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A simple model, commonly used for describing the behavior of the superfluid film is ex-
amined, and it is found to become spontaneously unstable when the partial molar entropy
falls below a certain finite value for each temperature and film thickness. The instability is
proposed as the cause of the onset curve for superfluidity in unsaturated films, and com~-
parisons with experiment are made. In addition, the use of thermodynamic identities in the
model leads to a new and more accurate expression for the velocity of third sound in terms

of other measurable quantities.

I. INTRODUCTION

It is well known that liquid He* under its own
vapor pressure undergoes a phase transition at
Ty =2.17 °K, below which temperature its prop-
erties are unusual enough to merit the term super-
fluid. It is also known that superfluidity exists
in very thin films of helium (down to just a few
atomic layers) but the nature of the transition to
superfluidity in thin films is obscure. In bulk
liquid He*, the transition to superfluidity is ac-
companied by a logarithmic infinity in the heat
capacity. In very thin films the heat capacity has
a broad maximum at temperatures slightly lower
than Ty, but the onset of superflow occurs at tem-
peratures considerably lower than the heat-capac-
ity maximum.

If the equilibrium gas pressure, P, above a
helium film is less than the liquid vapor pressure,
P,, the film is said to be unsaturated. The thick-
ness of the film, d, or amount adsorbed per unit
area, N, is a definite function of P and T for any
given substrate. At each temperature below T
the superflow properties of the film are found to
vanish if P/P, drops below some value. A plot
of this value of P/P, against temperature is given
in Fig. 1. Superflow is observed in the film at
all lower temperatures and higher pressures. We
shall refer to this curve as the onset curve.
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FIG. 1. The curve for the onset of superflow in un-
saturated films: T in °K versus P/P; VLong and Meyer,
Phys. Rev. 79, 1031 (1950), mass transport; O Brewer
and Mendelssohn, Proc. Roy. Soc. (London) A260, 1
(1961), heat flow; O Fokkens, Taconis, and DeBruyn
Ouboter, Physica 32, 2129 (1966), heat flow; @ Rudnick
et al., (Ref. 3), third sound; A Henkel, Kukichi, and
Reppy (Ref. 4), persistent currents. In the experiments
by Long and Meyer, the film flowed under the influence
of a pressure gradient. In some cases (the points
shown) agreement with this curve was found. In others
superflow all the way up to T was detected even in very
thin film. The discrepancy between these latter results
and all other measurements has never been understood.
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Various detection techniques on assorted sub-
strates give good agreement for the onset curve.
Most of the results plotted in Fig. 1 are obtained
by three techniques: (1) A heat pipe is set up in
which superflow through an unsaturated film re-
plenishes helium evaporated at a heater. The
thermal conductivity decreases sharply when
superflow stops. (2) Persistent currents in the
unsaturated film are measured by the superfluid
gyroscope technique. The persistent current
ceases when there is no superflow. (3) A super-
fluid wave motion, called third sound, is detected
in the unsaturated film. No third sound is de-
tected without superflow.

The existence of third sound was predicted by
Atkins, ! who developed a model that emphasized
the analogy between these superfluid waves and
shallow water waves. In the case of third sound,
the restoring force was the van der Waals force
f due to the underlying substrate, instead of grav-
ity. He pictured a film in which the only flow was
that of the superfluid component parallel to the
surface, the normal component being clamped by
viscosity. This superflow was driven by the gra-
dient of the film’s chemical potential,

o _ _ A=l
vs—SvVT p~'vP,

where S, is the entropy per unit volume, p the
density and v¢ the superflow velocity. The re-
storing force f enters by letting the pressure
consist of the gas pressure plus an effective pres-
sure pfd due to the substrate. The equation for
mass conservation took into account evaporation
and condensation as well as superflow, and a third
equation represented heat flow by evaporation and
condensation only, since the superflow carried no
entropy. Atkins found that these three equations
had wave-like solutions for perturbations in 7,

d, and vg, with a phase velocity given by

V2% (ps/p)fd , (1)

where ps/ p is the superfluid fraction. These
waves are called third sound.

Everitt et al.? have detected third sound opti-
cally in nearly saturated films. Rudnick and his
co-workers® have studied third sound in unsatu-
rated films by detecting the associated tempera-
ture wave. It is in these latter experiments that
the onset discussed above has been detected by
means of third sound.

In both measurements of third sound the data
have been interpreted by relating fd in Eq. (1)
to the difference in chemical potential between
the film and the liquid. In Sec. II we shall re-
derive Atkins’ equations, eliminating f entirely
by using the appropriate chemical potential di-
rectly in the equation for vg.

Rudnick et al.® have concluded from their third-
sound studies that ps/ p does not vanish at the on-
set curve. Instead it reaches a definite nonzero
fraction of the bulk value. Henkel et al.* have
reached a similar conclusion based on the per-
sistent current measurements. Goodstein and
Elgin® (hereafter referred to as I) have shown
that ps/p is not discontinuous at the onset. It
follows, therefore that ps/ p remains finite in the
region where no superflow is detected.

Brewer et al.® had earlier proposed a model
which predicted a finite pg/p in this region. They
suggested the existence of special excitations,
associated with the free surface, which served
to stop the superflow. This was to account for
the observation that in very fine pores filled with
helium, the heat capacity behaved in a way simi-
lar to that of thin films (a broad maximum at
slightly depressed temperatures) but unlike the
film case, in filled pores the onset of superflow
concided with the heat-capacity maximum. Since
the essential difference seemed to be the pres-
ence of a free surface in the film, Brewer et al.
proposed a mechanism associated with this free

surface.
The possibility of an alternative explanation

was pointed to in I. There it was shown that in
films of thickness about five atomic layers, in
which the onset occurs at about 1.5°K, the onset
is occasioned by a decrease in the partial molar
entropy, S, to a value close to zero. Using Eq.
(6) below, it was pointed out that this decrease
could account for the disappearance of thermally
detected flow, such as third sound.

The partial molar entropy is the derivative of
the total entropy with respect to the number of
moles present [see Eq. (3) below] and in most
bulk phases is identical to the molar entropy.
However, in thin films the molar entropy depends
on the thickness of the film, and thus differs
from the partial molar'entropy. The dependence
of entropy on thickness was not taken into account
by Atkins, ! since he was dealing with nearly sat-
urated films, but its importance for the unsatu-
rated case has been pointed out by Bergmann, ?
and is included in the reformulation of Atkins’
equations in Sec. II below.

In most ordinary substances (e.g., nitrogen,
argon) the entropy of a thin film is lower than
that of the bulk liquid at the same temperature,
so that the molar entropy increases with increas-
ing thickness, and the partial molar entropy is
greater than the molar entropy.® However, in
the case of helium, the bulk liquid state is highly
ordered and the film somewhat less so. The re-
sult is that the film generally has a higher molar
entropy than the liquid® and the partial molar en-
tropy canbe small, or even, inprinciple, negative,

Suppose at some point the partial molar entrbpy
becomes equal to zero. The meaning of this
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statement is that a change in the amount of helium
per unit area in the film will not change the total
entropy per unit area in the film. Thus if there
is a local change in temperature, heat cannot be
conserved by a local inflow (or outflow) of helium.
Temperature thus appears to be decoupled from
flow. This was the argument used in L

It is shown below on the basis of the reformu-
lated equations of motion of the film, that if S
falls below some finite positive value at any tem-
perature, the film becomes spontaneously un-
stable,

In Sec. II we reformulate Atkins’ model of the
film, and show that the resulting equations have
wave solutions representing third sound and also,
under certain conditions, the instability. In ad-
dition, the new expression for the velocity of third
sound is compared to previous usage. In Sec. III
the instability is discussed, and the proposition
that it accounts for the onset curve is considered.

II. THE EQUATIONS OF THE FILM
AND THEIR SOLUTIONS

Our general formulation of the model of the
film follows closely that of Atkins’, ! differing in
only the following 3 ways: (1) Atkins focuses on
the interplay between T, vg, and d, the thickness
of the film. We shall use, instead of d, N, the
amount adsorbed per unit area (in moles per
square centimeter). N is a more easily measured
quantity than d. The two are approximately pro-
portional, although the relationship between them
depends on the compression of the film due to
van der Waals forces. For convenience and clar-
ity we shall continue to refer in qualitative dis-
cussions to the thickness of the film since the
qualitative behavior of d and N are the same.
(2) We shall take into account the fact that the
molar entropy of the film, S, depends on the film
thickness as well as the temperature, S=S(T,N).
The dependence of S on N is not significant in the
nearly saturated films considered by Atkins, and
so he ignored it. (3) We shall assume that if the
film is locally perturbed in 7 and N, it is never-
theless locally in internal equilibrium. Thus if
the chemical potential of an equilibrium film is
some function pr( 7, N), then when the variables
have locally become 7’and N’, the chemical po-
tential locally is uf( T',N’). Since at equilibrium
WF= g, where u, is the chemical potential of the
gas above the film, we can represent perturbations
in us as equal to changes in the functional form of
kg Thus we write, dpg=—SgdT+V, dP, where
S~ is the molar entropy and V is the molar vol-
ume of the gas. This is not to imply that the gas
is perturbed in this way, nor that the film is lo-
cally in equilibrium with the gas; the assumption
made about the state of the gas is discussed below.

With Atkins, we assume the normal fluid is

clamped by viscosity, ignore motion perpendic-
ular to the substrate, and consider disturbances
whose wavelengths are long compared to the thick-
ness of the film. We consider the superfluid ve=~
locity, vg» to be small, and ignore all terms be-
yond first order in the disturbances, vy, AT, and
AN (a steady-state background superflow has no
effect on these considerations).

With this model we have, for one-dimensional
flow in the x direction, writing M for the atomic
mass,

s P o er_ . ep

at = ox g & g ox
_s T _ [(111) o7 (35) aN |
g 9 g L\oT /y ox ON ) 8x |
oP oT oprP ON
B [Sg_vg <8T)N} Tox Vg(aN>T ox

dv
S oT ON

Mt =5 o ~%ax (@)

where o= Vg( 8P/8N) 7 is a quantity measured in
adsorption isotherms [ P(N) at constant T], and

§=<a—(gvi)—>T. @3)

S is called the partial molar entropy. Since NS
is the total entropy per unit area, S is just the
change in entropy per unit area when N changes.
In arriving at Eq. (2) we have used the thermo-
dynamic identity® °

sg -3= Vg (—Z—?)N . 4)

As Eq. (4) makes clear, § is a quantity that may
be deduced from adsorption isosteres [ P(T)at con-
stant N]. The quantity gst=T(Sg~§) is some-
times called the isosteric heat of adsorption. *°

The local rate of evaporation from the film is
given by

1/2
ON 1 op
(‘a”)ev =Y (‘zﬁzﬁ) (‘a"f)N AT=KAT,

(5)

where AT is the difference between the local and
average temperatures, and y~1. Aside from
using (8P/8T)y in place of dPg/dT in order to
apply to unsaturated films, Eq. (5) is the same
as that used by Atkins. The underlying assump-
tion is that aside from the temperature term, the
chemical potential of the gas is locally the same
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as that of the perturbed film. Temperature terms
aside, the surface of the film suffers a change in
chemical potential when the thickness varies, due
to its change in position in the van der Waals field.
The gas at the interface, however, suffers the
same change, and we assume it is unable to ad-
just its density before the wave has been restored.
Thus the interface is assumed to be an isobaric
surface in the gas, but not a surface of constant
chemical potential, the van der Waals potential
being lower for gas at the interface of a thin spot
than a thick spot, just as it is for the film.
Essentially, we are assuming that the gas does
not respond to changes in potential as fast as

does the film, the justification being that while

the driving forces are the same, the film is in
superflow and the gas is not. !* Using Eq. (4) and
the assumption that no entropy flows in the film
we get

Recalling that S=S(T, N) and using Eq. (5), we
have
ON 0S

SN2 =-S5 KAT.
s+ 5 S KAT

3
We now write (8S/8¢)y = (Cp/T) (8T/3t) (Cy is the
specific heat) and get

NC
N N 8T

N o __ . 6
§at+ 5 SgKAT (6)

Conservation of mass gives us

p
3od () (), o
ot *ox Vo Vs Bt Jey
or finally,

p
Ey—+—-a— (N—f—v>=—KAT. (7)
at ox p s

Equations (2), (6) and (7) together constitute the
equations of motion of our model of the film.

Formally, these equations are very similar to
those arrived at by Atkins.! They differ only in
that d has been replaced by N, S has been re-
placed by §, and terms involving f are replaced
by terms involving the slopes of adsorption iso-
therms. '2

To put the equations into an easy form for ma-
nipulation, it is convenient to make the following
set of transformations;

wo:Kng /NC. ., ® =KT§/NCN s

282 2
@ 5 —1)3 f

ngs2 Mv32 Py
" Kaw, ’ “TTa vs=NTvs’

g=5/w0=s-/sg: (8)

@

n=w,AN, 0=KAT, T=w,l .
Putting these in, ignoring second-order terms in
the perturbations, and substituting Eq. (7) into

Eq. (6) we get

bu 80 s 0m
or 98 ox e =0 2
o 06
g o +_é—1-_+9:0’ (10)
on  du 96
(1—g)—a‘;+‘a—x——¥—0. (11)

General solutions may be written in the form
. oT
n=n,sinkxe
u=u,coskx e’
9=0,sinkxe’" . (12)

Solutions with imaginary ¢ correspond to propa-
gating wave modes, real, negative o leads to
damping, and any solution with a positive, real
part in 0 means the film is dynamically unstable.
Substituting Eqs. (12) into Egs. (9), (10), and (11),
and setting the determinant of the coefficients of
the amplitudes (n,, u,, and §,) equal to zero, the
condition for consistency becomes a cubic equa-
tion in o,

0 +0%(1 — g) +ok? (62 + pg?)+ 522 =0 . (13)

Physically, g=5§/ Sg is always much less than 1.
Also, as we shall see below, in cases where these
equations apply, 52> ¢g, so that if we ignore g re-
lative to 1 we get

(c+1)(0®+6%%)=0.

Thus one solution is damped: o=-1 or o7 =- w,i.
The other solution is o=+ik5, or writing or=iwt,
o _ . Ps RT <_a_1n_1: (14)
)~ p M \8lnN /p°

This solution is a propagating wave with phase
velocity v,; it is just Atkins’ third sound. The
difference between Eq. (14) and Eq. (1) will be
discussed below.
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For g+ 0 we look for solutions of the form
o=ikd +€ . (15)

Substituting Eq. (15) into Eq. (13) and retaining
terms to first order in €, we get

_ € _ 62 +idkge
gk? kgt - 26%) +2i6k(1 - g)

(16)

which becomes after rationalizing

- ¢/gk?={6%k0g(2 - g) - 26°%*
+ 10k R2og(pg? - 262) - 26%(1 - )]}
xk™2[ k2(pg? - 26%)% +4582(1 - g)2]-1. (117)
Thus there is a hydrodynamic instability if
0<g<25%/2-g)o . (18)

Ignoring g with respect to 2, and substituting in
Egs. (8), we get as the condition for instability,
c
N 3 InP
0<S_<R—S—— (—5_1—n17>7~ . (19)

g
The physical origin and significance of this in-
stability will be discussed in Sec. IIL 3

A more general solution for the propagating
parts of Eq. (13) with g#0 gives a more precise
expression for the velocity of third sound

p .
e [P BT (_8__111?_) Ja-sss
(vpp= 2 AT (i), Ja-s75,. @0
This should be compared to Atkins’ result, *

(v} = (p /@)L +TS/L), (21)

where L is the latent heat of the liquid. The terms
TS/L and §/8 g are small with respect to 1 and we
shall ignore them hereafter.

To use Eq. (1) for the interpretation of third-
sound data previous authors??2 have written fd
=3Apu, where Ap is the difference between the
chemical potentials of the film and bulk liquid at
the same temperature, Ay =(RT/M)InP,/P. This
comes from making use of the assumption b= p g
at this point, and in addition assuming Ay
= (constant)/d 3, i.e., that the difference in po-
tential is due to van der Waals attraction to the
substrate, and that the van der Waals potential
goes inversely as the third power of the distance.
There results for the speed of third sound,

(v'é')ﬂ= (ps/p)3(RT/M)1n(P0/P) . (22)

Equation (22) agrees with Eq. (14) if 3 InP,/P
=(91nP/8 InN)7. Experimentally this indentifica-
tion is only approximately satisfied. For example,
for approximately five layer films at T~1,5°K
(21nP/81nN)=1.9 when 3InP,/P=1.4. There are
a number of possible reasons for the discrepancy:

1. Ay is not due only to the van der Waals po-
tential of an atom at the surface; in addition the
density of the film differs from that of the liquid,
so that the difference in He-He interaction be-
tween the film and the liquid should enter into Ap.

2. The exponent in the van der Waals potential
may not be exactly three. This point has a con-
siderable history of controversy.

3. The internal state of the film may differ
from that in the liquid. It is known that pg/p is
always lower in the film than the liquid®; Ap may
require a term depending on the value of ps/ p, in
order to insure that if a slab of liquid had a lower
than equilibrium value of pg/p it would be unstable.

In any case it is clear that Eq. (14) is more ac-
curate than Eq. (22) since it involves fewer as-
sumptions and no new ones. Any strange be-
havior in . has been taken care of in Eq. (14),
since adsorption isotherms measure Bfs and Eq.
(14) uses only the results of those measurements.
1t should be noted that Eq. (14) depends on the
logarithmic slope of an adsorption isotherm, so
that the substrate area, always a problem in ad-
sorption work, need not be known.

Equation (22) has been used to deduce values of
Ps/p in the film to be compared to predictions
for the average value of the order parameter
from microscopic theory.® Whether one uses
Eq. (14) or Eq. (22), ad hoc assumptions must
be made about whether the first and second layers
of film participate in the ordering process.
Equally important, the connection between a mi-
croscopically defined quantity such as an order
parameter, and the quantity Ps/P that enters the
present considerations may be less than obvious.
Nevertheless wherever experimental data is avail-
able the use of Eq. (14) seems preferable.

III. INSTABILITY AND THE ONSET
CURVE

In Sec. II we showed that a film described by
Egs. (2), (6), and (7) would be unstable under
certain conditions. We shall now discuss the
physical nature of the instability, and examine
the proposition that it is this instability which
leads to the onset curve.

In a crude but helpful picture of a third sound
wave, the temperature and thickness oscillations
are in opposite phase, the two working against
superflow (actually, the phase relation depends on
the frequency). Thus at the crest of a wave, the
temperature is lower than average due to the ex-
cess of superfluid, and outward flow is beginning
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to accelerate. At the trough the film is thin and
hot. This situation is depicted by Atkins in Fig. 1
of Ref. (1). Evaporative processes play two con-
flicting roles. At the crest of the wave there is
net condensation, which tends to increase the
amplitude of the wave in N (and therefore T) but
this condensation causes warming which tends to
decrease the amplitude of 7' (and therefore N)
waves. At the trough there is evaporation which
increases the amplitudes and cooling which de-
creases them. When the thermal effects dominate,
evaporative processes lead only to the attenuation
of third sound. But when the mass transfer effect
dominates, a perturbation sets a third sound os-
cillation in motion, and this oscillation grows
on each cycle, so that the film is unstable.

One can follow the energy balance in this heu-
ristic picture; indeed, the most convincing way
to show that we have correctly described the phys-
ics of the instability is to rederive the stability
criterion, Eq. (19), from plausibility arguments
about the energy balance. Heat flows into the film
at low temperature and out at high temperature —
this is the mechanism of irreversible energy loss
and damping. On the other hand, atoms are added
at the crest of the wave, fall through the van der
Waals field, and evaporate at the trough, feeding
energy into the oscillation. The film is unstable
when there is a net gain of energy on each cycle
in the competition between these two processes.

For simplicity we consider equal intervals of
time, dt, at the crest and trough of a symmetric
wave. Let the amplitudes of the wave be §T and
6N, with additional changes due to evaporative
processes dT and dN. If dE is the energy change,
dQ@ the heat change and p the chemical potential,
we have due to evaporation at the trough,

dE, =d@, + 1 dN,

=~ 17,8 KoTdt- u KoTat

1

=—(Tlsg+u1)K6Tdt . (23)

Due to condensation at the crest,

dE, =(TZSg+u2)K6Tdt . (24)

Now T, - T,=25T and N, — N, =28N, so that the net
energy change per cycle in the opposite intervals
dt, becomes,

dE =dE, +dE,=[- 2Sg6T+ (“2 - uy)]K8Tdt (25)

but g, -, =5(T,~ T,)~ a(N,~N,) =~ 2567 - 225N ,
so that

dE.—.—z[(sg+5')5T+a5N] K8Tdt . (26)

We estimate the relationship of the amplitudes
of the wave, ON and 67 in the absence of evapora-
tion. From Eq. (6) then,

—6N=(NCN/TS')6T . (27)

This yields

dE = - z[(sg +5) - (aNcN/TS")] K TRdt .

Since Sg »>% we get finally dE > 0 if

S< aNCN/TSg (28)

which agrees with Eq. (19). 1

This does not represent the entire energy bal-
ance. Indeed, a gain of energy on each cycle
would allow a violation of the second law of ther-
modynamics. There are other terms in the en-
ergy balance of the same order. For example,
the evaporation rate constant, K, has a rapid
temperature dependence, being proportional to
the slope of the vapor pressure curve and there-
fore roughly exponential in temperature. As a
result, the waves are not actually symmetric.
There is more evaporation at the hot half-cycle than
condensation at the cold. The average thickness
of the film decreases, providing enough energy
to let the waves grow; a rough estimate made by
taking K=K, + 5K, retaining terms to order 6K57,
and using 0K/5 T~ (Sg/RT)K leads to the estimate
that the energy lost from the unstable film by this
mechanism is greater than that gained so long as
(aNCy /% Sg)< TS<(aNCp /Sg ).

We wish to suggest that the disappearance of
superflow observed in unsaturated helium films
is due to the occurrence of this instability. It is
not to be expected that this simple, linear theory
should give precise quantitative agreement with
the observed onset curve. However, Egs. (2),
(6), and (7) form a model system based on the
same set of assumptions used to predict and inter-
pret third sound. This model system has in it an
instability which may be taken as a prediction
that superflow will cease under certain conditions.
Both third sound and the cessation of superflow
are observed in real films.

Quantitative comparison with experiment is
hindered by the lack of detailed, precise experi-
mental data. However, some estimates may be
made. Using existing measurement of CN16 and
the latent heat of the liquid (to get Sg) and esti-
mating 8 InP/8 InN~31nP,/P it is found that the
right-hand side of the inequality Eq. (19) does
not vary much along the onset curve: it goes
from about 0.13 R at 1. 2°K to ~0.15 R at 1. 5°,
to~0.1 R at 1. 8°. S, does not change very rap-
idly, but Cpr~« and (31nP/8 InN)p~ 0 as the bulk




183 THIRD SOUND IN He FILMS 333

lambda transition is approached. Sufficiently de-
tailed data for § at the onset exists only 7'~ 1.5°.°
Here it is found that § drops abruptly on crossing
the onset, from between 0.1 and 0.3 R in the
superflow region, to a much smaller value where
there is no superflow, in excellent agreement with
the criterion proposed here.

One of the uncertainties of the model, pointed
out in Sec. II, is the assumption needed to get
Eq. (5), essentially that if the wave were iso-
thermal there would be no evaporation or conden-
sation. To the extent that this is not correct, the
film may be stabilized by extra evaporation at the
thick spots and extra condensation at the thin.
This would tend to decrease the value of § re-
quired for instability in a somewhat unpredictable
way: The dynamics of the interaction between an
oscillating film and a rarified gas (mean free path
> film thickness) can be very subtle.!””" Thus the
agreement between theory and experiment at
1.5°K may be fortuitous, and one cannot be sure
of doing as well at all temperatures. It should
be emphasized that even for very rough compari-
son with the criterion, § data of high resolution
is needed. The observed behavior at 1.5° is an
inflection in [ SdT as the onset is crossed.’ It
would not be clear from the broad general be-
havior of § in films of that thickness that the
criterion is crossed at the onset.

The presence of a free surface and exchange
with the gas phase is necessary for the instability.
Thus the problem noticed by Brewer et al.® that
the film behaves differently from liquid in fine
pores of essentially the same dimension, is auto-
matically solved by supposing that the instability
causes superflow to stop.

The instability we have described here is spon-
taneous; it may be set off by a perturbation in
any of the film variables, T, N, or vg. Itis
furthermore an energetically unfavorable state,
as we have argued above, since it involves a de-
crease in the mean film thickness. It seems
likely that the nature of the film to the right of
the onset curve in Fig. 1 is not spontaneously
unstable, but rather some other state which be-
comes energetically more stable than the super-
flow state when the instability occurs in the latter.
The first possibility that comes to mind is that
the film forms patches, or beads up, since the
instability seems to be trying to form such a

state. However, there are good arguments
against such a state. He* wets every solid (with
the possible exception of solid He®) precisely be-
cause the He-He interaction is much weaker than
the interaction of helium with anything else; thus
beading up (the opposite of wetting) is a highly
unfavorable state for helium. A different jossi-
bility would be that the over-all film thickness
remains essentially constant but the superfluid
fraction beads up, i.e., there are local patches
of superfluid distributed through a normal fluid
background. This would be closely analogous to
the intermediate state in superconductivity. In-
ternal stability of the superfluid patches might
be achieved by making them of order of the film
thickness in lateral dimension (we have made the
opposite assumption with regard to wavelengths
in deducing a model which is unstable). It would
be a very interesting theoretical problem to try
to construct possible states and calculate their
Gibbs free energy for comparison with the super-
flow state.

Regardless of the nature of the new state, it
cannot be very different energetically from the
superflow state in the region close to, but to the
left of the onset curve in Fig. 1 (i.e., where
superflow is still observed, but close to the on-
set). Thus regions of this state should be ex-
cited from time to time, causing superflow to
decay. This would explain the observation that
the critical velocity goes continuously to zero at
the onset.* In fact we can easily construct a
model qualitatively the same as that used to ex-
plain the decay of helium supercurrents and the
observation of an intrinsic, nongeometry-depen-
dent critical velocity in bulk superfluid close to
T).'® We need only assume that, to the left of
the onset curve, creation of local patches of the
nonsuperflow state lowers the over-all Gibbs en-
ergy of the film, but requires that an energy
barrier be overcome.
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It is verified that the class of wave functions used in variational calculations for 4He has

Bose-Einstein condensation.
functions. Two cases are considered:

These trial wave functions have the form of a product of pair
In the first the correlations in the wave function are

assumed to be short range and in the second the correlations include also the long-range

part due to the zero-point motion of phonons.

briefly considered.

The one~ and two-dimensional system is

The variational method seems to be the only method able to give, from first principles, quantitative
information on the ground-state properties of liquid *He.’ It is important to verify that the trial wave




