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SPECIFIC HEAT OF LIQUID He'/He' MIXTURES NEAR THE JUNCTION OF THE LAMBDA
AND PHASE-SEPARATION CURVES
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'The specific heat of liquid He /He mixtures has been measured at saturated vapor

pressure for three values of the He mole fraction x near the junction of the lambda and

phase-separation curves. The specific heat at the lambda peak appears to be finite, con-
tinuous, and cusped. Both the lambda peak and the anomaly in the specific heat as the

system goes from the two-liquid-phase region to the one-liquid-phase region tend to dis-
appear as the junction of phase boundaries is approached.

The nature of the lambda transition in liquid
He'/He' mixtures and of the junction of the lamb-
da and phase-separation curves are topics of
growing interest. Recent measurements by Graf,
Lee, and Reppy' based on the dielectric constant
and thermal conduction of the liquid have indicat-
ed that in the T vs x plane at saturated vapor
pressure the lambda curve meets the phase-sepa-
ration curve in the manner shown by the lines in
Fig. 1. Here T is the absolute temperature and
x is the mole fraction of He' present. As Rice
has pointed out, the lambda transition and the
phase separation seem to be intimately related,
and the situation appears to be one in which a
second-order phase transition goes over into a
first-order transition with decreasing tempera-
ture. ' In order to explore further the thermody-
namics of this unusual junction of phase bounda-
ries we undertook to measure the specific heat
of the mixtures in this region, hoping to gain im-
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FIG. 1. DetaQ of the phase diagram for liquid He3/
He4 meed;urea at saturated vapor pressure.

proved resolution over the earlier measurements
of de Bruyn Ouboter, Taconis, le Pair, and Bee-
nakker. ' This Letter is a report of our first re-
sults.

The measurements were made using a He' re-
frigerator of conventional design. The calorime-
ter consisted principally of a 277-g, oxygen-free,
high-conductivity copper cylinder. A 6.15-cm'
cavity in this cylinder was filled with a com-
pressed tangle of 0.07-mm-diam oxygen-free,
high-conductivity copper wire to provide good
thermal contact between liquid and calorimeter.
The resulting sample space volume was approxi-
mately 2.8 cm'.

The mixtures were introduced into the calorim-
eter through a fill line which was closed with a
valve only at the top of the cryostat. The lower
part of this line consisted of a 0.25-mm-i. d. thin-
wall cupro-nickel capillary partially filled with a
0.20-mm-o. d. stainless-steel wire. This section
of capillary, whose overall length was approxi-
mately 60 cm, ran down from the main 4.2'K he-
lium bath through pumped He' and He' pots, to
each of which it was thermally anchored, and en-
tered the calorimeter at the bottom. As a result
some portion of the capillary between the calori-
meter and the He' pot was always filled with liq-
uid, ensuring good thermal isolation between
these two. For the measurements reported here,
the sample space was between about 80 and S5Q
full of liquid.

Temperature measurements were made with a
resolution of about 10 "Kusing a germanium-
doped resistance thermometer4 calibrated against
the 1962 He' vapor-pressure scale. ' Specific-
heat measurements were made by following the
temperature drift of the calorimeter before and
after short periods of electrical heating. In or-
der to achieve a relative accuracy of a few tenths
of a percent in specific heat, the smallest tem-
perature interval spanned by a specific heat point
was -3 mdeg K. The temperature of the He' pot
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FIG. 2. Molar specific heats of liquid He3/He4 mix-
tures at saturated vapor pressure for three different
values of the He3 mole fraction x.

was normally held below that of the calorimeter,
resulting in net negative heat leaks to the calo-
rimeter of several erg/sec.

The most interesting features of our results
are shown in Fig. 2. Each specific-heat point
plotted there is simply the measured total specif-
ic heat minus the relatively small background
specific heat of the calorimeter divided by the
number of moles of sample present. For x = 0.641
the cell was approximately 81% full of liquid, for
x=0.657 approximately 94~$ full, and for x=0.668
approximately 89Vo full. Although it is believed
that the specific heat plotted is rather closely re-
lated to the molar specific heat of the liquid cP „
at constant pressure P and mole fraction x, it
must be kept in mind that in fact it was measured
for a liquid-vapor system in which evaporation
was taking place with increasing temperature and

in which small pressure and mole fraction chang-
es were taking place in both the liquid and vapor
phases. A clear understanding of the relation be-
tween this specific heat and cP x awaits further
analysis.

In the upper curve in Fig. 2 we believe there to
be a discontinuity in both the specific heat and its
first derivative at about 0.860'K separating the
two-liquid-phase region from the one-liquid-
phase region, and there occurs a peak at 0.951'K
marking the lambda transition. Specific-heat
points whose initial and final temperatures unam-
biguously spanned either the division between the
two-liquid-phase and one-liquid-phase region or
the lambda peak have not been plotted. However,
a number of ambiguous cases in which these fea-
tures may well have been spanned have been in-
cluded in the plots, such as for example the
points in the upper curve lying within a millide-
gree or so of 0.860'K. In the middle curve the
discontinuity in the specific heat separating the
two-liquid-phase region from the one-liquid-
phase region, if present, is less pronounced,
and the lambda peak is considerably diminished
in size. In the lower curve, measured at a con-
centration close to the junction of the lambda and
phase-separation curves, only a small bump re-
mains. The locations of the features just de-
scribed have been plotted in Fig. 1 as solid
circles, where the error bars simply represent
estimates of the temperature limits of these fea-
tures as determined from Fig. 2. Our results
are in rather good agreement with the results of
Graf, Lee, and Reppy, except perhaps for an
overall positive displacement in x of about 0.003,
which is within their stated experimental error
for the absolute value of x.

There are two aspects of these results that are
of particular interest. The first is that to the
temperature resolution of our specific-heat mea-
surements of -3 mdeg K the lambda peak at these
concentrations appears to be finite (in accord
with the stability arguments of Rice' and of
Wheeler and Griffiths'), continuous, and cusped.
It would, of course, be extremely desirable to
pursue this question with increased temperature
resolution. If the true asymptotic behavior of
cP x at the lambda point for these mixtures is
indeed correctly represented by this apparent be-
havior, it contrasts strongly to the apparent log-
arithmic plus discontinuous behavior of cP x for
x =0 (pure He'), ' and it is of considerable inter-
est to inquire how the latter behavior goes over
into the former as x is increased from 0. It is
also of interest to inquire whether for these mix-
tures the complementary but experimentally less
accessible specific heat cp &

at constant pres-
sure P and relative chemical potential per mole

y is infinite at the lambda point, even though
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cp „is finite. Here p is defined as p3 p'4,
where p. , and p~ are the chemical potentials per
mole of the He' and He4 components, respective-
ly.

The second aspect of interest is that as the val-
ue of x approaches that of the junction of the
lambda and phase-separation curves, both the
lambda anomaly and the discontinuities separat-
ing the two-liquid-phase region from the one-liq-
uid-phase region tend to disappear, presumably
leaving a smooth specific heat at the He' mole
fraction of the junction.

The disappearance of the discontinuity in the
specific heat separating the two-liquid-phase re-
gion from the one-liquid-phase region can be un-
derstood in terms of the nonzero slopes of the
two arms of the phase-separation curve as they
meet at the junction with the lambda curve. The
present case differs from that of an ordinary up-
per critical point of a binary mixture which ex-
hibits phase separation, where the slope of the
phase-separation curve goes to zero at the criti-
cal temperature. ' If we consider cp „of the liq-
uid, it can be shown thermodynamically that the
discontinuity hc~ ~ which occurs in going from

f
the two-phase region to the one-phase region is
always negative and is given by

I x ~x dT

The derivative (Sy/Bx)~ T is to be evaluated at
the mean value of x for the mixture just inside
the one-phase region, and (dx/dT)p s is the re-
ciprocal of the slope of the phase-separation
curve at constant pressure at the same value of
x. The separation into two phases requires that,
in effect, (sy/sx)~ T be (0 in the unstable re-
gion immediately below the top of the phase-sep-
aration curve, whereas the stability against
phase separation above the top requires that (Sy/
&x)P & be )0 in that region. Thus (sy/sx)P &

may be expected to be zero at the top of the
curve. This condition, together with the finite-
ness of (dx/dT)p s as the top of the phase-sepa-
ration curve is approached, implies that ~cp ~
may be expected to disappear at the top of the
curve.
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