.0015'K. This is
about 10 times lower than the value of J/k
(= -0.02'K) calculated in reference 8 for a face-
centered cubic crystal. Since in the neighbor-
hood of the melting curve and at low tempera-
tures the entropy of the solid is unexpectedly
high and the entropy of the liquid is unexpectedly
low, it is not surprising that the predicted '"
maximum in the melting pressure curve has not
yet been observed. The rate of heat transfer be-
tween solid He' and the walls is comparable to
that of the liquid and the walls.

The pressure of the minimum in the melting
pressure curve was measured several times by
observing the sudden increase in temperature of
the CMN when the He' pressure decreased slowly
through Pmin, and the He' plug broke. We find
Pmin =29.0+ 0.1 atm. This agrees, within exper-
imental error, with Pmin -—28.91+0.02 atm ob-
tained by Sydoriak, Mills, and Grilly" and Pmjn
=29.1+0.1 atm obtained by Lee, Fairbank, and
Walker. " It is slightly lower than the Pmin
=29.3 + 0.1 atm obtained by Baum, Brewer, Daunt,
and Edwards. "

We wish to acknowledge helpful discussions
with Professor John Bardeen. We are grateful
for the advice given us by Dr. H. A. Reich and
D. Fitchen in the construction of the pressure
system. Dr. R. F. Nystrom very kindly meas-
ured the tritium contamination in the He'. We
wish to thank R. Sarwinski and W. Abel for help
in the construction and running of the experiment,
and J. Morr for assisting with the reduction of
the data.

*This work was supported by the U. S. Atomic Energy
Commission, the Alfred P. Sloan Foundation, and the
Office of Naval Research. It is being submitted by G. L.
Salinger in partial fulfillment of the requirements for
the Ph. D. degree at the University of Illinois.

~National Science Foundation Fellow.
~A. P. Sloan Fellow.

A. C. Anderson, G. L. Salinger, W. A. Steyert, and
J. C. Wheatley, Phys. Rev. Letters 6, 331 (1961).

M. Strongin, G. O. Zimmerman, and H. A. Fajr-
bank, Phys. Rev. Letters 6, 404 (1961).

3D. F. Brewer, J. G. Daunt, and A. K. Sreedhar,
Phys. Rev. 115, 836 (1958).

4K. A. Brueckner and J. L. Gammel, Phys. Rev. 109,
1040 (1958).

~L. Goldstein, Phys. Rev. 117, 375 (1960).
~K. A. Brueckner, T. Soda, P. W. Anderson, and P.

Morel, Phys. Rev. 118, 1442 (1960).
~V. J. Emery and A. M. Sessler, Phys. Rev. 119, 43

(1960).
N. Bernardes and H. Primakoff, Phys. Rev. 119,

968 (1960). .

9Furane Plastics, Inc. , 4516 Brazil Street, Los An-
geles 39, California.

G. L. Salinger and J. C. Wheatley, Rev. Sci. Instr.
32, 872 (1961).

Mansfield and Green, Inc. , 1051 Power Avenue,
Cleveland 14, Ohio.

Helicoid Gauge Division, American Chain and Cable,
Inc. , Bridgeport 2, Connecticut.

i3A. C. Anderson, G. L. Salinger, and J. C. Wheatley
(to be published).

~4R. H. Sherman and F. J. Edeskuty, Ann. Phys. 9,
522 (1960).

~SD. M. Lee, H. A. Fairbank, and E. J. Walker,
Phys. Rev. 121, 1258 (1961).
ieMicro-Circuits Company, New Buffalo, Michigan.

A. C. Anderson, G. L, Salinger, and J. C. Wheatley,
Phys. Rev. Letters 6, 443 (1961).

K. A. Brueckner and K. R. Atkins, Phys. Rev. Let-
ters 1, 315 (1958).

'9D. F. Brewer and J. G. Daunt, Phys. Rev. 115,
843 (1959).

20J. E. Rives and H. Meyer (private communication).
2~S. 6. Sydoriak, R. L. Mills, and E. R. Grilly, Phys.

Rev. Letters 4, 495 (1960).
N. Bernardes and H. Primakoff, Phys. Rev. Letters

2, 290 (1959); Phys. Rev. Letters 3, 144 (1959).
23J. L. Baum, D. F. Brewer, J. G. Daunt, and D. O.

Edwards, Phys. Rev. Letters 3, 127 (1959).

298


