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This paper describes a quantitative comparison of the predicted and observed structure in the liquid-vapor
interface of a metal. We report the results of a theoretical study of the structure of the liquid-vapor interface of
Ga, based on self-consistent quantum Monte Carlo simulations using a pseudopotential representation of the
electron-ion and the ion-ion interactions. The single-particle density distribution along the normal to the
interface is predicted to display stratification, with a spacing of about an atomic diameter and the amplitude of
the density oscillations decaying to zero after about a four-layer penetration into the bulk liquid. The pair
structure function in the plane of the liquid-vapor interface is predicted to be essentially the same as that in the
bulk liquid. The qualitative and quantitative character of these predictions are in very good agreement with the
results of recent experimental studifS1063-651X97)08912-5

PACS numbds): 68.10—m

I. INTRODUCTION quent calculations led to similar predictions for the longitu-
dinal density distributions in the liquid-vapor interfaces of
The difference between the structure of the liquid-vaporCs and Mg and showed that the predicted stratification is
interface of a simple dielectric liquid, such as Ar, and that ofrobust with respect to many features of the pseudopotential
a simple liquid metal, such as Cs, can be interpreted as amployed. Although there was experimental evidence that
consequence of the way spheres pack in the different effegrovided weak confirmation of the general character of the
tive fields in the two interfacegl—4]. The key elements in predicted longitudinal density distribution in the liquid-vapor
this interpretation are the realization that a gradient in thenterface of a metdl16] as early as 1984, strong evidence for
single-particle density along the normal to the interfacethe predicted behavior of that distribution was provided by
which we call the longitudinal density distribution, is sup- Pershan and co-workef$7—20 from x-ray reflectivity stud-
ported by a one-body effective force acting on the moleculeges of Ga and Hg. One of the major purposes of this paper is
in the interface and that that force can, in dielectrics ando use these recently obtained data to provide a quantitative
metals, vary slowly or rapidly on the scale of the moleculartest of the accuracy of the theoretical approach of Rice and
diameter. In the case of a dielectric, the effective intermo-co-workers[5-15,21,22 by a comparison of the predicted
lecular pair potential is, to a very good approximation, inde-and observed structure of the liquid-vapor interface of Ga.
pendent of the molecular density, so does not vary across the The pioneering simulation of the structure of the liquid-
liquid-vapor interface; the one particle force that arises fronvapor interface of Hg, by D'Evelyn and Rid&-8], was
the variation of the average energy per molecule with densitpased on the study of a small free cluster of atoms and a
varies slowly across that interface. It then follows that thelocal electroneutrality approximation. These investigators
liquid-vapor interface will have the monotone longitudinal also used a semiempirical ansatz to allow for a metal-to-
density distribution characteristic of the packing of spheresionmetal transition in the inhomogeneous liquid-vapor tran-
in a slowly varying external potential. In contrast, in the casesition region. Because of the use of these approximations and
of a liquid metal the effective ion-ion potential is strongly the very small size of the simulation sample, we believe the
electronic density dependent. It is fouffe-15] that in this  results of the D’Evelyn-Rice calculations can only provide a
case the energy per ion varies very rapidly across the liquidgualitative or semiquantitative description of the structure of
vapor transition zone, generating a strong short-ranged ond¢he liquid-vapor interface of Hg.
particle retaining force. Consequently, the longitudinal den- The approximations originally used by D’Evelyn and
sity distribution is characteristic of the packing of spheres inRice were removed in later theoretical developments by Rice
a strongly varying external potential, e.g., like the oscillatoryand co-workers[9—-15. Once a particular form for the
density distribution of a hard-sphere liquid adjacent to apseudopotential is accepted, the self-consistent quantum
smooth hard wall. The qualitative features of the longitudinalMonte Carlo simulation provides the exact Born-
density distributions in the liquid-vapor interfaces of dielec-Oppenheimer level representation of the electron and ion
trics and metals have been confirmed experimentally. Thiglensity distributions in the liquid-vapor interface of the
paper is concerned with a quantitative comparison of thanetal. Of course, the representations of the pseudopotential
predicted and observed structure of the liquid-vapor interfacand its rate of change with electron density incorporate ap-
of Ga. proximations, so the results of the computer simulations
The prediction that the liquid-vapor interface of a metal ismust be tested against experimental data to verify the accu-
stratified for several layers was made by D’Evelyn and Riceacy of those approximations. Prior to the work reported in
[6-8], for Na and Hg, based on self-consistent quantunthis paper, the most accurate prediction of the structure of the
Monte Carlo simulations using the pseudopotential represerliquid-vapor interface of a metal concerned Cs. By use of the
tation of the ion-ion and electron-ion interactions. Subsewords “most accurate” we mean that the pseudopotential
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representation of the properties of alkali metals has been suétomic distributions in the liquid-vapor interface of Ga could
ficiently tested against the properties of the solid and liquiddiffer somewhat from those of simple metal for which the
phases of these elements that one can have considerable céifuid is less dense than the soli@1]. The results of our
fidence in the quality of the representation. However, thergalculations show that the predicted longitudinal and trans-
are no experimental data yet available concerning the chakerse density distributions in the liquid-vapor interface of Ga
acter of the longitudinal and transverse atomic distributiongre similar to those for other metals; we also show that these
in the liquid-vapor interface of Cs or any other alkali meta|_distrib_utions are in excellent agreement with the available
When, in 1989, Ga became a vehicle of choice for the ex&Xperimental data.

perimental study of the liquid-vapor interface of a metal, we

initiated a parallel theoretical study. That study has proved to 1l. OVERVIEW OF THE METHOD OF CALCULATION

be very challenging because of the complex character of lig- . . .
uidVGay ging N piex a As in our previous work5-15], the analysis of the struc-

qure of the liquid-vapor interface of Ga reported in this paper
ds based on the pseudopotential theory of metals. In this
dpeory the interaction between the delocalized electrons and
e ions is represented by a nonlocal potential that takes ac-
unt of the requirement that the states of the delocalized
lectrons are orthogonal to the states of the core electrons.

Most metals have both a crystal structure and a liqui
structure determined primarily by the constraints defining th
packing of spheres at the appropriate density, and for mo
metals, as for most of the dielectrics, the crystalline phase i
denser than the liquid phase. These simple rules do not app
to Ga. The structure of crystalline Ga just below the melting . ) .
point at 29.78 °C is very different from that of other metals; For convenience in the cglculatlpns of the energylof _the
the unit cell, which is orthorhombic with lattice constaats metal, it is a common practice to first model the positive ion

— 45103 A,b=4.4861 A, anct=7.6463 A, contains eight d_istribut_ion_as a_“jellium” (with a defined liquid-vapor den-
atoms[23,24. The atoms are paired so as to form psudodi-s'ty profile) in which free electrons move and then to account
atomic molecules in the sense that each Ga atom has oﬁ%r the effects associated with the discrete .nature of the posi-
very close neighbor at 2.44 A and six other neighbors, themlV© [ons by use of second-order perturbation theory. In this
selves paired as in diatomic molecules, at distances rangi presentation the Hamiltonian of the liquid metal with
from 2.71 to 2.79 A. The pseudodiatomic molecules are ar' ns is given by

ranged in planes. It has been argued that this crystal structure 5

is consistent with the properties of the Ga electron-ion . Pi .
pseudopotentidl25]. The argument makes use of the distri- H _izl ﬁJr% ¢er(Rine(r)) |+ Uo(po(r).ne(r)),
bution of locations in reciprocal lattice space of the Bril- (2.2

liouin zone planes that just bound the Fermi sphere, relative

to the location of the smallest-wave-number zero of the parjynere p; is the momentum of iori with massm, R=|R;

of the pseudopotential that represents the energy of the elec- Ri| is the distance between ion corieandj, r is a point
tron gas in the crystal potential; these relative locations arg, tHe system at which the electronic densityjgr) and the

so distributed thatl there is destabilization of_ the symmetrig,, density ispo(r), dei(R:Ne(r)) is the effective interaction
face-centered-cubidfcc), body—c_entered—cpbldbcc), and potential between ions and j, andUq(po(r),ne(r)) is the
hexagonal-close-packethcp lattices relative to the ob- g cajled structure-independent part of the potential energy.
s_er\_/ed Iatthe structure. Similarly, the_ s_tructur_e funct!on_ of\we note thatd o(po(r),n(r)) is a functional of the ion den-
liquid Ga differs from that characteristic of simple liquid gty gistribution, which, in this representation, contains the
metals, such as Na and Cs, in having a prominent shouldefiectronic kinetic energy, the electrostatic energy of the sys-
on the high-wave-number side of the first pel@6-28.  om the exchange-correlation energy, and the first-order per-

There is a corresponding asymmetry in the shape of the firgf, hation theory contribution to the energy from the electron-
peak of the pair-correlation function. It is argued by someyiscrete ion pseudopotential.

[29] that the shoulder in the first peak of the structure func- 14 effective ion-ion interaction potential.q(R;ng(r))

tion is an avgraged response {o the same feature. in the_ n be shown to have two components, namely, the screened
pseudopotential that leads to the complicated atomic packingjrect interaction between ions with effective valemteand

in the crystalline state. It is argued by oth¢&] that the 5 i direct interaction, the so-called band structure energy,

anomaly in the structure of liquid Ga is associated with 8oy arises from the second-order term in the perturbation
chgn_ge in the curvature of the effectlye pair potennall n .thetheory representation of the electron-ion pseudopotential. In
vicinity of the near-ne|ghbor separation; a symmetric f'rSta homogeneous fluid with electronic densiy(r) this effec-
peak in the pair-correlation function is attributed, by thesetive potential is given by

investigators, to monotone curvature of the effective pair po-

tential in the vicinity of the near-neighbor separation. 212 . .

We also note that, since liquid Ga is denser than crystal- 4 (R)= ) {1_ 2 J M dqt +W(R).
line Ga, the density in the liquid-vapor transition zone must R 7 Jo q
at some point have the same value as in the solid. Given that (2.2
the structure of solid Ga clearly displays pseudodimerization
of atoms and anisotropic ordering of the pseudodimers, anth Eq. (2.2), Fy(q) is the normalized energy wave-number
given the interpretation of the shoulder in the structure factocharacteristic function, which depends on the atomic volume
of liquid Ga as the response to the same forces that define tloé the metal but not on the structure of the liquid, adR)
unusual crystal structure, the longitudinal and transversé the contribution to the energy arising from the core polar-



56

STRUCTURE OF LIQUID G

ization and the core-core repulsion. We note tW4R) is

usually small relative to the other contributions to the en-

ergy.
We have used the expression

[1-&(q)](vy+v,)?
£(q)

02%q
Fn(a)= 16772(2*)2

4

+29(q)(vy+vy) +e(@)[g(q)]?+h(a) |,

2.3

due to Shaw32], to calculateFy(q). In Eqg.(2.3), Q is the
atomic volumeg(q) is the wave-number-dependent Hartree
dielectric function,g(q) is the nonlocal screening function,
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g [* |V2ne(r)|
Ew=os | dz—"™
w 72J0 z ne(r)

is the von Weisacker form for the first density correction to
the kinetic energy of the inhomogeneous electron [@4$,

ol
1

(2.12

(2.11

V2ne(r)

Ne(T)

EK:54(X3+2)2§ fo er[ne(f)]l/3

[Tl -

9

8

V2n(r)
Ne(r)

Vne(r)
Ne(r)

Vne(r)
Ne(r)

1
3

h(q) is a nonlocal bare pseudopotential contribution of thels the Kirzhnits form for the second-order gradient correction

second order, and;=—47Z/Qq? andv,=47Z/Qq? are
the local potential contributions arising from the valence
chargeZ and the depletion hole charge The Hartree di-
electric function is given by

| ( ’ 1+ 7;’

n
1-7|

with kg the Fermi wave number ang= q/2k: . The nonlo-
cal screening functiog(q) is defined as

f(k,q)

1—7?
+
1 27

e(q)=1

* 27TkF772 ”1 @4

NV™ 2@ S, TP & 29
andh(q) as
4 (k0|
h(q)= 2 fkskF =k +q? dk, (2.6)

while the nonlocal contribution to the bare pseudopotentia
Vpe is
ion

f(k,a)=—N(k+q| Vg

k). (2.7
A more detailed description of the pseudopoterwzlgg1 will
be given in Sec. lll.

As already indicatedU y(po(r),ne(r)) is the sum of the
electronic kinetic energy., the electrostatic energy of the
systemE, ., the exchange-correlation enerfy., and the
first-order perturbation theory contribution to the energy
from the electron-discrete ion pseudopotenigl, i.e.,

Uo(po(r),Ne(r)=Te+ Eglect Exct Eps- (2.8

We have calculated the electronic kinetic energy using a

local-density approximation with density gradient correc-
tions. Specifically, we set

Te: EFT+ Ew+ EK y (29)
where
3(37%)* %0 (=
Err= 0 f dz[ne(r)]>? (2.10
0

to the kinetic energy of the inhomogeneous electron 88k

The first term in Eq(2.12) is the linear-response theory con-
tribution to the kinetic energy associated with the fourth-
order term in the gradient of the density, while the last two
terms are the nonlinear-response contribution to the kinetic
energy associated with the gradient of the density. It is un-
derstood that the gradient corrections to the electron kinetic
energyE,, andEy are valid in the limit of small gradient in
the density of electron gas, i.e., when the electron gas density
is slowly varying on the scale of the atomic diameter. From
the results of the calculations reported in this paper, we find
that this condition is satisfied over most of the liquid-vapor
interface of Ga, despite the variation of the ion core density
in the interface.

The electrostatic energy of the system, which arises from
the difference between the electron and ion density distribu-
tions in the liquid-vapor interface transition zone, can be
represented in the form

I [e'e) 0
Euec=— 270 | "dz| "4z [ps2)nol2)

(2.13

where pg(2) is the longitudinal ion charge density distribu-
tion function andng(z) is the longitudinal electron charge
density distribution function. We have -calculated the
exchange-correlation contribution to the energy using the ho-
mogeneous electron gas method proposed by Vosko, Wilk,
and Nusair[36], with the density gradient correction pro-
posed by Langreth and Mef87], i.e.,

—Nne(2)ne(z')]|2' - 2],

o

Em=20f
0

wheree,(n.(2)) is the integration kernel for the exchange-

correlation energy including the gradient corrections. The to-
tal contribution of the electron-ion pseudopotential to the
electronic energy of the system can be written as

(2.19

Ne(2)ex(Ne(2))dz,

[’

Eps:UJO‘dZ pO(Z)sps(ne(Z)): (219

is the Fermi-Thomas uniform density approximation to thewith £,4{n(z)) the ionic pseudopotential function, which is

kinetic energy{33] for a liquid metal with surface area,

given by
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3 1 (= configurations must be calculated in order to determine the
Eps™1Z f f(9,9")g*dgq— p f da{p’[M(q)]? longitudinal and transverse density distributions in the
FJaske 0 liquid-vapor interface. As will be described below, using the
2m(z*)?  [1—-Fy(q) formalism sketched above, an assumed initial jellium distri-
—(Z*)?Fn(a)} - q ( 2 ) bution is used to generate an electronic density distribution
g—0

from which the ion-electron pseudopotential and effective
(2.1  ion-ion interaction potentials are calculated. These initial jel-
lium distributions are then used in a Monte Carlo simulation
where f(q,q') is the nonlocal bare electron-ion pseudopo-of the inhomogeneous liquid-vapor system. Since each
tential matrix discussed before ard(q) is the Fourier Monte Carlo step changes the ion distribution, it also
transform of the depletion hole density. changes the electronic density distribution and hence the ion-
In order to calculate the energy of an inhomogeneous ligelectron pseudopotential and the effective ion-ion interac-
uid metal using the representation discussed above we musbn; this effect is particularly important in the inhomoge-
know both the ionic density and the electronic density distri-neous liquid-vapor transition zone. Accordingly, when the
butions as a function of distance normal to the liquid-vaporion distribution is changed, the electron distribution is recal-
interface. For the ionic density distribution we adopt theculated to be consistent with the new ion distribution; this
parametric “jellium” representation proposed by Rice and procedure is continued until the Monte Carlo simulation con-
co-workers[5—15], namely, verges.

Po (2.17 Ill. DETAILS OF THE CALCULATIONS

p(z;29,8)= |Z|—ZO )
1+exp{ B ] The pseudopotential analysis of the electronic energy of a
metal is not uniqug¢39-42; different choices for the repre-
where z, is the position of the surface ang, is the bulk  sentation of the influence of the core states of the ions lead to

density that is related tg, and the parametgs by different pseudopotentials. For the calculations reported in
this paper we employed the energy-independent model

N pseudopotential proposed by Woo, Wang, and Matsuura

Pb= —7 ' (218 [41,42, as successfully applied to the study of simple metals

20429+ B In 1+ex;{ —)“ by Harris, Gryko, and Rice. This pseudopotential is given by

which guarantees that the liquid density has the bulk value ion; .\ N/ ¢
far from the liquid-vapor interface. Usually the Gibbs divid- Vps(r)—Z (Vi) + AN, @1
ing surface is located &,. The density profile parametg

characterizes the rate at which the bulk density falls to th&yjth

vapor density through the surface transition zone. Bgth

and B are determined by the ionic configuration. Given Eg. A|=[V1|(r)+V_|(r)]|R1|><R1||, (3.2
(2.18 for the positive jellium distribution, the electron den-
sity distribution can be determined by solving the Kohn-
Sham([38] equation, which, for the present case, is identica
to the one-dimensional Schiimger equation

IWhereV,(r) is an average of the pseudopotential, for each
angular momentunh, over all states other than the first va-
lence state|R,,) is the radial part of the wave function for

%2 g2 the state|1l), and|l) is a simple projection onto the state
~om g2 T Ver(D|¥n(D)=enyn(2), (219  with angular momentunt. For the present calculation the
model pseudopotential takes the form

whereV«(2) is an effective potential that includes the inter-

action of an electron with the ionic background and the B +é r<R
exchange-correlation potential. Because the electron density oy !
falls to zero rapidly outside the jellium distribution, it is a Vyu(r)= _z 3.3
good approximation to treat the electronic system as — r<R,,

bounded inz; this is accomplished by settiny,(z)=0 at a r

fairly large distancez=a outside the jellium distribution, .
which in turn is accomplished by including M¢(2) an in-  WhereBy,Z, R, are parameters and is the valence of the
finite hard-wall potential located ar==*(zy+a). The ion. The statéll) is separated into radial and angular parts,
Kohn-Sham equation must be solved self-consistently sincguch that
the eigenvector sought,(z) is used in the construction of
Ve(2); this process is iterated until convergence is achieved. (X|11)=CRy(r)Yim(6,9), (3.4

All of the preceding refers to the calculation of the elec-
tronic energy and the effective ion-ion interaction associateavhere Ry (r)=r !y, ,(r), C is a normalization constant,
with a particular ionic configuration in the inhomogeneousY (6, ¢) is a spherical harmonic function, and the radial
liquid metal. Of course, in the system of interest to us thepart of the wave function is given by the regular and irregu-
ions are mobile and a suitable average over all allowed ionitar Whittacker functions



56 STRUCTURE OF LIQUID Ga AND THE LIQUID. .. 7037

TABLE I. lon pseudopotential parameteia.u) for liquid gal- 0.025 T T T T T
lium. r .y is the maximum value of in the radial function. = 002
5 02
£
| Ey R By I max T 0015}
X
0 1.128 602 3 1.941 040 1.546 509 35.0 g 0.01 |
1 1.1050598 0.534 974 4.344 044 45.0 E 0.005 k- i
2 0.472 1357 2.023 584 0.335 127 55.0 g '
o
£ i
0 M, 1+122Nr), <R a5 % 0.005
= >
yll( WV0,|+1/2(2)\0r)! r>R|' ) § -0.01 |
, i -0015} 1
The parameters that appear in E8.5) are related by
-0.02 . L L . L
6 8 10 12 14 16 18
No=(—2E;)¥2  N=[—2(Ey+By)]*2 36 R (units of a,)

Vo:Z|/)\0, V:_Z|/7\,
FIG. 2. Effective ion-ion pair interaction potential in liquid Ga
with E,, the spectroscopic term enerf#3] of the state}ll). calculated from the pseudopotential using the normalized wave
We have extracted the values of the other independent p&umber characteristic functidfy(q) displayed in Fig. 1, at a den-
rameters pertinent to our calculation from the work of Shawsity of 0.051 23 atoms/A a is the Bohr radius.
[40]; the values of these parameters are listed in Table I. _ o
We show in Fig. 1, for homogeneous fluid Ga at several™ our earlier papers, we have calculated the effective ion-ion
electron densities, the normalized wave-number characterigdtéraction in the inhomogeneous liquid-vapor interface us-
tic function Fy(q). The small “kink” nearq=2kg, which NG @ local-density approximation to the electron density,
is found in the corresponding functions for many other liquidnamely.
metals, is a signal of the logarithmic singularityggt 2kg in

the Hartree static dielectric function. bei(R) = | R; 1 [Ne(r)+n (r-)])ex;{ - i)
Figure 2 shows the effective ion-ion pair interaction po- ¢ P2 e e Rion/
tential in liquid Ga, calculated using thg,(q) displayed in (3.7

Fig. 1. Clearly, the Ga-Ga interaction is rather short ranged, , ) )

except for the small-amplitude oscillating tail, which is a WNeréRion is the radius of the Ga pseudoion and the expo-

characteristic feature of the effective ion-ion pair potential inn€ntial factor is used to account for the effect of mixing of

a metal. the energy levels of the valence electrons and the electrons in
The calculations of the effective ion-ion interaction andthe inner shells. _ _

the energy wave-number characteristic function for Ga dis- !t 1S impractical to repeat the calculations of the effective

played in Fig. 1 were carried out for homogenous fluid Galon-ion interaction for every move of the ions in the Monte

with different bulk densities. The liquid-vapor interface of Carlo simulation procedure. Before the start of the simula-

the metal is, of course, an inhomogeneous region in whichion We computed, for several electron densities ranging

both the electron and ion densities vary with respect to polfom somewhat below to somewnhat above the bulk density

sition normal to the liquid-vapor interface. In this paper, asCf liquid Ga, the effective ion-ion interaction potential. Dur-
ing the simulation the interaction between a particular pair of

1 . . . . i ions was obtained from a rational functional interpolation for
» density: 0.03374 the given electron density, using the precalculated data bank.
density: 0.05123 o The model system for the simulations consisted of a slab
density: 0.09640 - of 1024 ions and 3072 electrons, with two free surfaces in
the positive- and negative-directions (normal to the two
liquid-vapor interfacesand periodic boundary conditions in
thex andy directions. In fact, periodic boundary conditions
were also applied in the direction, but at distances so far
from the liquid-vapor interfaces that the description of those
interfaces as free is also valid. The dimensions of the simu-
lation slab werdyXLyX 2L, in theX, y, andz directions,
] so that the area of each liquid-vapor interface ds
LoXLg. Lo was chosen such that the average density of ions
in the slab matched the density of liquid Ga at the simulation
+ - temperature. The center of mass of the simulation system
was located at=0 and at the origin of the coordinates. The
total depth of the slab was 14 laydgesach about an atomic
FIG. 1. Normalized wave number characteristic functigg{q) ~ diameter in thicknegs so that the depth of one side of the
for liquid Ga at ion densities 0.033 74, 0.051 23, and 0.096 4cslab was 7 layers. Since the coherence length of the pair
atoms/& [see Eq(2.3)]. correlation function is only of order 3 atomic diameters, this

FQ)

04

02t




7038 ZHAO, CHEKMAREYV, CAIl, AND RICE 56

depth is great enough to ensure that the liquid-vapor inter- 1.2 T . r T . ey .

face sits atop bulk liquid Ga. The initial ion configuration

was generated by placing the particles at random position: 1 (@)

within the boundaries of the slab, subject to the constraint 2

that no ion-ion separation was less thay.5The trial con- 2 08 | _

figurations were generated by randomly displacing a selecter 2

ion; the magnitude of the ionic displacement was chosen tc §

lead to convergence to equilibrium with a reasonable overall 5 061

acceptance ratio for the trial configurations. For each instan &

taneous ionic configuration we determined the parameters g 04 r : 1

and B [see Eq.2.17)], describing the ion distribution along 2 '

the z direction using the discrete moment method introduced 02 F

by Harris, Gryko, and Ricg9]. Then, using this jellium dis- \l

tribution, we solved the Kohn-Sham equation and thereby 0 ! : : : ‘ L .

obtained the electron density distribution along thaxis. 0 5 10 15 A0 a3§’ 35 40 45
For each configuration of the ions the electronic density is ’

a function ofz, z,, and 8 and the structure independent

energyU, is a function ofg and the liquid bulk density,, . 12 e

It is convenient to think otJ, for the inhomogeneous system

of interest as the formal sum of the structure-independen 1 ®

energy of a homogeneous system with dengityand the %

structure-independent, but density-dependent, energy differ & o8 |

ence between the homogeneous system with depgignd 2

the inhomogeneous system. Then the first term in this forma § 06 L

sum has an invariant value during the Monte Carlo simula- °

tion, while the second term gives the surface energy of the 8 o4l |

reference jellium distribution. It should be noted tlzgtis £ ’

allowed to vary during the course of the simulation to permit 2

relaxation of the density distribution in the liquid-vapor tran- 02F 1

sition region to its equilibrium form; the variation @ is

constrained by the requirement that the center of mass of th 0 : L . . :

0 5 10 15 20 25 30 35 40 45

slab be invariant. Even with the limited number of ions in Z (units of ay)

our simulation sample, the number of ions in the homoge-
neous liquid-vapor interface is a very small fraction of the

total number of ions, so changes in the interface structure de 12 T T T
not affect the ion and electron density distributions in the
bulk liquid, with the consequence that the surface energy of | 1
the system is a function of the paramegeonly. g

Prior to starting the Monte Carlo simulation we obtained LE 08 | ]
self-consistent solutions to the Kohn-Sham equation and the s
electron density distributions for 40 evenly spaced values of 3 06 | .
B in the range from3=0 to 1.9%,. We show in Fig. 3 the 3
variation ofn(z) with respect to the change in shape of the £ 04 b 4
positive ion jellium distributiorp(z). Because the electronic g '
density of liquid Ga is large, even whea{z) is discontinu- z oo | |
ously truncated to form an interface with zero width the Frie- '
del oscillations of the electron density are quite small.fAs
increases the liquid-vapor interface width increases and th O s 10 15 20 25 30 35 40 45
electron longitudinal density distribution approaches the jel- Z (units of a,)

lium longitudinal density distribution; in the limit that the

liquid-vapor interface is very broad the electron and the jel- FIG. 3. Normalized longitudinal electronic density profile

lium distributions coincide. The difference between the elecng(z)/ne pux (...) and the normalized jellium longitudinal density

tron density and jellium density distributions in the liquid- distribution pe(2)/ ppuk (—): (@ B=0.1a,, (b) B=1.0a,, and(c)

vapor interface is dominated by the competition betweerB=2.0aq

achievement of local electroneutrality and avoidance of ex-

cess kinetic energy associated with increasing the curvaturgectron-ion pseudopotential interaction. The surface energy

of the electron wave function. including the pseudopotential contribution is illustrated
We show in Fig. 4 the contributions to the surface energyin Fig. 5, which displays the total surface energy as a func-

of the Ga liquid-vapor interface, as a function of the interfacetion of B. It is the pseudopotential contribution that is re-

width parameteg, arising from the kinetic energy, the elec- sponsible for the rapid increase in the surface energy when

trostatic energy, the exchange-correlation energy, and thg>0.4a,
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FIG. 4. Contributions to the surface energy as a function of the
longitudinal positive ion jellium density width parametgr From
top to bottom: the kinetic energy contributiott++), the
exchange-correlation energy contributioh ¢ <), and the electro-
static energy contributiofCICI0). where Nt is the total number of particles in the slice,

N(r,Ar) is the average number of pairs of particles within a

For convenience, we calculated and tabulated the surfaggistance between and ( +Ar) in the slice,V+ is the total
energy as a function g for the experimental value of the volume of all the particles in the slice, aiv is the average
bulk density in order to make a proper comparison of oufyolume of the intersection of the spherical shell between
calculations with experimental data. During the simulation,and ( + Ar) and the thin slice.
the surface energy is obtained by interpolation from the set
of tabulated values for any desired value @f In all the
calculations reported we have carried out more than 12 000 IV. DISCUSSION

Mon_te Ca_rlo passes, with each pass con_sistin_g of 1000 ionic Bellissent-Funel, Chieux, Levesque, and W] have
configurations. All the results reported in this paper wereeported the structure factor of liquid Ga, determined by neu-
determined by calculations using the last 8000 passes. o scattering af = 326 and 959 K and densities 0.0525 and
_ The pa_w-correlatlon fur_mctlon in a thin slice pa_lrallel to the 5 0490 atoms/A. Narten[28] has reported the structure fac-
interface in _thex-y plane is calculate_d from a h|stogram of tor of liquid Ga, determined from x-ray- and neutron-
the separations of all pairs of particles in that slice. Theyitraction data, aff =293 K. Since the densities of liquid
normalized pair-correlation function is given by Ga at 293 and 593 K differ very little, we have compared the
Vol [ 2N results of our calculations with data obtained from both ex-
T (r,Ar) . X LT
_)( ) (3.9 periments. To illustrate the insignificance of the temperature
Vs dependence of the structure factor of liquid Ga in the tem-
perature range mentioned, we have carried out simulations of
L A A the pair-correlation function of bulk liquid Ga at various
o temperatures. These results, which are displayed in Fig. 6,
012 ° 7 show that the differences between the pair-correlation func-
o tions at 293, 393, and 593 K are not observable within the
01 L 0 ° 4 precision of our calculations.
o There are three sets of experimental data with which our
| o calculations can be compared.
° We show first, in Fig. 7, the calculated and observed pair
oo" correlation functions of bulk liquid Ga. We note that the
0.06 | o | positions of the peaks and troughs of the calculated and mea-
o sured pair-correlation functions are very nearly the same.
0.04 0® 7 Indeed, all the major features of the pair-correlation function
veo®® of liquid Ga, including the asymmetry in the shape of the
0.02 L~ . ) ' L . L : L first peak and a flat shoulder on the large pair separation side
02 04 06 08 1 12 14 16 18 2 of the second peak, are successfully reproduced.
B(units of a,) . . . .
A more sensitive test of our calculations is the prediction
FIG. 5. Total surface energy,(p(F,n.(F)), as defined in Eq.  Of the transverse pair-correlation function in the liquid-vapor
(1), as a function of the longitudinal positive ion jellium density interface. We show in Fig8 a comparison of the results
distribution width parameteg. For a given width parametes, the ~ obtained from the calculations reported in this paper and the
densitiesp(F) and ny(F) that appear ifJo(p(F),ne(F)) are those experimental data of Flonet al. [45,46. Our calculations
displayed in Fig. 3. reproduce the important finding that the transverse pair-

FIG. 6. Pair-correlation functions of bulk liquid Ga at a density
0.051 23 atoms/A and temperature§=273, 373, and 573 K.

g(r)= N

0.08

Total Surface Energy (E,)
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. . . o FIG. 9. Transverse singlet density distribution in the liquid-
FIG. 7. Calculated pair-correlation function for bulk liquid Ga vapor interface of Ga.

(solid line), compared with the measured pair-correlation function

(0 © ¢, Ref.[28]; +++, Ref.[44]). . _ . . .
liquid-vapor interface, with a maximum density of order

correlation function in the liquid-vapor interface of a metal is 20% larger than the bulk density. In Fig. 10 we compare the
q P calculated longitudinal density distribution in the liquid-

egsentlally_the same as that in 'the bulk Tiquid, d.esplte .th?/apor interface of Ga with the distribution inferred from x-
difference in local ion core density and the nonuniform dis-

tribution of the ion cores along the normal to the interface. ray reflectivity measurements by Pershan and co-workers

The most sensitive test of our calculations, and the one o[f:.w_z.q‘ _Smt_:e the p.UbI'S.hEd expe_rlmental longitudinal den-
sity distribution is given in normalized form, we have nor-

most interest to us, is the prediction of the longitudinal den'malized our simulation data to make the comparison shown
sity distribution. The longitudinal density distribution of the b '

) ) . : Clearly, the locations of the peaks in the longitudinal density
lons was obtained from a histogram of the distance be'[Weegistribution are well described by the calculations reported,

a pa}rtlclg and the center 9f thg mass of the slab; the densﬂyut the amplitude of the predicted first peak and the depth of
profiles in the+z and — z directions were averaged to obtain

. e L the first trough are somewhat greater than that obse(sesl
the reported density distribution. Anticipating t.he resu“.slaterdiscussio)a The falloff in density at the outermost edge
found, we also have calculated the single-particle densit

distribution in the plane of the liquid-vapor interface. As%f the experimental longitudinal density distribution is deter-

shown in Fig. 9, the latter distribution is featureless, despitemlned by the functional form chosen for the fitting; it is

o Somewhat faster than the corresponding falloff in the simu-
the fact(to be demonstrated belowhat the longitudinal den- lated longitudinal density distribution. Overall, we argue that

sity distribution has damped oscillatory character in thethe agreement between the calculated and observed longitu-

dinal density distributions is very good. In Fig. 11 we show

35 r . r ; ; the calculated longitudinal ion core density distribution to-
¢ Surface — gether with the calculated longitudinal valence electron den-
i | Bulk - i
3 i Ref.28 o
1.4 ; ; ; ; ;
25| .
<)<%
12 + :o B
2t o
E 2
15 7
[0}
o
T 3
N
S 1
05} £
[e]
J i %
0 1 . &
0 2 4 6 8 10 12 3
r(d)
&
FIG. 8. Transverse pair-correlation function in the liquid-vapor : ; ; i,
0 5 10 20 25 30

interface of Ga, compared with the measured pair-correlation func 21&)
tion in the interface and in the bulk liquid &t=373 K and density

0.051 23 atoms/A The measured pair-correlation functions in the ~ FIG. 10. Calculated<® ¢ ¢ ) and observed—) normalized lon-
Ga liquid-vapor interface and in bulk Ga have been shown to be thegitudinal density distributions in the liquid-vapor interface of Ga

same within experimental err¢see Ref[45]). (experimental data from Ref17]).
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where c(rq,r,) is the direct correlation function in the
liquid-vapor interface, shows that the surface tension has
contributions from the entire region over which the gradient
of the longitudinal density distribution is nonzero. For the
case of Ga, this region extends about four atomic diameters
into the bulk liquid. Translated into the language of the mac-
roscopic capillary wave description of surface fluctuations,
the “effective membrane” that characterizes the liquid-
0 LA vapor interface must be considered to be a multilayer struc-
0 5 10 15 20 25 30 35 40 45 50 ture about four atomic diameters thick. We expect that fluc-

z (units of a, ) tuations of the effective membrane will not affect the spacing
and parallelism of these layers since to do so implies creating
local variations in the density that increase the free energy.
Accepting this picture implies that the capillary wave repre-
sentation of surface fluctuations is independent of the exis-
tence of stratification of the liquid-vapor interface. Since
Slty distribution. We note that the outermost peak in the |0n'each |aye|’ in the interface is distributed about a mean posi-
gitudinal valence electron density distribution is essentialltion with a width determined by the same interactions as
coincident with the trough between the first two peaks in thejetermine the width of the first peak of the pair-correlation
longitudinal ion core density distribution, a consequence ofunction, we expect both widths to have the same sensitivity
the competition between minimization of the Coulomb inter-g temperature. However, our calculatioisge Fig. 6 show
action, which results from coincidence of the electron andhat the pair-correlation function of bulk liquid Ga is insen-
ion core distributions, and the increase in kinetic energy okijtive to temperature over the range for which x-ray reflec-
the valence electrons, which results from the increased elegyity data are available and hence so should the widths of
tron density gradient required by that coincidence. the peaks in the longitudinal density distribution.

The character of the agreement between the observed and The amplitude of the first peak in the simulated longitu-
calculated longitudinal density distributions deserves carefujinal density distribution exceeds that inferred from the fit of
examination. The observed longitudinal density distributionthe chosen functional form to the experimental reflectivity
is certainly partially broadened by long-wavelength thermalyata by about 10%. This is in the expected direction since the
excitations (treated as capillary wave excitations in the peak amplitude depends on the magnitude of the mean-
analysis of the experimental dateReganet al. [47] have  square displacemefiEg. (4.1)] and the lower limit to the
shown that the effect of an increase of temperature on thgave vector of the capillary waves that contribute to the
IOngitudinaI denSity distribution in the "qUid-VapOf interface observed thermal broadening of the macroscopic Sa(ﬂpl.e
of Ga is to decrease the peak heights without changing thgmated to be 0.0064 A?) is of the order of 6.6—4.7 times
peak widths. They successfully account for this observatiogmaller than the smallest-wave-vector thermal excitation that
by representing the mean-square displacement ofnthe  can be supported by the simulation samsstimated from

3
0

0.006 |
0.005 |
0.004 |
0.003 ¢

Density (1/4,

0.002
0.001

FIG. 11. Longitudinal density distribution in the liquid-vapor
interface of Ga—) and the corresponding electronic density distri-
bution (....).

layer in the form either the edge length (4g) 1=0.042 A~* or the diagonal
length (56,) ~*=0.030 A~ ! of the surface of the simulation
keT [ Omax sample; see Fig.)9lf, following Reganet al. it is assumed
o2=no’+ o5+ 2y In( U ) (4.1)  that the maximum-wave-vector capillary wave that contrib-
min

utes to the thermal broadening ignodm) the inverse
of the atomic diameter, this difference in smallest wave
where o is a measure of the increasing root-mean-squard&€ctors implies that the contribution of the ternkgT/
displacement as the density approaches the bulk liquid valué? ¥)IN(dmax/dmin) to the mean-square displacement is
and o is an intrinsic contribution to the root-mean-squaresmaller for the simulation sample than that for the macro-
displacement; the origin af, is not identified. The capillary ~Scopic sample used in the experiments by a factor of 1.9-1.5.
waves that contribute to the mean-square displacement afe 300 K, using the known resolution of the x-ray reflectivity
assumed to have a largest wave vector thaisdm) the  experiments and the values efand o, given in Ref.[47],
inverse of the ion diameter and a smallest wave vector deEd. (4.1) yieldso?=0.779 A2; the corresponding calculation
termined by the experimental resolution. Regarmal. obtain ~ for the simulation sample, using the size of the sample to
an excellent fit to their experimental x-ray reflectivity data estimate the smallest contributing wave vector, yiedx{s
with ¢=0.393+0.005 A ando,=0.37+0.027 A. =0.549 or 0.617 &. Then the height of the first peak in the
We interpret the temperature independence of the widthsimulated longitudinal density distribution should be larger
of the peaks in the longitudinal density distribution as fol-than that observed by 26% or 18% instead of the 10% we
lows. The Triezenberg-Zwanzif#8] representation of the find. We suspect that this discrepancy is a signature of re-
surface tension of a pure liquid-vapor interface sidual inaccuracy of the pseudopotential we have used. We



7042 ZHAO, CHEKMAREYV, CAIl, AND RICE 56

note that, using this pseudopotential, the amplitude of the ACKNOWLEDGMENTS

first peak in the bulk liquid pair-correlation function is
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dence of the longitudinal density distribution.
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