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Recently it has become known that in both solid
He' and He4 there is a phase transition from the
hexagonal-close-packed to the body-centered-
cubic structure. ' ' As illustrated in Fig. 1 the
solid-solid phase line for He joins the melting
curve at 3.148'K and at 135.9 atm. In He there
are two such triple points, one at 1.76'K and

29. 67 atm and the other at 1.437'K and 25. 94
atm. Quantum mechanical calculations have
not yet proved able to give a satisfactory expla-
nation of the existence of the bcc phases, although

they do indicate that the zero-point energy E is2

io'

largely quantumlike in nature and that there are
strong anharmonic effects. Recently available
experimental data'~' have provided the basis for
our present empirical study of the phenomena
along the hcp-bcc transition line and the purpose
of this Letter is to report the rather remarkable
findings of this study. It is believed that the tenta-
tive interpretation given below will throw new

light on this phase transition.
We shall be concerned mainly with the behavior

of the Debye 8's (6& along the crystal phase tran-
sition line and 0~ a1ong the melting point curve).
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FIG. 1. Phase diagram of helium.
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We find that to within about three percent error
both He' and He4 obey the relations

M6) R' = constant,

where M is the mass and R is the nearest-neigh-
bor distance. " In the solution of this equation
the values of R were obtained from the PVT data
of Grilly and Mills' and from x-ray diffraction
studies. ~&4 The 6tC's were computed from the
experimental data of Heltemes and Swenson (HS)8

in the manner outlined below. In the region of
present interest they observed that for both He'
and He4 near the melting curve the Gruneisen
law y = d(ln8 )/d(ln V) is obeyed with y = -2. 24.

M
Franck has recently measured in hcp He~ the
variation of 9 with temperature at a number of
molar volumes. Thus the procedure in the case
of He' for obtaining 8 (bcc) at the phase line
was to take the HS vaIlue of 8M at the selected
molar volume and then from Franck's data, as-
sumed valid for bcc as well as hcp, applying a
correction to it for the temperature change in
going along an isochore from the melting curve
to the phase line. With 8g(hcp) the method was
similar but the temperature change was meas-
ured from the projection of a metastable hcp-
liquid line whose position was located from PVT
calculations. ' In the pressure-temperature range
investigated it was observed that the metastable
curve lies nearly along the existing bcc-melting
line. In He4 the solid-solid phase line always
lies within 0.04'K of the melting line, and so no
temperature corrections to OM are necessary to
within the error of our analysis. Furthermore,
no specific-heat data are as yet available for the
bcc form of He which prevented any calculations
being made on this solid. For this reason our
conclusions about He4 are tentative pending more
accurate experimental data. In Table I we give
a few values of MOCR' together with R and 0C at

E(R) = ~a'/2MR2+ V (R) + V (R).att rep
(2)

The first term in (2) is a measure of the kinetic
energy. The e is a constant whose value de-
pends upon the kind of potential well considered.
The latter two terms are the attractive and re-
pulsive parts of the potential energy. Because
we have at hand a Van der Waals solid, Vatt(R)

However, Vrep(R) is a very difficult
quantity to come by. Fortunately, we will have
no particular need for the exact form. We will
comment on the problems of Vrep(R) at a later
point.

At low temperatures the equilibrium value of
R is determined by dE/dV = -p, and the compres-
sibility is determined by dmE/dR'. Accordingly,
we have

K=d E/dR

=3nh'/MR +d V /dR +d'V /dR'
att rep (3)

Furthermore, from 8&2-K/M we see that the

various temperatures. When comparing the hex-
agonal phases one also notes how well within ex-
perimental error M8 R2(He') =M8 R'(He~).

q C
It turns out that a simple consistent interpreta-

tion is available for these facts. For simplicity
we will limit ourselves to low temperatures and
neglect thermal effects. From the constancy of
MOCR we see that along the transition line 8C
-M rather than M . This is still consistent
with the requirement that 8& -(K/M)"2, where
K is the force constant, since K can be a function
of M. These observations indicate the presence
of strong quantum effects. In fact, it will be
seen that it is the zero-point pressure which is
the principal ingredient in our explanation of the
data.

We assume that the energy is well approximated
by

Table I. Experimental properties of the bcc phase of Hee and of the hcp phases of He3 and He~ adjacent to the
hcp-bcc transition line. Nearest-neighbor distance R is in angstrom units, and the quantity MOR is in units of
10 3~ g-deg-cm2.

t
T'K

bcc Hes
O'K MOR

hcp He3
O'K M OR'

hcp He~

O'K M OR

3.148
2. 80
2. 50
2. 20
l.90

444
3.460
3.471
3.480
3.487

30.8 1.83
30.3 l. 81
30.0 1.81
30.0 1.82
30.1 1.83

3.535 37.8
3.552 37.0
3.564 36.6
3.574 36.4
3.582 36.4

2. 37
2. 34
2. 33
2. 33
2. 34

1.76
l.68
1.60
1.52
1.437

3.649
3.652
3.656
3.659
3.663

26. 1 2.31
26. 0 2.30
25. 8 2.29
25. 7 2.28
25. 5 2. 27
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crystal phase transition which is given by

M26I 2&4 =MES = constant
C

Thus the melting curve is characterized by

3o.h'/MR4+ d'V /dR' = 0.
att (8)

implies from (3) that

=d'V dR',
melting rep (6)

where apparently here the (I/R~') law holds quite
well. It was also noted that

g (He') /& (He') - (4/3)"',

which lends further support to our interpretation.

d'V /dR'+ d'V /dR' = O.
att rep

In other words, the solid phase transition oc-
curs at the point of inflection of the potential
energy versus R curve. In the bcc phase the
force constant is governed predominantly by the
zero-point repulsion plus some attraction, where-
as in the hcp phase it is governed mostly by the
zero-point repulsion. It thus appears that in

going from the hcp to the bcc phase the crystal
undergoes a transition to a more open structure
in order to give the zero-point motion more play.

If for V(R) we use the lattice sums of the usual
Lennard-Jones 6-12 potential ~ for He, we find
that the turnover point is at A = 3.2 A rather than
at the observed R =3.6 A. . We would be inclined
to attribute this discrepancy more to the re-
pulsive part of the potential than to the above in-
terpretation. Furthermore, the large zero-
point motions certainly will affect the expecta-
tion value of the potential. To assume that the
latter potential energy follows the interparticle
potential is certainly subject to some error. What
to us is the most convincing point in the interpre-
tation is the observation that along the transition
line 6 -1/M.

The observation that the Gruneisen constant
y is -2. 24 implies here that 0-1/Rs'v, and hence
a force constant going like 1/R's''. This is con-
sistent with

Since Vatt-1/R, this, in turn, implies that on
the melting curve in the solid phase, we have

zero-point energy/attractive energy

= constant. (9)

This is consistent with London's picture of liq-
uid helium. " What is surprising is that the con-
stant in (9) is just such as to insure (8).
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