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Structure in the Density Profile at the Liquid-Metal-Vapor Interface
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This paper presents the results of Monte Carlo simulations of a pseudoatom model of
the liquid m-etal va-por interface. The surface density profile is found to have stable
density oscillations, with spacing about one atomic diameter, extending several layers
into the bulk liquid. This effect is ascribed to the presence of the "structure-indepen-
dent electronic energy, which is characteristic of simple metals, in the effective
Hamiltonian for the classical pseudoatoms.

PACS numbers; 68.10.Jy, 61.20.Ja, 61.25.Mv

Within the last ten years there has been a dra-
matic increase in our understanding of the proper-
ties of the surfaces of crystalline metals and
semiconductors, ' and of the liquid-vapor inter-
face of a simple dielectric. ' However, our under-
standing of the liquid-metal-vapor interface
remains primitive. All the jellium' or pseudo-
atom' theories proposed to date predict interfa-
cial density profiles that are extremely narrow,
indeed considerably smaller in width than that
measured by Lu and Rice' for the liquid-vapor
interface of mercury. A recently proposed phe-
nomenological density-f unctional theory is in
much better agreement with the experimental re-
sults, but it is arguable that the model omits es-
sential characteristics of real liquid metals.
Moreover, none of these theories has been able
to adequately address a more interesting question
than the width of the surface transition zone,
namely the possibility of local ordering at the
liquid-vapor interface. A number of experiments
have been interpreted so as to suggest that such
ordering might exist in some cases. ' '

There are several reasons why the surface zone
of a liquid metal might be expected to possess sig-
nificant structure, even though in a liquid dielec-
tric the interfacial density profile is monotonic.
In contrast to argonlike fluids, the effective inter-
actions near the surface of a liquid metal vary
drastically, since they depend sensitively on the
conduction-electron density. Indeed, there is

presumably a metal-insulator transition that oc-
curs across the interface, resulting in interac-
tions in the vapor of a totally different character
from those in the metallic liquid. Finally, the
conduction electrons, which give liquid metals
surface tensions orders of magnitude higher than
those of simple liquid dielectrics, exert a power-
ful restoring force on deviations from the mini-
mum-energy surface structure. This could in it-
self give rise to ordering, and the suppression of
capillary wave motion by the high surface tension
will tend to prevent the washing out of any such
structure.

The work we describe is an attempt to extend
pseudopotential theory, "which has been success-
ful at explaining many of the bulk properties of
simple metals, to the description of the liquid
metal surface. A similar attempt was made by
Evans and Kumaravadivel, ' but they assumed a
monotonic ionic density profile and were forced
to make numerous additional approximations to
obtain numerical results, which we avoid by using
computer simulation techniques. In contrast to
earlier work, we find that this pseudoatom model
predicts highly structured interfacial profiles,
with density oscillations extending several atomic
diameters into the bulk liquid.

Our theory begins with the expression from
pseudopotential theory for the effective potential
energy of classical ions at positions jR;j moving
in a neutralizing cloud of electrons":

V,n(PR;)) =Uo[n, ~ (r), n+ (r)]++ p,qq(R;, R,.;n, ~ (r),n, (r)).

The first term in (1), the so-called structure-in-
dependent energy, which is characteristic of sim-
ple metals, depends only on the electronic density
n, ~'Pr) and the neutralizing positive density n, '(r)
of a reference system. This expression follows
from the linear-response approximation to the ex-

act (coupling parameter) relation between the free
energy of a system in which the electrons inter-
act with weak ionic pseudopotentials and a refer-
ence continuum (jellium) system. U, contains the
electronic free energy of the reference system,
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along with several terms terms left over from the
separation of the effective pair potentials from
the coupling-parameter expression. The refer-
ence system about which the perturbation expan-
sion is normally made is the uniform electron
gas; however, the expressions are equally valid
for a nonuniform system. In particular, for a
system with a free surface the natural reference
system is one which also has a surface, i.e., a
"relaxed jellium. " We note that the term "struc-
ture-independent" energy is misleading, in that it
implies a lack of dependence of U, on the positions
of the pseudoatoms. The reference jellium densi-
ty n+ (r) must, however, depend on the ionic posi-
tions in some average way. For a bulk metal n, '
is just the mean density. For a metal surface,
n, '(r) must similarly represent a smoothed-out

ionic density profile, and in this way U, does de-
pend significantly on the spatially averaged in-
stantaneous positions of the pseudoatoms. Be-
cause of its dependence on n, '(r), we expect U,
to restrain atomic movements away from the
minimum-energy surface density profile, just as
in a bulk metal Uo restrains atomic motions that
change the bulk density.

We begin our analysis by assuming that the posi-
tive-ion and electron reference profiles coincide:
n, '(r) =n, ~'(r) =n, (r). We base this assumption
on the finding by Allen and Rice that the self-con-
sistent electron and positive charge distributions
in relaxed jellium maintain local charge neutrality
to a very good approximation. ' Next we adopt
local density approximations, with gradient cor-
rections, "to the structure-independent energy
density and the effective pair potentials,

U,[~,(r) ] =f d—«,(r)(~,(~,(r)) +~,(~,(r)) I v~, (r) I'+ .. ],
'p f f (R;,R;;&0(r)) —=y, f f (R ~ p [7lo(R;) +n (R;)]).

(2)

(3)

Finally, we make some simple approximations to
treat the metal-insulator transition. When the
reference density n, (r) at an atomic position is
less than a metal-insulator transition density,
which we take to be the liquid-vapor critical den-
sity, that atom is taken to interact with its neigh-
bors via a Born-Mayer potential" and with the
metallic liquid surface via a van der Waals poten-
tial. ' The coefficient of r ' in the van der Waals
potential is calculated with use of the Lifshitz ex-
pression" and the frequency-dependent polariza-
bility of the atom (in our case sodium").

The use of gradient expansions in surface prob-
lems has been subjected to deserved criticism, "
as the electron density varies quite rapidly near
the interf ace. However, several investigators
have obtained good results with it,"and the gra-
dient expansion of the kinetic energy for a linear-
potential model of the jellium surface gives very
good agreement with the exact results. " For the
purposes of this calculation (2) should be adequate,
since errors in the surface energy due to the gra-
dient expansion will give rise to only minor quan-
titative errors in the simulated profiles. As a
test, we repeated the calculations of Allen and
Rice' using the density functional expresssions
rather than the Schrodinger equation representa-
tion. Using a hyperbolic tangent profile as a trial
function, we found minimum-energy surface den-
sity profiles with widths differing from those of
Allen and Rice by only five percent or less.

We have carried out calculations of the struc-
ture-independent energy per atom for bulk sodium

as a function of the electron density using the
optimized model potential (OMP) of Heine and
Abarenkov" and Shaw and Harrison, " the Vash-
ishta-Singwi correlation energy, ' and full effec-
tive-mass corrections. " We use the first and
second gradient corrections for the kinetic ener-
gy of the electron gas,"and the Gupta-Singwi co-
efficients for the first two gradient terms in the
exchange-correlation energy. " We ignore any
gradient corrections due to the nonlocality of the
pseudopotential.

We have similarly calculated y

off�(Rpn,

) for
sodium over a range of densities using the OMP
with ful1 effective-mass corrections and the
Vashishta-Singwi local-field correction for ex-
change and correlation. " As a test, we used this
pair potential in a simulation of bulk liquid sodium
and obtained a pair correlation function that com-
pares very well with experimental data. "

We have carried out the computer simulations
using a 256-atom cluster. The spherical geom-
etry affords a large surface area without re-
quiring a prohibitively large number of particles
and also avoids boundary effects. For the ref-
erence density profile we use the three-parameter
function n, (r) =n, /[1+ exp[(r —R,)/5]]. Prior to
the simulations, tables are generated of U,[n»
R»5] and of y, (Rff;n, ) For each. configuration
during the simulation, the reference profile
parameters are determined se1f-consistently by
performing a quasianalytic least-squares fit to
the cumulative density profile N(R) = f, n (r)47fr'dr.
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U, is then calculated by interpolation from the
tables, along with the pair energies as prescribed
by Eq. (3). The total resultant energy is used to
generate the Markov chain of Monte Carlo con-
figurations according to the standard prescrip-
tion.

We have carried out Monte Carlo simulations
consisting of 2.56&&10 configurations ea,ch at two
temperatures, 100 C (just above the melting
point) and 200 C. The calculated density profiles
are plotted in Pigs. 1(a) and 1(b) along with the
average parametric reference profiles. In both
cases we find highly structured surface density
profiles, with stable oscillations extending sev-
eral atomic diameters into the bulk liquid, The
distance between adjacent layers is roughly one
atomic diameter. The sharp outermost spike
corresponds to atoms positioned where the refer-
ence jellium profile passes through the metal-
insulator transition density, and the pair interac-
tions change abruptly; the spike may be an arti-
fact induced by the spherical uniformity of the
imposed metal-insulator transition. If we accept
the spike as real, it is most appropriate to think
of these atoms as lying in a metal-nonmetal
transition zone, neither metallic nor vaporized.
The integrated area of this peak corresponds to
roughly 50% and 20% of a monolayer, respec-
tivel. y, at the two temperatures.

I

V

FIG. 1. Sealed density profiles for two 256-atom
models of a liquid sodium cluster: (a), (b) Model
containing local density approximations to the strueture-
independent energy and effective pair potentials, at
100oC and 200 C, respectively; (c) model containing
density-independent pair interactions only, at 100'C.
Solid curves: atomic density profiles. Broken curves
in (a) and (b): average parametric reference density
profiles. Scaling length (atomic diameter) 0 = 3.108 A.

The density profiles we find are strongly rem-
iniscent of the layering that occurs in a fluid in
contact with a hard wall. " Indeed, we believe
that the density oscillations are principally due
to the effective confinement of the ions due to the
structure-independent electron energy. It is as
if the surface is so "tight" that it acts as a
smooth wall for the liquid. Other mechanisms
that have been proposed for ordering at the inter-
face, such as Friedel oscillations in the electron-
ic density, ' which are absent from our model,
may play some role in determining the surface
density profiles of real metals.

In addition to the calculations described above,
we have carried out simulations of two simpler
models of liquid metal clusters: One treats
the structure-independent energy as before but
uses a density-independent pair potential, and
the other, even simpler, uses density-independ-
ent pair interactions only. In the first case we
find results very similar to those in Figs. 1(a)
and 1(b). The sharp peak at the metal-insulator
transition is missing, naturally, but again there
are strong density oscillations, with spacing
about one one atomic diameter, extending into the
bulk. In the second case, plotted in Fig. 1(c), we
find a smooth density profile about two atomic
diameters wide, which is very similar to that
found in simulations of argonlike fluids. Both of
these results point to the crucial role played by
the structure-independent energy. Collectively,
our results also suggest that although the details
of the interfacial profile may depend on the speci-
fic interactions, layering can develop simply as
a consequence of the confining effects of the con-
duction electrons, and could be a general phe-
nomenon.

Our model suffers from several limitations,
which should be removed in a complete theory.
The treatment of the electrons and ions is not
fully self-consistent in that we assume the posi-
tive-ion and electron reference profiles to coin-
cide, rather than calculating the minimum-ener-
gy electron profile for a given ion profile. The
breakdown of this local electroneutrality assump-
tion could lead to the failure of some of the ap-
proximations which yield Eq. (1). In particular,
certain one-body terms in the effective Hamilton-
ian could begin to become important. In addition,
our treatment of the metal-insulator transition is
ed hoc, and the spherical uniformity which is
imposed on the system by the choice of para-
metric reference profile is a.rtificial.

There are a number of important questions
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about the liquid metal surface, such as the nature
of the dipole layer, which this study does not ad-
dress. However, we believe that it points to a
very interesting phenomenon, surface ordering,
which has far-reaching implications for a satis-
factory description of the liquid metal surface.
For example, the possible existence of a frac-
tional monolayer of "hybrid-state" atoms, and
the large entropy associated with quasidegeneracy
of configurations in this monolayer, implies that
a positive excess surface entropy need not neces-
sarily correspond to a lack of surface ordering.

This research has been supported in part by
the National Science Foundation and in part by
the National Resource for Computation in Chem-
istry. We have also benefited from facilities
provided by the National Science Foundation for
materials research at the University of Chicago.
One of us (M.P.D.) has been supported by a Fan-
nie and John Hertz Foundation predoctoral fellow-
ship.

'See, e.g. , J. A. Appelbaum and D. R. Hamann, Rev.
Ph» 48 47g {1976)

~see, e.g. , G. A. Groxton, Statistical Mechanics of
the Liquid Surface (Wiley, New York, 1980).

3J. W. Allen and S. A. Rice, J. Chem. Phys. 67,
5105 {1977),and 68, 5053 (1978).

4R. Evans, J. Phys. (Paris), Colloq. C7, 2808 (1974);
R. Evans and R. Kumaravadivel, J. Phys. (Paris),
Colloq. C8, 793 {1975), and C9, 1891 (1976).

~B. C. Lu and S. A. Rice, J. Chem. Phys. 68, 5558
(1978).

6K. K. Mon and D. Stroud, Phys. Rev. Lett. 45, 817
(1980).

7D. W. G. White, Trans, Metall. Soc. AIME 236, 796
(1966), and J. Inst. Met. 99, 287 (1971).

sV. K. Semenchenko, Surface Phenomena in Metals
and Al/oys (Pergamon, Oxford, 1961).

A. N. Bloch and S. A. Rice, Phys. Rev. 185, 933
(1969); D. Guidotti and S. A. Rice, Phys. Rev. B 15,
3796 (1977).

See, e.g. , V. Heine and D. Weaire, in Solid State
Physics, edited by H. Ehrenreich, F. Seitz, and

D. Turnbull (Academic, New York, 1970), Vol. 24,
p. 249ff.

"See, e.g. , N. W. Ashcroft and D. Stroud, in Solid
State Physics, edited by H. Ehrenreich, F. Seitz, and
D. Turnbull (Academic, New cwork, 1978), Vol. 33,
p. 1ff.

P. Hohenberg and W. Kohn, Phys. Rev. 136, B864
(1964).
' A. A. Abrahamson, Phys. Rev. 178, 76 (1969).
4Q. Q. Kleimall and U. Landman, Phys. Bev. B 8,

5484 (1973).
' E. M. Lifshitz, Zh. Eksp. Teor. Fiz. 29, 94 (1955)

fSov. Phys. JETP 2, 73 (1956)]; I. E. Dzyaloshinskii,
E. M. Lifshitz, and L. P. Pitaevaskii, Adv. Phys. 10,
165 {1961).
' We estimated the dynamic polarizability of sodium

using the static polarizability [R. R. Teachout and
R. T. Pack, At. Data 3, 195 (1971)] and the oscillator
strengths of the lowest-energy transitions [Von B.
Brehm, W. Demtroder, and O. Osberghaus, Z. Natur-
forsch. 16a, 843 (1961)].

' J. P. Perdew, D. C. Langreth, and V. Sahni, Phys.
Rev. Lett. 38, 1030 (1977).

' V. Sahni and J. Gruenebaum, Phys. Bev. B 19, 1840
(1979); C. Q. Ma and V. Sahni, Phys. Rev. B 19, 1290
(1979); J. H. Hose et al. , Solid State Commun. 19, 619
(1976).
'~C. Q. Ma and V. Sahni, Phys. Rev. B 16, 4249

(1977).
V. Heine and I. V. Abarenkov, Philos. Mag. 9, 451

(1964); I. V. Abarenkov and V. Heine, Philos. Mag. 12,
529 {1965).

'B. W. Shaw and W. A. Harrison, Phys. Rev. 163, 604
(1967); R. W. Shaw, Phys. Rev. 174, 769 (1968).

P. Vashishta and K. S. Singwi, Phys. Rev. B 6, 875,
4883 0.972).

23B. W. Shaw, J. Phys. (Paris), Colloq. C2, 2350
(] 969) M. Appapillai and A. B.Williams, J. Phys.
F 3 759 (]973).

A, K. Gupta and K. S. Sir~wi, Phys. Bev. B 15,
1801 (1977).

A. J. Qreenfield, J. Wellendorf, and N. Wiser, Phys.
Bev. A 4, 1607 (1971).

6See, e.g. , J. P. Valleau and S. G. Whittington, in
Statistica/ Mechanics, Pa& A, edited by B. J. Berne
(Plenum, New Y'ork, 1977), p. 137ff.

F. F. Abraham and Y. Singh, J. Chem. Phys. 67,
2384 (1977).

1847


