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tering of x-rays is negligible and also, the
scattering is very nearly elastic. However,
the experiment of Orton, Shaw, and Williams
failed to cover the region relevant to the inte-
gration, their lowest value for x being 0.7.
The earliest determination of a(x) was made
by Trimble and Gingrich" using x-ray trans-
mission. However, the experimental techniques
available 25 years ago, such as the micropho-
tometry of film, are far less accurate than
modern counting techniques. Although previous
determinations of a(x) indicated deviations
between o.calc and nexptp a point which had
been emphasized by Greene and Kohn, ' we be-
lieve that the nature of these earlier determina-
tions of a(x) was such that the existence of
a discrepancy had not been conclusively estab-
lished.

In summary, we believe that our measure-
ments of a(x) clearly demonstrate that a seri-
ous disagreement between the best accepted
current theory and experiment exists. In the
absence of some other convincing explanation
for this discrepancy, we conclude that these
results are evidence for the breakdown of the
Born approximation in liquid metals.
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A growing recent interest in the properties
of adsorbed helium ' has led us to re-examine
an unsolved problem in earlier work. Our mea-
surements indicate that a phase transition cor-
responding to the lambda transition in bulk
He' occurs in the adsorbed film at tempera-
tures above T+ for pressures below the bulk
vapor pressure (hereafter P,). The tempera-
ture and pressure coordinates of the transitions
form a curve in the P-T plane which is an ex-
tension of the lambda line into the region of
the unsaturated film (i.e. , at P&P, ).

In 1949 the heat capacity of multilayer films
of adsorbed He' was measured by Frederikse.

He found that the maximum in the heat capacity
due to the lambda transition was depressed in
temperature, and the anomaly broadened with
decreasing coverage. In 1951 Morrison and
Drain' found substantially similar results for
adsorbed argon near the melting point of the
bulk solid. Meyer and Long" then pointed out
that for such systems the surface tension must
be treated as an additional intensive thermo-
dynamic variable —a two-dimensional analog
of pressure. This allows for the coexistence
of three phases, two adsorbed phases and the
vapor, along a line in the P-T plane at P&Po.
The heat capacities are measured at constant
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molar area, analogous to constant molar vol-
ume in three dimensions, so that coexistence
of phases of different density is possible for
a fixed coverage over a range of temperatures.
Since there is only a single coexistence line
in P-T regardless of coverage, this means
that the isosteres (P-T curves at constant
coverage) for adjacent coverages must over-
lap. Morrison, Drain, and Dugdale'2 subse-
quently showed that nitrogen films exhibited
heat-capacity characteristics near the melt-
ing point similar to those for argon, but also
reported that no common isostere existed for
either transition, thus apparently contradict-
ing the prediction of Meyer and Long. The
class of film transitions exhibiting these heat-
capacity characteristics includes methane'3
and other vapors, '4 but no explanation for these
phenomena has been forthcoming. '4

If the melting transitions do not obey the pre-
diction of Meyer and Long, it may be due to
conditions peculiar to melting. For example,
Landau has pointed out" that a crystalline state
might be preciLuded in two dimensions. Since
He4 undergoes a transition of a different type,
we have undertaken to search for a common
isostere near T+. This was done by taking
adsorption isotherms, in which a phase change
would be expected to show up as a departure
from the smooth curve of coverage versus
pressure and overlapping isosteres mould be
indicated by a vertical rise.

The substrate for the present measurements
consisted of copper precoated with a monolayer
of argon. Adsorption isotherms were mea-
sured in the temperature range 2.08 to 2.77'K.
The temperature was controlled by means of
a mechanical manostat" and monitored by mer-
cury and differential oil manometers. All tem-
peratures quoted are +0.005'K.

The results are displayed in Fig. 1. It may
be seen that irregularities occur at P= 39 mm

Hg for temperatures just above T+. An inflec-
tion similar to these was observed by Mastran-
gelo and Aston' in a careful isotherm taken
on TiO~ in conjunction with a repetition of Fred-
erikse's measurement. In that case it was
attributed to the onset of a new layer. How-

ever, we find that these irregularities occur
at many times the B. E. T." monolayer capac-
ity for this surface (15.8 cm' STP at P = 10
mm Hg and T =4.21'K), so that it does not seem
reasonable to attribute them to layer forma-
tion.

No explanation is yet offered for this simple
behavior.

Treating the lambda point as a second-order

I20

IOO

80
M

60

4J
& 40

I

IO

I

0 20 30 so
PRESSURE (mm Hg)

FIG. 1. Adsorption isotherms, He4 on argon-coated
copper.
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Meyer and Long pointed out that the occur-
rence of heat-capacity maxima at T & Tg is
not necessarily inconsistent with a transition
at T&T~." This is because adsorption iso-
therms reflect conditions at the top of the film,
where all three phases are in equilibrium,
but the heat capacity is a property of the en-
tire film. There are large gradients in the
forces between helium atoms and the wall mith-
in a few atomic distances of the wall, and these
gradients cause variations in all the thermo-
dynamic properties of the first few layers.
Therefore, the heat capacity of a thick film
is a composite of the various curves. Measure-
ments of the thermal conductivity and mass-
flom properties of the unsaturated film'9 have
indicated superfluidity onset temperatures
below Tg. The connection between those trans-
port properties and the type of transition ap-
parently implied by the present results, how-

ever, is not yet clear.
In Fig. 2(a), P at the position of the irregu-

larity is plotted against T. The highest tem-
perature point is that of Mastrangelo and As-
ton." By plotting P/P, against T/T&, as in

Fig. 2(b), it is seen that these points may be
fitted by

(P/P ) = [T -T j/[T -T ]; T =2.7'K. (1)
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ly thick films. Thus, whereas Meyer and Long
correctly predicted that the transition in un-
saturated films would occur at T & T+, their
treatment yielded the wrong magnitude and
sign for the slope of the isostere for thick films.
This seems to imply that, in contrast to the
situation in bulk liquid helium, ~ the phase tran-
sition in the film cannot be treated as second
order. We are currently undertaking researches
designed to further investigate the nature and
properties of this phase change.
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FIG. 2. Phase diagram in the P-T plane.

transition, Meyer and Long derive, for the
equilibrium isostere,

QP~ 1 aS,/aT-aS, /aT
&dTj V g a aA.&/aT-aA /aT '

eq g
where V, A. , and S are molar volume, area
and entropy, and subscripts g, a, 1, and 2

refer to gas, over-all adsorbed phase, and
adsorbed phases 1 and 2. As the isostere
passes to just below I'0, the film is very thick
and the properties of the adsorbed phases can-
not be very different from bulk liquid He. Us-
ing (1/A)(aA/aT) = (';)(1/V)(aV/aT) and as, /aT

aS,/aT = hC-/T, and making use of the Ehren-
fest relations, '0 Eq. (2) becomes

(dP) fdP0't 3 V (dP )t

(dTJ (dT ) 2 V (dT )
eq g

where (dP&/dT)& is the slope of the lambda
line for P&PO. This yields (dP/dT)e&=-0. 9
atm deg ' compared to +0.03 atm deg ' from
Eq. (1). Although this disagreement is based
on an extrapolation of the data to infinite film
thickness, it should be emphasized that the
observed coordinates of the transition, P~ 39
mm Hg at 2.24', means that the slope of the
isostere must necessarily be positive for fair-
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Recent experimental evidence' suggests
that the behavior of He and He at their crit-
ical points deviates qualitatively from that ob-
served with "classical" gases for which the
de Boer parameter A*=h/(mrna')'" is small.
(m, e, and v measure the mass, potential well
depth, and collision diameter, respectively. )

In particular, while the coexistence curves
of Xe and CO, may be described accurately
over a wide range of T approaching Tc by

It(T) =(p. p)/-2p =Du-(T/T ) jliq gas c c

while the coupling constant is

g= (A+/2m)' = (x+)'.

For a classical gas (g= 0), the analogy with

a spin- —,
' Ising ferromagnet via the lattice-gas

model is well known'~' and may be expressed
by

~ -=J, y(0) =+~, y(r) -=-J(r),It

eKo+ pN—= X ,. , p/p =—1-(M/M ),Ising' c sat '

and p, -p. =—28,c

(3)

x =e(x +gx ), (2)

where Xo is the reduced potential energy and

X, the reduced kinetic energy ——,'Q~B'/Bx~',

with P lying in the range 0.33 to 0.36, ' the
apparent value of P (e.g. , on a log-log plot)
for He3 and He~ seems to increase to values
in the range 0.40-0.50 when T/Tc & 0.98.'~'

Similar changes towards "Van der Waals-like"
behavior appear to take place also in the oth-
er critical-point exponents (y and y' for the
compressibility above and below Tc, etc.).'~'&'

Sherman and Hammel7 have discussed these
effects from the viewpoint of de Boer's theory
of corresponding states. They implicitly sug-
gested that the exponents P(A*), y(A*), etc. ,
are continuous smoothly varying functions of
A*. The purpose of this note is to argue, on
the contrary, that the ideal critical-point ex-
ponents defined'~ in the limit T- Tc are prob-
ably discontinuous functions of A* with, for
example, P=P, for A*=0, P=P, for 0&A*&A*„
and, possibly, P = P, for A*& A*, . The impli-
cations of this conclusion for the shapes of
coexistence curves, etc., will be discussed.

For pair interactions of the form y(r) = of(r/o),
where f(x) is a "universal" shape factor, the
Hamiltonian of an N-body system may be writ-
ten

x, =x =p.(s. s. +s.~s.y), (4)

where the sum runs over nearest-neighbor
pairs, and the coupling constant is

g= J /J -=(2do /qa')(~~)', (5)

where d is the dimensionality, q the coordin-
ation number, and a the lattice spacing. In
the simplest ferromagnetic nearest-neighbor
model, "J(r) vanishes for r &a, and one may
take o =a so that the prefactor in (5) lies be-
tween —,

' and 1 for most lattices. The pure iso-
tropic Heisenberg model then corresponds to
g = 1 or X *= X~

*= 1-W2.
Numerical evidence for the simple d =3 Is-

ing model" shows that P(0) =0.31 = 5/16 and

y(0) =1.25 = 5/4, whereas for the Heisenberg
model Tz(1) & Tz(0) and y(g= 1) = 1.33 = ~~ is in-
dicated. " These changes are actually away

p, being the chemical potential and H the reduced
magnetic field. As noticed by a number of au-
thors, ' ' there is a corresponding analogy
between a quantum-mechanical Bose lattice
gas and an anisotropic Heisenberg-Ising mag-
net. The reduced kinetic energy becomes the
transverse interaction


