ONE-DIMENSIONAL SYSTEMS

is actually shown to occur using two essential as-
sumptions:

1. The initial fine-grained density is a reasonably
smooth function of its arguments, i.e., while it may have
discontinuities, it is not a & function in all its variables.

2. The linearized equations of motion are valid for a
statistical calculation as long as the dependence of the
Poincaré time on initial conditions is included in the
approximation.

Assumption (1) implies that the present theory is a
statistical one which refers to ensemble rather than time
averages. It might be mentioned, however, that the
initial distribution can be made as close to a é function
as we please. Assumption (2) is the key assumption
made in the paper. For a single anharmonic oscillator,
it can be proved. It is the suggestion of this paper that
it may be true for more general systems.

TO EQUILIBRIUM 1451

The dependence of the Poincaré recurrence time on
initial conditions is the essential source of irreversibility
here. Because of this dependence some equilibrium
distribution is approached whether or not the system is
quasi-ergodic. Of course, if the equilibrium distribution
is to depend only on the energy of the system, then the
system or its representative ensemble must have a
quasi-ergodic character.
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The surface energy Es of a system of interacting particles is Es=/"" dz{e(3) —es[po(2)/p5]}, where
€(z) and p(z) are the energy and particle densities along the axis normal to the surface. ez and pp are the
corresponding quantities in the bulk. Alternatively one may formulate an exact expression for the surface

tension defined as y= (0F/aS)v, with the result that

v=J 7 {2 @00 Ty fdr =32 DO s .

t:(z) are the components of the average kinetic energy density and p® (r1,7,) is the pair distribution function.
In the ground state y=Eg. We have applied these formulas to liquid He? and He? assuming that p® =p(2)
Xp(z+7:)gp(r). The bulk radial distribution gz (r) is obtained from x-ray data. Use of the thermodynamic
data ep and p=0 gives ¢p and checks gz(r). Further we assume a free-volume form of the kinetic energy
density #() =¢8[0(2)/p5]*® and an exponential density fall-off p(z) =ppe~#/. Calculated values of Eg show
a minimum at a=2.0A. Es and v differ by 20% at this value, with v being 0.38 erg/cm? for He!. The experi-

mental value of v is 0.35 erg/cm?.

I. INTRODUCTION

HE purpose of this paper is to describe a simple
method of calculating the surface properties of a
quantum mechanical fluid, when the bulk properties
are theoretically or experimentally known. Several
quantum-mechanical approaches have been used'™® to
calculate the surface properties of the ground state of
nuclear matter, whereas, for molecular fluids, the use
of classical statistical mechanics has been found
adequate.t®
* Supported in part by the joint program of the Office of Naval
Research and the U. S. Atomic Energy Commission.
1 C. F. von Weizsicker, Z. Physik 96, 431 (1935).
2 W. J. Swiatecki, Proc. Phys. Soc. (London) A64, 226 (1951).
3R. Berg and L. Wilets, Phys. Rev. 101, 201 (1956).

4J. G. Kirkwood and F. P. Buff, J. Chem. Phys. 17, 338 (1949).
§ F. P. Buff, Z. Elektrochem. 56, 311 (1952).

Starting with Swiatecki’s expression for the surface
energy of a system in a single quantum state, we derive
an alternative expression, which gives the surface
energy directly in terms of the anisotropic part of the
pressure tensor. The canonical ensemble average then
gives the surface tension, identical in form to the
classical expression of Kirkwood and Buff.*

If approximate wave functions are used, these two
expressions for the surface energy will give different
estimates. A parameter 6, describing the skin depth, can
thus be chosen at that value for which these expressions
are closest. Moreover, if we consider the ground state,
the surface energy should have a minimum as a function
of 8, according to the variational principle. In all cases,
it is, of course, required that the bulk data be adequately
fitted.
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We have applied this procedure to a calculation of
the surface energy of liquid He! and He?, where the
interaction potential is well known and simple. In spite
of the roughness of the approximation used, good agree-
ment is found with the experimental value of the surface
tension. In fact, our calculation yields a minimum in
surface energy as a function of 8, despite the fact that
we did not use an explicit wave function. We expect
that this technique can also be applied successfully to
the nuclear surface.

II. THEORY

We present a derivation of Swiatecki’s expression for
the case of a finite system of &V identical particles each
of mass m. We assume that the Hamiltonian can be
written in the form

N B
{}C:Z———ng‘*'U(rl"'rN)- (1)
=1 2m

Let ¢(r;1- - - ry) be the normalized ground-state wave
function of the system, and E the total binding energy.
Then

ey =Ey. (2)

Multiplying each side by y' and integrating over all
coordinates, we obtain

o f (D), @3)
where
(t)=N f 9 () g (e85, (4)
= # v,2 ! U 5
== AU (). ©)

¢ denotes the N—1 variables rar3- - - ry and
dc=d, - - dry.

€(r) is the energy density of the system. We shall also
need the particle density p(r), given by

p)=N [V as)ar ©)

Over most of the volume occupied by the system we
expect that e(r)=ep and p(r)=pp, where e and pp are
the constant energy and particle densities in the bulk.
The volume contribution to the total energy per particle
is therefore es/pp and consequently the surface con-
tribution per particle must be E/N—ep/pp. Substi-
tuting Egs. (3) and (6) we obtain for the total surface

energy
£ [e<r>—f5p<r)]dar. 0

PB
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It is clear that the integrand vanishes in the bulk.
Swiatecki points out that whereas the surface energy
and the bulk energy density are uniquely defined, this
is not true for the energy density e(r). Instead of Eq.
(4) for (r), the form

2 :
d(r)=N f P A Jowa®

has also been used. Of course, this form still leads to the
same value of E,.

We proceed now to derive an expression for the
surface energy of the ground state in terms of the aniso-
tropic part of the pressure tensor. For this purpose we
divide the skin region into cylinders normal to the
surface which extend from the bulk to infinity (see
Fig. 1).

For each cylinder we choose a frame of reference with
the z axis along the axis of the cylinder. The origin is
located so that the volume V enclosed by the x-y plane
through the origin and the base of the cylinder contains
the same number of particles at the bulk density pp as
the average number of particles in the cylinder, that is

f_ ;S d f f dxdy p(r)=psV. ©)

The integration over x and y is confined to the area S
of the base of the cylinder.
The total energy E(V,S) in the cylinder is given by

E(V,S)=j;:/s dszdxdy e(r). (10a)

Taking partial derivatives with respect to .S at constant
V and substituting Eq. (9) gives

(£) -l 20)

The lower limit of integration has been extended to
— o since the contribution comes only from the skin.
It is assumed that S is sufficiently small so that varia-
tions of e(r) and p(r) along x and y can be neglected.
Comparing this expression with Eq. (7) we find that
(80E/8S)v is the contribution per unit area to the total
surface energy, as expected.

Y

(11)

0l

'

X

D
4 z

F16. 1. Schematic diagram of the volume occupied by the
system showing one of the cylinders referred to in the text, and
the corresponding frame of reference.
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All of these considerations apply equally well for any
excited state ¥, and corresponding energy E, of the
system. We may then form the statistical mechanical
expression for the surface tension 4 by noting that v
is the canonical ensemble average of (0E,/0S)v:

> #(0E,/0S)ye EnlkT
y= . (12)
>, e EnlkT

Each (9E,/dS)v is given by an expression of the form
(11) where all averages are taken with ¥,. It is under-
stood that the unbound states are constrained to a
fixed volume. At zero temperature the surface tension
and surface energy are equal, a well-known fact in
thermodynamics.

An alternative expression for (d£/dS)y may be
developed by making the following change in the
variables of integration®: x'=x/4/S, y'=v/\/S, %
=Sz/V, then

E(V,S)=Vf dz ff dx'dy’ (S, Sty', V'/S),
L :

unit surface
(10b)
and

(13)

0E ® Je
(——) =Vf dz’ffdx’dy' —.
aS /v - as
Using Egs. (4) and (5), we can write

% N f [¢f—~¢+——H¢+¢fH—‘b]dr, (14)
oS

0H 7 1[9* 9* o2
vz

aS 2m SLox® 9y 92
+ 1 [1 6U+1 U 6U] (15)
Ty )
SNL2 9x 2 9y 9z

and
W 1l oy 1oy oY
———-[ —— —y——z——] (16)
aS SL2 9x 2 9y oz

Returning to the original variables, we note that

[ ae | fasar [%H”Wflgg]dﬁo' (17)

The variational principle cannot be invoked to prove
Eq. (17) since H is not the total Hamiltonian and the
region of integration over the variable 7 is confined to
the interior of the cylinder. A proof is given in Appendix

6 This change of variable was carried out on the classical par-
tition function by F. P. Buff (reference 5).
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1. Equation (13) then becomes

(g?);N L, ""'[f v >S%¢<f$‘>ds“] (182)

= f dZEP""‘ % (Pzz‘i‘?yy)]'

—00

(18b)

Pzsy Pyy, and p.. are the diagonal components of the
pressure tensor, defined by

. 2 3 x U
pex)=N [y (’”["z‘,; Ex’i_ﬂ;] )i, (19)

with similar expressions for p,, and p... Again the
contribution of the integrand in (18) comes entirely
from the skin region so that it is possible to extend the
integration (18b) over the whole sphere for large radius
of curvature, viz.,

(9E/3S)y= f [pun—pedd(rm),  (180)

where n is the unit vector normal to the surface. £ and
S are now the total energy and surface, respectively. p.,
and pn. are the tangential and normal components of
the pressure tensor.

Equation (18) is completely analogous to the clas-
sical expression for surface tension obtained by Kirk-
wood and Buff.*

If the potential U is of the form

U=32 (i), (20

where v(r) is spherically symmetric, we find that for a
plane surface

(i;f)v= f_ : dz{[Zt,(z)—tz(Z)—ty(z)]

1 1dv
- f dr(r—3r.)- —p® (2, z+ro)}, 1)
4 rdr
where
7 9

tx(r)=Nf'//’\(1'§')[—2— %]‘P(rf)di‘ (22)

m

is the # component of the kinetic energy density, with
corresponding expressions for the y and z components,
and

p® (111 = 3N (N —1) f W (re- - 1x) ['dey - -dry (23)

is the pair correlation function. Equation (21) is valid
only if the range of v(r) is small compared to the radius
of curvature of the system, since we have neglected
contributions of the N—1 variables when any of these
is outside the cylinder.
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Another interesting relation can be obtained in the
following manner. Assume that the system occupies a
sphere of radius R and volume V. Using Eq. (3) for the
energy E and a coordinate transformation which
reduces all variables by R, we find

2L d 24
d_R__ L[sz(r)+?vy(r)+1)23(r)] r; ( )

also
dE [(OE dS (9E\ 4V
R—= —) R——l—(—) —=2vS—3psV.
dR \dS/v dR \aV/s dR
Using (24) in conjunction with (18b), we see immedi-
ately that

PBV=fP7mdl‘, (25)

where the subscript indicates the direction normal to
the surface. For the ground state pp=0 and we find
S pandr=0. This condition could be used to determine
a parameter in the theory if desired. We have not found
this practical, since p.. is an extremely sensitive
function of the skin depth.

Equation (25) resembles the classical condition that
pan=pp. This is not so, however, owing to the definition
of V, V= S[p(r)/ps]dr. Apparently, the difference
arises from the fact that we are constraining the “con-
densed” phase. The usual thermodynamic theory deals
with the “condensed” phase in equilibrium with its
vapor. We have not yet resolved this question. Of
course, for the ground state pp=0 in any case and this
question is not of importance.

III. CALCULATION OF THE SURFACE TENSION
OF LIQUID He! AND He? AT T=0°K

To calculate the surface tension of liquid He* at
zero temperature, we used the Slater-Kirkwood poten-
tial

1.49
o(r)= [7706‘“’——6} X10™ erg (26)

r

between two helium atoms, and the bulk radial dis-
tribution function gg(r) obtained by Goldstein? from
x-ray analysis.

The bulk energy density eg can be written in the form

es=1lp+usz, (27)
where
® dv
tB=7rPB2f gB(f)-‘1’3d7', (28)
L) dr
and
v3=21rp3f ga(r)v(r)ridr; (29)
0

7L. Goldstein, Phys. Rev. 98, 857 (1955).
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¢t and vp are the kinetic and potential energy densities
in the bulk. To obtain Eq. (28) we used the virial
theorem, noting that in the ground state the pressure
is zero. By slight adjustments of gz(7) at small » where
it is not well known and where dv/dr is very large, we
were able to compute /g and vp so as to give approxi-
mately the observed valued of —14 cal/mole to ez. We
find ¢5=28 cal mole, 9= —40 cal mole.

For preliminary calculations, of ¥ we have made

several simplifying assumptions:
Pt (a¢) We have assumed that the radial distribution
function ggp(7) is independent of the position of the
pair with respect to the surface. In all probability the
error introduced here is not serious as evidenced by the
classical calculation of Kirkwood and Buff on liquid
argon.

() We have assumed that the kinetic energy is
isotropic, i.e., {;=t,=1,. The assumption of isotropy is
very poor if the surface turns out to be relatively sharp.
However, on physical grounds alone one expects the
surface region to be at least one interatomic distance
in depth, which one hopes will be sufficient to smooth
out anisotropy. A method which would allow for aniso-
tropy in ¢ would be to assume an independent-particle
central potential of varying steepness related to & in
an obvious way in the manner of Swiatecki.

An alternative method, applicable at higher tem-
peratures, has been worked out by Oppenheim® who
estimated the anisotropic contribution of the kinetic
energy to v in liquid H, at about 20° K by using the
first-order quantum corrections to the Wigner dis-
tribution function. He has found a very small effect of
less than 109,. In view of the above results, one may
hope that anisotropy in ¢ will play a relatively unim-
portant role.

(¢) The functional form we have used for ¢ is (3)
=1p[p(2)/p]*?. A more correct form is given by the
free-volume expression £(z)=p(2)A{[po/p(2) -1}
which was found by Rosenbluth to give a density
dependence in good agreement with the Monte Carlo
calculation of the ground-state energy of a Bose gas
of hard spheres.!® After adjusting the constants 4 and
po, to fit the bulk properties, this form did not yield
results noticeably different from the more simple ex-
pression. It is of course understood that these functional
forms only make sense for sufficiently diffuse surface
regions.

(@) Finally we have assumed for analytical con-
venience that p(z) drops off exponentially, assuming of
course that S~7p(2)dz=psL.

8 W. H. Keesom, Helium (Elsevier Publishing Company, New
York, 1942), p. 231.

91. Oppenheim (private communication). We are grateful to
Dr. Oppenheim for informing us of his results.

10 M. Rosenbluth (unpublsihed). We thank Dr. R. Mazo for
this communication.
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Summarizing our assumptions below, we have set

p‘” (2, z+7:) =p(2)p(+72)gs(r),
3tslo(2)/p8 1",
o(z)=pp for 2<9

= ppe~ =08 for 53>,

=l,= tz_%

With these assumptions we have calculated the surface
energy Eg(6) from Eq. (11) and the surface tension
v(8) from Eq. (21) as a function of the skin depth
parameter 8. In the exact calculation, there will be a
value of & for which these are the same. The results
are shown in Fig. 2.

The observed surface tension of the He* extrapolated
to T=0°K is 0.35 dyne/cm."* The two curves come
closest at about §p=2 A which corresponds also to the
minimum of the surface energy Es(8). This is somewhat
less than the range of the potential between helium
atoms. For this value the calculated value of v is 0.38
in good agreement with experiment. The calculated
value of the Eg(8) here is 0.5, indicating that v is
probably a more reliable function to calculate surface
energy than is E5(8). We computed the binding energy
and surface tension of He® by replacing the bulk
particle density of He* by that of He?, leaving all other
quantities the same. We found ez= —35 cal/mole and
v=0.18 dyne/cm. Experimentally ez=—35.05,22 and
v=0.152,8 again indicating good agreement with
experiment.

IV. CONCLUSION

The encouraging results of this paper indicate that
a thorough knowledge of the bulk properties of a
quantum fluid seems to be sufficient to estimate surface
properties rather well. Rough guesses of the functional
dependence of density and energy based on physical
arguments, when employed in the formal expression
developed here, seem to lead to fair quantitative
estimates on surface energy and probably also on
surface depth.
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F1c. 2. Calculated values of the surface energy Es(3) and the
surface tension +(3) for He* as a function of skin depth 8.

APPENDIX I

To prove Eq. (17) we sum the contributions of all
cylinders into which the skin region was divided. Then

¥ f ds f f dudy f [-—H¢+¢1H—'/’]d;
Jof [

We can replace now the “one-particle’” Hamiltonian H
[Eq. (5)]by 1/N times the total Hamiltonian 3¢ [Eq.
(1)]. Since 3¢ is Hermitian and yis an eigenstate, we

obtain .
EZ!; dszdxdyf %(n/ﬁt//)dg‘.

Using Eq. (16), we integrate by parts and find

[—Vpa+£:/s defdxdy p(r)]=

according to Eq. (9).



