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We present the results of a test of the adequacy of the recently proposed universal local electron-ion
pseudopotential of Nogueira, Fiolhais, and PerdBhys. Rev. B59, 2570(1999] for the prediction of the
structure of an inhomogeneous metal. The test is a comparison of the structure of the liquid-vapor interface of
Ga predicted by self-consistent quantum Monte Carlo simulations with the observed structure. We find that the
structure of the bulk liquid metal predicted using the universal local pseudopotential is in good agreement with
experimental data if an effective temperature replaces the true temperature. However, the predicted structure of
the liquid-vapor interface is only in qualitative agreement with experimental data. In particular, the longitudinal
density distribution in the liquid-vapor interface predicted using the universal local pseudopotential is stratified,
with a spacing of about one atomic diameter and a decay length of a few atomic diameters, features all of
which are in qualitative agreement with observations. However, the amplitude of the predicted density oscil-
lations is fivefold too large. Similar discrepancies are found when the longitudinal density distributions in the
liquid-vapor interfaces of Sn and Pb predicted using the universal local pseudopotential are compared with
those predicted using a nonlocal pseudopotential known to predict accurately the liquid-vapor interface struc-
tures of Ga and Hg. The results obtained imply thatrtbelocalityof the pseudopotential is critical to a correct
description of the structure of an inhomogeneous metal.

[. INTRODUCTION about one atomic diameter; near the freezing point of the
metal these oscillations penetrate three to four atomic diam-
Our understanding of the structure and properties of inhoeters into the bulk liquid=#5-2°0On the vapor side of the
mogeneous liquids is based on applications of density funcinterface the longitudinal density distribution falls rapidly to
tional theory. Unfortunately, except for a few idealized mod-zero, with a scale length of a fraction of an atomic diameter.
els, a density functional analysis of an inhomogeneous liquid he difference between the structures of the liquid-vapor in-
does not lead to an analytic representation of its structure arnerfaces of simple metallic and nonmetallic liquids can be
properties. Rather, after exploitation of approximations apiraced to the different forms of their potential energy func-
propriate to the particular system, its structure and propertiesons. Specifically, the unique arrangement of atoms in the
are obtained with one or another form of numerical analysisliquid-vapor interface of a simple metal is viewed as a con-
Consider, for example, the liquid-metal—-vapor interface.sequence of a strong confinement of atoms in the interface,
The form of the effective interaction between ion cores in thewhich has its origin in the substantial dependence of the
inhomogeneous transition region between liquid metal andystem potential energy functional on the average valence
vapor is both density dependent and nonlocal, so it is notlectron density that varies across the interface. In general,
surprising that all current theoretical predictions of the charthere is very good agreement between the predicfet§2%-2!
acter of the interface have been derived from self-consisterind experimentally inferréd°11222%|ongitudinal density
guantum Monte CarlgMC) simulations. The analytical ba- distributions in the liquid-vapor interfaces of Hg, Ga, BiGa,
sis for the simulations is the density functional pseudopoteninGa, SnGa, and PbGa.
tial representation of the properties of an inhomogeneous The character and quality of the agreement between the
metal!~* The calculation of the system potential energy re-results of the self-consistent quantum Monte Carlo simula-
quires, as input, the electron density distribution in the intertions and the observed longitudinal density distributions in
face; this distribution is obtained from the solution to thethe liquid-vapor interfaces of these systems suggest that the
relevant Kohn-Sham equatidriThe effective pair potential extant theory can be used as a reliable predictor of the prop-
is then used in a Monte Carlo simulation of the system properties of other inhomogeneous liquid-metal systems. How-
erties. Since the local electron density changes when the iogver, the calculations of the properties of the systems cited
cores are moved, the potential function must be recalculatedbove utilize a sophisticated nonlocal representation of the
after each Monte Carlo move. This procedure, when carrieglectron-ion interactions and require very extensive and
to convergence, generates self-consistent electron and idengthy computations. Moreover, the formalism does not
core distributions for the metal. To date, the procedure deprovide a simple conceptual picture of the elements of the
scribed has been used to study the liquid-vapor interfaces dfiteraction that are most important for the determination of
Na, K, Rb, Cs, Hg, Mg, Ga, Al, In, Tl, Sn, and Pb, and thethe structure of the liquid-vapor interface of a metal. Thus
dilute alloys Bi in Ga, In in Ga, Sn in Ga, and Pb in Ga. It is there is no simple way of inferring the qualitative properties
found that the density distribution along the normal to theof a broad class of inhomogeneous metals and alloys from
liquid-vapor interfacgcalled the longitudinal density distri- the knowledge of their nonlocal pseudopotentials.
bution) has pronounced oscillations with a typical spacing of It is clear that there would be considerable advantage in
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having a description of inhomogeneous metals that permits N p?

prediction of the properties of the system using physical con-H = Z —+ Ug(po(r),ne(r))+ E Ver(Ri ,R; ;ngPA(r))
cepts based on the character of the atomic interaction. Since =1 2m <]

the pseudopotential representation of an electron-ion interac- @
tion is not uniqué’’ we have considerable freedom in select-where p, is the momentum of théth atom with mass
ing its form, and we expect that a local pseudopotential Wi”m,Veff(Ri R; ;nle_PA(r)) is the effective pair potential

be more amenable to the construction of the wanted descriRévaluated in the local density approximatidietween ions
tlon_of inhomogeneous metal; tha.n is a nonlocal pse.udopoéndj located aR; andR; , respectively, ang(r) andng(r)
tential. Recently, nguelra, Fiolhais, and Per&‘?ehave IN" " are the corresponding reference jellium and electron densi-
troduced a SOph'St'CatEd local pseudopotential, called bYes. The functionalJ, is a structure-independent contribu-
them the unlv_er_sal local psgud_opotenlﬂb_lLP), that 9IVES  tion to the energy, which is, however, dependent on the elec-
accurate predlctu_)ns of the memg energies apd elastic PrORton and jellium densities. In the following discussion, we
erties of many simple metals in their crystalline phases. INise atomic units for lengti1 a.u=1a, (Bohr radiué

this paper we describe the results of self-consistent quanturg0 529177 A and energy (1 a EFZ Ry0=27 21eV). In

Monte Carlo simulations of the liquid-vapor interfaces of Ga f : , 7 ;
. ’ th [ I t tt
Sn, and Pb. Our goal is to test the accuracy of the ULP whepo e O! e analysis descnlbed below itis convenient to use

o i e volume per atoml=p~-.
u_sed to qalculate the structure of the liquid-vapor mterfape T For local model pseudopotentials, the effective pair inter-
simple tri- and tetravalent metals; the measure of merit

W .
. . . . ion takes the form
use is, in the case of Ga, comparison with the experlmentall%lctO takes the fo

inferred longitudinal density distribution in the liquid-vapor 72 2 (= Fy(q)sin(gR)
interface$®°and in the cases of Sn and Pb comparison with Verf(R:n5PA) = _( 1— _f NP dgl, (@
the longitudinal density distributions in the liquid-vapor in- R m™Jo a
terface predicted using a nonlocal pseudopoteitiz en-
ergy independent model pseudopotent@lMP) of Woo,
Wang, and Matsuuf] known to reproduce accurately those
distributions for Ga and Hg.

The key results of the work reported below can be sum

marized as follows. The ULP correctly predicts the qualita—d . but d d q licitl h e
tive features of the stratification of the liquid-vapor interfaces e_nsnyp o(r) but does not epend exp 'C't.y on the positions
of ions.Uq(po(r),nei(r)), which is responsible for by far the

of Ga, Sn, and Pb. However, the modulation of the Iongitu-I ot h 959
dinal density distribution supported by the ULP is much argest contribution to the system ener@pout 95%, can

greater than that found experimentally, and also mudpe represented as the sum of the kinetic energy, the electro-

greater than that found using the nonlocal EIMP pseudoIoogtatic energy(which arises from the lack of coincidence of

tential. The results clearly imply that, despite its utility for the electron and ion density distributions in the liquid-vapor
calculation of the properties of homogeneous metals, thglansmon_ zong tr(]je excha}nlgle-correl-atmn energy, and the
ULP is unsatisfactory for quantitative prediction of the struc-E'€ctron-ion pseudopotential interaction,

ture of an inhomogeneous metal.

where the first term is the direct Coulomb repulsion between
ions of chargeZ and the second term is the second-order
pseudopotential contribution to the pair interaction potential.
The structure-independent energly is a function of the
electron densityn,(r) and the positive(referencg charge

Uo(po(r),Nei(r))=Exint Eest Exct Eps- (€)

The electronic kinetic enerdyy;, can be calculated by solv-
ing directly the self-consistent Kohn-Sham equafion.

The theoretical basis for the work reported in this paper The last term in Eq(3), the electron-ion pseudopotential
has been described in our previous repdrfs® The self-  contribution, must be discussed in more detail both because
consistent quantum MC simulations are based on the densigf the crucial role it plays in determining the structure of the
functional pseudopotential theory of inhomogeneous metalkquid-vapor interface and because, unlike all other terms in
in the form first adopted by D’Evelyn and Ric¥ and later  Eq. (3), it assumes different forms depending on whether a
modified by Harris, Gryko, and RiceThe essence of any local or nonlocal pseudopotential is used. In the local density
pseudopotential theoty?® lies in the replacement of the approximation, this term can be writtgthe system is as-
strong direct interaction between the delocalized electronsumed to have a planar interfaces
and the ions by an effective, small in magnitude and, in
principle, nonlocal pseudopotential that accounts for the re- *
quirement that the states of the delocalized electrons are or- Eps= ZAJO dZpo(2) €ps(Nei(2)), @)
thogonal to the states of the ion core electrons. The total
system energy is then calculated as the sum of the ZeI‘O-OI‘dW‘nereepS has the following form when a local pseudopoten-
energy associated with the immersion of a degenerate eleg@al is used:
tron gas in a nonuniform continuum distribution of positive
charge(an inhomogeneous jelliunand the first- and second- 1
order perturbation theory corrections for the interaction be- Eps:3f for(7,m) n°dy—
tween the discrete ions and the electrons. To second order in 0
perturbation theory, the Hamiltonian of an arbitrary configu- 72 (o
ration of N metallic ions andNZ spvalence electrons is then + —f Fn(g)dq
given by T Jo

II. DETAILS OF SIMULATIONS

+Heorr- ®)
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In Eq. (5), rs=[(3/4m)ng']*?is the radius of a sphere con- Rgc, A, @, andg, but two of them, namelyA and 8, can be
taining on average one electrom=k/kg, and fi(7,7)  determined in terms of by imposing the analyticity condi-
=Z(k|w,|k) is the diagonal matrix element of the non- tion (cusp-free conditionatr =0. The remaining two param-
Coulombic part of the bare pseudopotential. The first term ireters are fixed by requiring that the total energy per electron
Eq. (5) is the first-order correction to the system energy fromof a solid metal calculated to second order in perturbation
the electron-ion pseudopotential. It is not influenced bytheory (within the local density approximatiorbe a mini-
screening since screening is merely a redistribution of thgnum at the equilibrium value of the Wigner-Seitz radius,
electron density(as long as the total charge is conseived and that the calculated bulk modulus reproduce the result of
and, therefore, has no effect on average values. The next twfe stabilized jellium modeleffective valence 12° With

terms (in square brackefsare second-order corrections. In these restrictions imposed the model pseudopotential con-
order to compensate for the failure of the bare pseudopotenains no adjustable parameters.

tial to ensure the mechanical stability of the model system, as |n Fourier space, the matrix element®f(r), the form
well as to yleld the correct value for the heat of vaporizationfactor, can be expressed ana|ytic§ﬂwvhich in turn allows
at the experimental bulk density, it is necessary to introduc@n analytical expression fd¥y(q) to be obtained from Eq.
corrections to the structure independent enérgy’’ These (). The EC pseudopotentials have been tested extensively
empirical corrections are embedded in the last contributiofyith respect to predictions of lattice dynamics, elastic
to €ps in EQ. (5). moduli, liquid-metal resistivities, binding energi®s’'and
In Egs.(2) and (5) the key ingredient is the normalized the pair correlation functions of bulk liquid alkali metdfs.
energy—wave-number characteristig(q), which is qua- |n all cases good agreement with available experimental data
dratic in the electron-ion pseudopotential and can be writtefls obtained. It is important to emphasize that the descriptor
(again for a local pseudopotentials “universal” in the designation of the ULP means that the
20,1 02 H pseg_do_potential has par_ameters determined solely by the
Fo(@=| - q q (1—6 (q))|w @} (6 equilibrium electron density and the valence.
N 27zZ?) 87 | EQq) barel 11 It is well knowrf® that the shape of a pair interaction
_ ) potential in metals may depend crucially on the choice of the
wherewyare(d) is the Fourier transform of the bare pseudo- gt ctive-field functionG(q). For reasons of convenience,

potential ande''(q) is the static dielectric function of'the_ we chose to work with the local-field function proposed by
electron gas calculated in the random phase approximationimaru and Utsuni? [G,(q)]; this function satisfies the

(no exchange and correlation contributiofihe modified di-  gactron-gas sum rules, and its parametrized form is particu-

electric functlon,e(q&, with exchange and correlation in- |51y syitable for use in computer simulations. The param-
cluded, is related te"'(q) by eters of the Ulr_% in a given density range for a certain va-
~ lence were found from the values of the binding energy and
&(@)=1+[€"(a)~1l[1-G(w], @) bulk modulus, both calculated to second order in perturba-
where G(q) is the local-field correcto?*?® Hence, for any tion theory and employing the local density approximation
given inhomogeneous metal the problem is fully specified byocal-field correction. The replacement @ pa(q) by
the choice of an appropriate form of the pseudopotentia®iu() in simulations is likely to have a minor effect on the
wpare(r), the local-field functionG(q), and the parametric mterfa_ce structure. This assertion derives frorr_1 the well-
form of the reference jellium profilgy(r). established fa&t that the deviations betwe_en various forms
In the present work we employ the universal localof G(q) that have the most profound physical consequences
electron-ion pseudopotential due to Nogueira, Fiolhais, an@e in the region 1l<q<2.0kg, where G pa(q) and
Perdew?® This model potential derives from a family of lo- Giu(a) do not differ significantly. The smad-limits are
cal pseudopotentials known as evanescent 66 model  Very similar for differentG(q)’s, and the larget behaviors
potential® that have been designed specifically for use withare not critical since the polarizability decreases rapidly for
a second-order nonrelativistic perturbation treatment ofi>2.0kg. In Fig. 1, we show the effective pair interaction
simple metals in the local density approximation. By virtuepotentials for Pb calculated usirtg pa(q) andG,y(q), re-
of its construction, the ULP and its derivatives are continu-spectively. Clearly, the difference in the shapes of the two
ous throughout the spaoghis smoothness ensures betterpotentials is very small.
convergence properties in the reciprocal space over lattice The only remaining quantity one needs to specify to com-
vectors, and the evanescence of the core repulsion is natlete the description of an inhomogeneous liquid metal ac-
rally incorporated in the form described. The real-space repcording to the formalism outlined above is the reference
resentation of the evanescent core pseudopotential is giveéipsitive density distributiorpy(r). In the case of a planar

by*° liquid-vapor interfacep, can be modeled By
Z Pbulk
wec(r)= = ~{1=[1+ B(r/Rec)Jexp(— ar/Rec)} pol(2,20,8) = —— = ©
1+exr< )
. B
+ R—ECAeXﬁ—r/REc), (8 wherez, is the position of the Gibbs dividing surface agd

characterizes the width of the inhomogeneous region of the
whereRg is the core decay length and>0. In principle, jellium profile. This distribution is properly normalized by
this representation contains four independent parametesgetting
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FIG. 1. Effective pair potential for Pbr{=2.3): with FIG. 2. Effective pair potentials for Ga a{=2.18(—), Sn at
Ichimaru-Utsumi(lU) local-field function(—), with LDA local- rs=2.22(——-),and Pb arg=2.3 (------ ).
field function(— — —).
For each instantaneous ionic configuration the reference
N jellium parametersz, and B were determined using a
Poulk= 2 ; (10 weighted least-squares fit of the discrete moments of the ion
2A! 2o+ B1n 1+eXp(_EO> ] distribution to the continuous moments p{z,z,,53).2*°

Then, using this jellium distribution, the corresponding elec-
whereN is the total number of atoms in the slab akis the tron density distribution was obtained from the solution of
H H ,29

area of one free face of the slab. For most situations encouﬁhe pertment.Ko_hn-She_tm eqyatlﬁﬁ“? .

tered in practice during the simulation run, E0) can be Fo_r each_ lonic confl_guratlon the corresponding electron
safely replaced by a simpler expression, namelyy _denS|ty profile is afunqtlon o, 2o, andg, and_the structure-
=N/2Az, (note that since, changes at each simulation step mdependent gnergUO_ ISa funct|c_)n OT the width parameter
the value ofp,,x may deviate from the initially set experi- 4 and the liquid density,,,.. To simplify the computational

mental bulk number density scheme we adopted the following approximate formUgr.
Given the form of the pseudopotential, the self-consistent _
quantum MC simulations were carried out as follows. The UolB:pound=NUol pound + 2Aayl B, (1)

model system was a slab with dimensidns<LoX 2L, con-  whereug[ ppui] is the structure independent energy per par-
taining 1000 ions. The slab was subject to periodic boundaryicle of a homogeneous system with densjiy,;, and

conditions in thex andy directions and had free surfaces in 4 [ 8] is the surface energfper unit arepof the reference

the *+z directions(across the liquid-vapor transition zane jellium distribution represented by E¢P). This approxima-
For convenience, periodic boundary conditions were also apion proved adequate for sufficiently large systefn<.000
plied in the*+z directions, but at distances very far from the atomg.® To obtain the longitudinal ion density distribution,
the Gibbs dividing surfaces. This convenience does not ing histogram of particle positions relative to the position of

fluence our results’ the center of mass of the slab was compiled during the
The center of mass of the simulation sample was posicourse of the simulation run. The density profiles from op-

tioned atz=0, which is the location of the origin of the posite halves of the slab were then averaged. The in-plane

coordinates. The linear dimension of the simulation Hay,  structure of the model system is described by the transverse

was chosen such that the initial density of the slab is equal tpair correlation function, which we have calculated for thin

the known bulk densityy,, at the temperature of interest. sections sliced parallel to the interfac®.

The simulation slab is about 16 layers ddgach roughly

one atorr_1ic dia_meter in thickness layers .for each ha!f. IIl. RESULTS AND DISCUSSION
The simulations were started by placing the particles at

random positions within the boundaries of the slab. Initial We have tested the accuracy of the ULP with respect to
configurations that have ion-core—ion-core overlaps ar@rediction of the pair correlation functions of liquid Ga, Sn,
eliminated by a force-biased Monte Carlo simulation withand Pb. For these three-dimensiof@D) bulk MC simula-
periodic boundary conditions in all directions, using a scaledions we used a simulation box that contains 512 particles
Lennard-Jones potential for the ion cores. In the course of and employed periodic boundary conditions in ¥hg, andz
simulation ions are moved sequentially, one at a time, andlirections. The effective pair interaction potentials were cal-
the new configurations are accepted or rejected according tulated for densities corresponding to the equilibrium solid-
the standard procedut®letropolis schem¥) by consulting  state structures, namely.=2.18 (rhombid for Ga, rq

the appropriate Boltzmann factors. About>d80° configu-  =2.22 (tetragonal for Sn, andr,=2.3 (fcc) for Pb. The
rations were generated for each metal, from which the lastesultant potentials are displayed in Fig. 2. We note that the
12x 10° were used in collecting the final statistics. changes in density that occur with increasifgproduce
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FIG. 3. Pair correlation function for bulk liquid Ga: MC at 3

Tsim=1173K andpp,=0.0525 (atoms/A) (—), MC at Tq,
=330 K (------ ), and experimentRef. 39 at Teyp=326 K(VVV).

rather small differences in the shape of the effective pair
potential for temperatures not too far from the melting point. 2t
It was found that if the simulations were carried out at the
experimental values of the melting density and melting
temperaturé>® the predicted pair correlation functions do
not agree well with the experimentally determined functions.
The discrepancies found are largely in the magnitudes of the
peaks and valleys af(R) but not in their positions, so that
the simulatedy(R)’s resemble those of strongly undercooled
liquids. We infer, then, that the source of these deviations is
the exaggerated depth of the first potential well of the ULP 0 . . . .
and the appreciable amplitudes of the tail oscillations; to- 1.0 30 50 7.0 8.0
gether these features of the ULP define the “stiffness” of the
liquid structure against variation of the temperature. For each Fig. 4. Pair correlation function for bulk liquid Sita) MC at
of the metals studied, by f|X|r)g the _I|qU|d densl'Fy at the ex-T_, =1900K andp,,,=0.0346 (atoms/&) (—), MC at Texpt
perimental value at the melting point and raising the tem—g600K (------ ) and experimentRef. 36 at Teyp,=573K (VVV);
perature, it is possible to find a temperature at which theb) MC at T;,,=3000 K andpy, = 0.0337 (atoms/A) (—), ex-
deviation between the calculated and observed bulk liquigheriment(Ref. 36 at Tex,=973 K (AAA).
pair correlation functions is removed. Comparisons of the
results of the simulations and the available experimental dateach of Ga, Sn, and Pb, signaling large values of the on-
are shown in Figs. 3, 4, and 5 for Ga, Sn, and Pb, resped-ermi-sphere pseudopotential matrix elements. In contrast,
tively. The same densities and temperatures were then usélde nonlocal EIMP model potential oscillations are strongly
in the simulations of the respective liquid-vapor interfaces ofdamped, meaning that the matrix elemékt-q|w|k) tends
these metals. to be small around|= 2k . We note again that our analysis
Consider, now, the shapes of the pair potentials displayes developed from second-order perturbation theory, and it
in Fig. 2. These potentials look very similar because, withindepends on the smallness of the pseudopotential. Then it is
the framework of the ULP formalism, the key defining pa- immediately clear that when a local pseudopotential is used
rameters, namely, the equilibrium electron densities and ththe error associated with the truncation of the perturbation
valences, are very similar in value. For small ion-core—ion-expansion at second order, which amounts to neglecting
core separations these potentials have strongly repulsiviairee-body and higher contributions, may not be satisfactory.
cores, and at slightly larger separations they have attractiv€he situation can be partially ameliorated by inclusion of the
wells; the attractive well can be very shallow for somecorrection termf.,,, [in Eqg. (5)], which serves the purpose
metals!’2%37-3%s the ion-core—ion-core distance grows, theof projecting higher-order terms back into “effective”
potential displays Friedel oscillations that decay aslower-order terms. Nonetheless, as will be discussed in a
cos(: R)/(2k:R)%. For a local pseudopotential, the ampli- moment, the procedure used to determine the correction term
tude of these oscillations is controlled by the magnitude offor a specific case is not without some internal difficulties.
the pseudopotential matrix elemelai(q)|® evaluated ag On these grounds, it seems likely that a quantitative descrip-
=2kg. Comparison between the pair potentials for Ga, Sntion of the structure of the liquid-vapor interface of a heavy
and Pb obtained with the ULP and the nonlocal EIMP treatpolyvalent metal will require the use of a nonlocal pseudo-
ment of Zhaoet al® and Rice and Zhd8 reveals that the potential. This expectation concerning the importance of the
ULP model predicts quite prominent Friedel oscillations foruse of nonlocal pseudopotentials for heavy polyvalent metals

a(R)
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FIG. 6. Surface energy per unit areg(3) calculated for Ga
(00®) at T,;,=1173K, Sn(OOO) at Tg;,=3000K, and Pb
(AAD) at Tg,=2200 K.

is provided in Fig. 7. Clearly, the ULP model reproduces the
qualitative features of the experimentally determined density
profile: the interlayer spacing is about one atomic diameter
and the layering decay length is about four atomic diameters.
Nonetheless, the ULP model predicts much larger amplitude
density oscillations than are observed. The nonlocal EIMP
modef prediction of the longitudinal density distribution is
in much better agreement with experimdesee Fig. 10 of
Ref. 3.

In Figs. 8 and 9 we compare the longitudinal density dis-
tributions in the liquid-vapor interfaces of Sn and Pb pre-
dicted using the ULP with those predicted using the nonlocal
EIMP #? Again, we find that the predicted interlayer spacing
is about one atomic diameter and that the ion-core density
oscillations penetrate into the fluid for about 2 to 3 atomic
diameters. And, as in the case of liquid Ga, the ULP gener-
ates exceedingly large amplitude oscillations in the longitu-
dinal density distribution.

a(R)

FIG. 5. Pair correlation function for bulk liquid Plfa) MC at
Tsim=1350 K andpy,=0.0332 (atoms/A) (—), MC at Texpt
) and experimentRef. 39 at To,, =613 K (VVV),
(b) MC at Tg;,,=2200 K andpy,,,=0.0321 (atoms/A) (—), ex-
periment(Ref. 36 at Teyy=1023 K(AAA).

has previously been voiced by Jank and Hath&on the
basis of a scrupulous analysis of the atomic and electronic
structures of bulk liquid Ga, Sn, and Pb.

We now turn to a description of the results of simulation
studies of the liquid-vapor interfaces of Ga, Sn, and Pb using
the ULP model. In Fig. 6 we show the dependence of the

2.5 T T T T T T

2.0

surface energy per unit areg, [refer to Eq.(11)] on the o 15 ]
reference profile width paramete® calculated for Ga at %
Tsim=1173K, for Sn atTg;,,=3000K and for Pb afl;, =z

1.0 @ 1

=2200K. The shapes of the curves resemble those for
simple metal€. The liquid-vapor interface widths should be
close to the values corresponding to the minima in déhe
versus B curve. From Fig. 68,,,~0.20a.u. for Ga and
Bmin=0.15a.u. for Sn and Pb. These valuessamply that
all three metals have rather narrow liquid-vapor interfaces. s
The structural feature of most interest to us is the singlet ‘5’3?
ion density distribution across the liquid-vapor interface. In z(A)
this regard, the most stringent test of the accuracy of the giG, 7. Comparison of the longitudinal density distribution in
ULP is the direct comparison of predicted and observed lonthe liquid-vapor interface of Ga calculated using the ULP model
gitudinal density distributions; of the liquids studied in this (current study aT ;= 1173 K): ion density(—), electron density
paper, these data are available only for®@a& comparison (= — -), and experimental data of Regatal. (Ref. § at T
of predicted and observed longitudinal density distributions=22°C(AAA).

0.0

20.0 = 250

1
10.0

5.0
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z/o

FIG. 8. Comparison of the longitudinal density distribution in
the liquid-vapor interface of Sn calculated using the ULP mode
(current study aT ¢;,,= 3000 K): ion density(—), electron density
(— — —), and the ion density obtained using the nonlocal EIMP
model of Ref. 42(000).

Finally, we examine the transver§e-plane structure in

the liquid-vapor interfaces of Ga, Sn, and Pb. We have cal-

culated the transverse pair correlation functions in the liquid
vapor interfaces of the these metals from histograms of th

separations of all pairs of particles in a series of thin strata

parallel to the interface. For each metal, we display in Fig

10 the transverse pair distribution functions computed for the
outermost layer, corresponding to the region that encloses

the first high density peak ip(z), the second layer, and the
experimentally determinée*®bulk liquid g(R). Despite the
oscillatory variation in density across the liquid-vapor inter-

face, the transverse pair correlation function is always very
nearly the same as that of the bulk liquid. The insensitivity of

the transverse pair distribution function to the point local
density is successfully accounted for by the
Fischer-Methfess#l extended local density approximation,

3.0

2.0

4.0

FIG. 9. Comparison of the longitudinal density distribution in
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FIG. 10. Transverse pair correlation functions for selected layers
from the liquid-vapor interface ofa) Ga, (b) Sn, and(c) Pb. Out-
ermost layei—), second layef— — —), and experimentRefs.

35 and 36 (OOO0). Temperatures are the same as in Figs. 3-5.

which states that the in-plane structure is determined by an
effective density that is defined by averaging the point den-

the liquid-vapor interface of Pb calculated using the ULP modelSity in @ volume element that has linear dimensions compa-

(current study aT ;,,= 2200 K): ion density(—), electron density
(— — ), and the ion density obtained using the nonlocal EIMP
model of Ref. 42000).

rable to an atomic diameter. The simulation results reported
in this paper are fully consistent with the results of previous
MC simulation studies of trivalent metals.
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Given the inherent complexity of the problem, pinpoint- good agreement between the simulated and measured pair
ing how the local pseudopotential errs in the description oftorrelation functions, we found it necessary to carry out the
the interactions in a heavy polyvalent metal is nontrivial. Thesimulations at unphysically large temperatures, whereas
following speculations seem pertinent. when the nonlocal EIMP pseudopotential is used agreement

It is currently believed that the temperature dependence dé achieved with simulation temperatures very close to those
the widths of the peaks in the longitudinal density distribu-at which the experimental data were collectéd.
tion is adequately described by capillary wave thety®4 Another possible source of error in the ULP is associated
The long-wavelength cutoff in the spectrum of capillary with the correction ternf.,,, in Eq. (5). This term is intro-
wave excitations is set by the size of the sanfpf®Since  duced to remove the large negative value of pressure that is
the simulation sample is very small, the widths of the peakgjenerated by the other terms in E§).2%32%3In general, the
in the longitudinal density distribution are underestimated magnitude off ., is large for primitive local pseudopoten-
and, correspondingly, the peak amplitudes are overestimatetial models. Iff..,, is ignored, the resultant oscillations in
Since the surface energwhich is close to but not identical the longitudinal density profile are strongly enhanted.
to the surface tensigrealculated with the local pseudopoten- Since the routine to determirfe,,, is designed to work in
tial model is larger than that calculated with the nonlocalthe vicinity of the equilibrium bulk density, as the simula-
pseudopotential, the structure in the longitudinal density distions proceed the changes in the bulk den&se simulation
tribution calculated with the former is exaggerated relative tgprocedure for detai)lsmay exceed the range for which the
that calculated with the latter. In this connection, it is worth-calculated correction is valid. We conclude that, useful as
while noting that the calculated longitudinal density profilethey are for the calculation of the properties of crystalline
in the liquid-vapor interface of Ga displayed in Fig. 7 re- metals, local pseudopotentials are not sufficiently accurate to
sembles closely the extrapolated “zero-temperature intrinsigrovide other than qualitative predictions of the structure of
longitudinal density profile” determined in the experimental the liquid-vapor interface of a metal.
study of Regaret al® (see inset on Fig. 2 of Ref.)8This
observation suggests that the ULP has an attractive well that ACKNOWLEDGMENTS
is too deep and too narrow, and that the oscillations in the
tail of the potential are too strong. The simulations of the We wish to thank Dr. Meishan Zhao for his assistance.
bulk liquid structure using the ULP support this conjecture.This work has been supported by a grant from the National
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