
VOLUME 5, +UMBER P 8V S I C A I. R E V I E%' I.E IT E R S AUGUST I, 1960

THERMAL PROPERTIES OF SOLID He4

Louis Goldstein
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico

(Heceived July 7, 1960)

The predicted' anomalous thermal properties
of solid He', in the absence of qualitative modi-
fications of the nuclear paramagnetism of the
anomalous liquid in equilibrium with it, along the
phase separation line, raised the following prob-
lem. Do the anomalous thermal properties of
liquid He4 persist also in the solid at, or near,
the melting line or not 7 Results obtained in the
study of this problem are presented here, a de-
tailed account being reserved for a later paper.

The anomalous thermal properties of liquid He
occur over that area of the state surface, which
projected on the pressure-temperature, (p, T),
plane is enclosed by the lines p, (T), pm(T),
Tgp)11, and Tu(p)1. These are, respectively,
the saturation and melting pressure lines, and
the loci of the temperatures of vanishing isobaric
volume expansion coefficients. Empirical infor-
mation' is fair'ly complete on the first two, it is
only fragmentary on the loci, 3 with To, (p)1 being
a line in the He4 I region, quite close to the locus
of lambda points, T&(p). The following relations
describe the anomalous thermal properties of
liquid He4 at or near the melting line, V and S
standing for its volume and entropy:
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One also proves that equalities in (2) and (3) are
allowed only at isolated pm values, where the
ap's vanish. In the He isotopes, this occurs, by

which states that, in normal substances, the
isobaric volume expansion coefficent np I of the
liquid, in equilibrium with the solid along the
pm(T) line, is larger than, or at least equal to,
that of the solid, ap s. If the liquid is anomalous,
as described by (1), one proves that (2) must be
generalized to

the Nernst theorem, at the absolute zero. Re-
lations (1) and (3) lead unambiguously to two pos-
sible thermal behaviors of solid He4:

I. In this case of least anomaly, the solid has
normal thermal properties with the exception of
the isolated states Tu(pm)11 and Tu(pm)i, where

np s (pm) vanishes. This property must have at
least one maximum below T~(pm}11 and one be-
tween it and T~(pm)1. The solid entropy Ss(p)
must have pressure maxima at the Eexos of
Qp

II. Alternatively, solid He' along or near p (T)
must be completely anomalous, with the set of
properties (1), with zeros of np s at T~(Pm)11
and T~(p )I.

Analysis of experimental data available to date'
on liquid and solid He4, along pm(T), at T& 1.1
-1.2'K, yields, through the rigorous formula,

(p ) =[v (p )] '(dv /dT)

+ ~ (p )(dp /dT),
(4)

~L. Goldstein, Ann. Phys. 8, 390 (1959).

Ky g being the isothermal compressibility, neg-
ative Ot* ~ values below about 1.50-1.55'K. Only
upper limits of n„(p ) could, however, be
obtained because only approximate upper limits
of z~ ~ were available. The actual intermediate
zero of n (p ), if below Tu(pm)1, must be
higher than 1.55'K. Accordingly, solid Hei is
completely anomalous over, at least, a limited
range of the interval [T~(pm)1-T~(pm)11] and,
probably, over a pressure range above pm(T).

These results lend support to the idea developed'
in connection with He', and verified experimen-
tally, 4 that quantum effects, together with the
pertinent statistics, ' responsible for the thermal
anomalies of the liquid isotopes, persist over
limited regions of the solid phases of the He
isotopes. The role played by the "normal" fluid
in the solidification clearly emerges in these
studies. The existence of a shallow minimum of
Pm(T), at T & T~(Pm)11 (-1.0'K) is Predicted if
the dominant thermal excitations of the solid are
phonons at low temperatures.

104



VOLUME 5 N UMBER 3 PHYSICCAL RKVI KW I, KTYK RS AUGUST I 1960

W. H. H. Keesom H. H (Elsevxer Publxshinelium g Corn
C. A. Sw'enson

/ ~

870 (1952); 89

3R. D. Ta

538

. Taylor and E. C. Kerr
i

d)(o p

is o, Bull. Am. Ph s
ad. Sci. F ' e ocx. Fennicae (to

4S. G. G. Sydoriak, R. L. Mills, and E R
nn. Phys. (to be

A. Einstein, Sitzber. iss. , Physik-
F. London, Ph s.

isza, J. phys ad'

dstein and M. 9; L. Gol
. r ium

oldstein

1950); L.
, and J. Ch

. Goldstein, Phys. Re . , 1954)ys. Rev. 96, 1455 (1954)

AVY EL

J. B. Mead and B.
niversity of Pittsbur

. Cohen
s urt h, Pittsbur h

(Received June 16, 1960)
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