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Self-consistent quantum Monte Carlo simulations of the structure of the liquid-vapor interface
of a eutectic indium-gallium alloy

Stuart A. Rice and Meishan Zhao
Department of Chemistry and The James Franck Institute, The University of Chicago, Chicago, Illinois 60637

~Received 20 November 1997; revised manuscript received 6 February 1998!

We report the results of self-consistent quantum Monte Carlo simulations of the density distribution along
the normal to the liquid-vapor interface, and the in-plane structure function, of the liquid-vapor interface of a
eutectic binary alloy of indium and gallium~16.5% In! at 86 °C. The density distribution along the normal to
the interface exhibits layering, with a sensibly complete monolayer of In outermost in the interface. Our results
are in good agreement with the experimental data of Reganet al. @Phys. Rev. B55, 15874~1997!#. We also
report the results of self-consistent quantum Monte Carlo simulations of the structure of the liquid-vapor
interfaces of In:Ga alloys with In concentrations greater than and less than the eutectic concentration. The In
atoms segregate in the outermost layer of the interface as a sensibly complete monolayer when the bulk In
concentration is 25% and as a partial monolayer when the bulk In concentration is 11%. In these cases, as well
as for the eutectic alloy, there is some Ga well mixed with the In in the outermost layer of the stratified
liquid-vapor interface. And for all alloy compositions studied the layer of the interface beneath the monolayer
of segregated In is deficient in In relative to the bulk concentration; the bulk concentration of In is reached in
the third layer of the liquid-vapor interface.
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I. INTRODUCTION

Although there has been considerable progress
understanding the properties of the liquid-metal–va
interface,1–29 much remains to be discovered. It is now we
established that the liquid-metal–vapor interface is differ
from the simple nonmetallic liquid-vapor interface becau
of the variation of the local electronic structure with electr
density in the interface region, which leads to a strong va
tion of the effective ion-ion interactions and the binding e
ergy per ion with position in the interface. The results
self-consistent Monte Carlo simulation studies1–17 of the
liquid-vapor interface of a pure metal, in which the electro
ion interaction is described in the pseudopotential repres
tation and the electron density distribution that defines
nonlocal pseudopotential is determined from solution of
Kohn-Sham equation,30,31show that the longitudinal ion dis
tribution is stratified over a region extending several atom
diameters into the bulk. The simulation results also sh
unexpectedly, that the transverse~in-plane! pair correlation
function in the interface is essentially the same as the
correlation function in the bulk liquid, a result which implie
that the strict local density approximation to a system w
inhomogeneous spatial density distribution, whether pure
a mixture, must be replaced by a nonlocal representation
includes to first order the force responsible for maintain
the nontrivial longitudinal density distribution. The predicte
stratification of the liquid-vapor interface of a pure metal h
been strikingly confirmed by Reganet al., via x-ray-
reflectivity studies, for Ga~Refs. 19–22! and Hg~Ref. 18!.
The predicted similarity between the transverse struc
function in the liquid-vapor interface and the structure fun
tion in the bulk liquid metal has been confirmed by Rice a
co-workers, via grazing-incidence x-ray-diffraction measu
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ments, for Hg~Ref. 24! and Ga~Refs. 25 and 27!.
Since differences in atomic size and valence between

components of an alloy will lead to differences in the loc
electron density about each ion core, we must expect tha
longitudinal distributions of the components in the liqui
vapor interface of an alloy will have a composition substru
ture which reflects the influence of the interactions in t
interface. Calculations reported by Gryko and Rice11–13 and
by Harris, Gryko, and Rice9 show that in the liquid-vapor
interface of a mixture of Cs and Na there are three import
structural features: ~i! The overall~all species! longitudinal
density distribution is stratified for three to four atomic d
ameters into the bulk liquid,~ii ! the segregation of Cs in th
interface takes the form of a monolayer of essentially p
Cs in the outermost region of the liquid-vapor transition
gion, and~iii ! in addition to~i! and ~ii ! there is other weak
structure associated with the longitudinal distribution of t
excess Cs in the interface; namely, the atomic layer ben
the monolayer of Cs is deficient in Cs relative to the bu
concentration. The bulk concentration is reached in the th
to-fourth atomic layer. Because of the limited range of t
electron densities associated with homovalent metals, we
pect these structural features to be generic to the clas
homovalent alloys irrespective of the valence. Indeed,
results of grazing-incidence x-ray-diffraction and x-ra
reflectivity studies of the liquid-vapor interface of a dilu
alloy of Bi in Ga ~0.2% Bi! ~Refs. 25 and 27! reveal that the
excess Bi concentration in the interface is concentrated
monolayer, that the Bi monolayer has the structure of a
percooled liquid, and that the stratification of the longitudin
density distribution of the Ga host is sensibly the same a
pure Ga, all in agreement with structural features~i! and~ii !
cited above. Zhao, Chekmarev, and Rice17 have shown that
the results of self-consistent quantum Monte Carlo simu
tions of the liquid-vapor interface of this alloy are in goo
13 501 © 1998 The American Physical Society
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13 502 57STUART A. RICE AND MEISHAN ZHAO
agreement with the experimentally determined transve
structure function and longitudinal density distributio
Moreover, an important qualitative characteristic of t
liquid-vapor interface of this dilute Bi:Ga alloy, namely, th
the excess Bi atoms are atop the Ga in a separate layer
not mixed with Ga, is correctly reproduced by the theoreti
calculations. The third of the above-cited structural featu
inferred from the simulations of the liquid-vapor interface
Cs:Na alloys cannot be tested in the very dilute Bi:Ga all

Regan and co-workers have reported23 x-ray-reflectivity
studies of a eutectic alloy of In with Ga~16.5% In!; they
conclude that the excess In concentration in the interfac
concentrated in a monolayer. In this paper we report
results of self-consistent quantum Monte Carlo simulatio
of the structure of the liquid-vapor interface of the eutec
In:Ga alloy studied by Reganet al. The In:Ga binary alloy
system differs from the Bi:Ga binary alloy system in that
is very soluble in liquid Ga, whereas Bi has only a very sm
solubility in Ga near its melting point. The longitudinal de
sity profile obtained from the simulations of the liquid-vap
interface of the eutectic In:Ga alloy is in good agreem
with that deduced from the experimental data.

We also report the results of self-consistent quant
Monte Carlo simulations of the structure of the liquid-vap
interfaces of In:Ga alloys with In concentrations greater th
and less than the eutectic concentration. Unlike the Bi
system, it is found that for all values of the excess interfa
concentration of In we have studied there is also some G
the outermost layer of the liquid-vapor interface and that
In and Ga atoms are well mixed in the outermost layer of
interface. Moreover, it is found that the layer of the interfa
s
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beneath the monolayer of segregated In is deficient in
relative to the bulk concentration; the bulk concentration
In is reached in the third layer of the liquid-vapor interfac
just as has been previously predicted for the case of C
liquid-vapor interfaces of Cs:Na alloys.1,9,13

II. CALCULATIONS

A detailed description of the self-consistent quantu
Monte Carlo method we use has been published elsewh
and so in this section we provide only a sketch of the th
retical analysis. Our analysis is based on a density-functio
self-consistent pseudopotential representation with the
tem Hamiltonian

H5(
i 51

N F pi
2

2mi
1(

j , i
feff„Ri j ;ne~r !…G1U0„r~r !,ne~r !…

~2.1!

and a quantum Monte Carlo simulation procedure develo
by Rice and co-workers. In Eq.~2.1!, U0„r(r ),ne(r )… is the
so-called structure-independent potential energy as a fu
tion of the electronic density,ne(r ), and the ionic density,
r(r ), r andR are the coordinates of an electron and an io
respectively,pi andmi are thei th ion momentum and mass
andfeff„Ri j ;ne(r )… is the effective ion pair potential.

The system Hamiltonians for binary alloys and pure m
als are very similar, the only difference being that the p
potential energy and the one-body potential energy in
alloy depend on both the types and the positions of ions.
structure independent energyU0„r(r ),ne(r )… is represented
as a density functional with the local density approximatio
U0„r0~r !,ne~r !…5
3~3p2!2/3s
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ne~r !
1

s

540~3p2!2/3 E
0

`

dzH @ne~r !#1/3F S ¹2ne~r !
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ne~r ! D 2

1
1

3 S“ne~r !

ne~r ! D 4G J 2

22psE
0

`

dzE
0

`

dz8@r0~z!r0~z8!2ne~z!ne~z8!#uz82zu

12sE
0

`

ne~z!«xc„ne~z!…dz12sE
0

`

dzr0~z!«ps„ne~z!…, ~2.2!
wheres is the area of the liquid-vapor interface. The term
in Eq. ~2.2! are, in sequence, the electronic kinetic energ
the electrostatic energy of the system arising from the dif
ence between the electron and ion density distributions in
liquid-vapor interface transition zone, the exchang
correlation contribution to the energy using the homo
neous electron gas as proposed by Voskoet al.32 and by
Langreth and Mehl,33 and the electron-ion pseudopotent
contribution to the electronic energy with«ps„ne(z)… the
ionic pseudopotential a function of the valence electron d
sity distribution.

For a binary alloy the pseudopotential contribution to t
structure-independent energy is given by
s,
r-
e
-
-

n-

«ps5
3

kF
3 E

0

kF
f ~q,q8!q2dq2

1

p (
i 51

2

Xi

3E
0

`

dq@ Z̄i
2uMi~q!u22~zi* !2Fii ~q!#2

2p

V

3(
i 51

2

(
j 51

2

zi* zj* XiXj lim
q→0

12Fi j ~q!

q2 , ~2.3!

wherekF is the Fermi wave number,f (q,q8) is the nonlocal
bare electron-ion pseudopotential matrix,M (q) is the Fou-
rier transform of the depletion hole distribution,Xi is the
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57 13 503SELF-CONSISTENT QUANTUM MONTE CARLO . . .
mole fraction of thei th component,Z̄ is the depletion hole
charge, andFi j (q) is the normalized energy wave-numb
characteristic function. The effective ion pair interaction p
tential feff(Rij) is calculated using the local density approx
mation

feff~Ri j !5
zi* zj*

Ri j
H 12

1

p E
0

`

@Fi j ~q!1F ji ~q!#

3sin~qRi j !q
21dqJ 1«~Ri j !, ~2.4!

wherezi* and zj* are the effective valences of the ions a
«(Ri j ) is a small correction to the pair potential including t
van der Waals core polarization interaction and the Bo
Mayer core-core repulsion.

For a given positive jellium distribution, the electron de
sity can be obtained by solving the Kohn-Sham30,31equation,

F2
\2

2m

d2

dz2 1Veff„z,ne~z!…Gcn~z!5«ncn~z!, ~2.5!

whereVeff(z) is an effective potential energy including th
electron-electron interaction, electron-ion interaction, and
exchange-correlation contribution. Because the electron d
sity falls to zero rapidly outside the jellium distribution wit
the Gibbs dividing surface atz5z0 , it is a good approxima-
tion to treat the electronic system as bounded inz; this is
accomplished by settingne(z)50 at a fairly large distance
outside the jellium distribution, which, in turn, is accom
plished by including inVeff„z,ne(z)… an infinite hard wall
potential located atzw56(z01d). The parameterd is cho-
sen large enough so thatne(zw)50, and numerical accurac
is retained in the calculations. For the calculations repor
in this paper, we setd515a0 , wherea050.53 Å is the Bohr
radius. For the simulations reported below, which emplo
slab of 2000 ions and 6000 electrons, the Gibbs divid
surface is located atz0551.6a0 .

The Kohn-Sham equation is solved self-consistently si
the eigenvector sought,cn(z), is used in the construction o
Veff„z,ne(z)…, and the corresponding electron density is o
tained from

ne~z!5(
n

f nucn~z!u2, ~2.6!

where f n is thenth state electron occupation number.
The dimensions of the simulation slab wereL03L0

32L0 in the x, y, andz directions. The slab contains tw
free surfaces located at, approximately,6z0 , each with area
s5(L0)2; periodic boundary conditions were applied in t
x and y directions. The lengthL0 was chosen such that th
average density of ions in the slab matched the density
liquid Ga at the simulation temperature. The center of m
of the simulation system was located at the origin of
coordinates~x50, y50, z50!. The initial ion configuration
was generated subject to the constraint that there be no
core overlaps. We take one Monte Carlo simulation pas
be 2000 ionic configurations; our calculations were carr
out for 28 000 Monte Carlo passes.
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III. RESULTS

Figure 1 displays the effective ion-ion pair potential at
liquid density of 0.05258 atoms/Å3, calculated using the
energy-independent model pseudopotential proposed
Woo, Wang, and Matsuura.34,35 Figure 2 shows the calcu
lated pair correlation functions of bulk liquid indium, ga
lium, and the eutectic~16.5%! indium-gallium alloy at
86 °C. One test of the accuracy of our pseudopotential fo
is shown in Fig. 3, where the calculated and observed b
liquid structure36 functions are compared; the agreement
seen to be excellent.

To correctly mimic the segregation of In in the liquid
vapor interface of an alloy with a bulk concentration
16.5% In requires that we use a simulation sample wh
overall, has about 26% In atoms. This requirement ari
because the double-ended simulation sample we have
contains only 2000 atoms. The 2000 ion slab has 18 lay
each with about 111 ion cores, and the Gibbs dividing s
faces are atz05651.6a0 . A complete monolayer of In a
each liquid-vapor interface requires, in total, about 222
oms. Assuming that the expected segregation of a full mo
layer of In in the liquid-vapor interface occurs, the bulk liq

FIG. 1. Concentration-weighted effective ion-ion pair potent
in bulk liquid In:Ga ~16.5% In! at 86 °C and a density o
0.052 58 atoms/Å3.

FIG. 2. Pair correlation functions of bulk liquid In:Ga~16.5%
In! ~diamond!, bulk liquid In ~dashed line!, and bulk liquid Ga
~solid line!, all at 86 °C.
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13 504 57STUART A. RICE AND MEISHAN ZHAO
uid in the simulation slab must then contain about 293
atoms, and so, overall, the slab should contain 515 In at
mixed with 1485 Ga atoms. Our simulations were carried
with a slab that has nearly this composition, namely, 520
atoms and 1480 Ga atoms. We expect the liquid-vapor in
face of this model system to accurately mimic that of t
macroscopic system because the depth of the bulk liqui
the slab is considerably larger than the range of the pse
potential and all of the other interactions in the system.

We show, in Fig. 4~a!, the overall longitudinal density
distribution obtained from simulations using a sample s
with 2000 ions, of which 520 are In. Figures 4~b! and 4~c!
display, respectively, the contributions to the longitudin
density distribution from the host Ga and the solute In. Th
results clearly show the segregation of the excess In in
liquid-vapor interface into a monolayer at the outer edge
the interface. We note that there are a small number of
atoms in the outermost layer of the liquid-vapor interfa
uniformly mixed with the In atoms.

We have also performed simulations with a slab conta
ing 1000 ions with species ratio In:Ga50.165:0.835. The
resultant density profile is displayed in Fig. 5~a!; it was ob-
tained from an average over 37 000 Monte Carlo passe
number somewhat larger than the 28 000 Monte Carlo pa
used to extract information from the simulation of the 200
ion-slab simulation shown in Fig. 5~b!. The results shown in
Fig. 5~a! have both a much greater peak amplitude and m
greater peak to trough ratio than those shown in Fig. 5~b!, a
clear indication that the 1000-ion slab is too small to a
equately represent the influence of capillary wave exc
tions. Figure 5~b! displays a comparison of the calculate
and observed longitudinal density distributions in the liqu
vapor interface of the eutectic In:Ga alloy. We consider
agreement between calculation and experiment to be
good; the deviations are similar to those found in the pre
ously reported comparisons between the calculated and
served longitudinal density distributions in the liquid-vap
interfaces of pure Ga and a dilute Bi:Ga alloy. These dev
tions are, we believe, attributable to the inadequate rang
capillary wave excitations supported by a 2000-atom s
~relative to the range detected in the experimental stud!
and to residual errors in the pseudopotentials used in
simulations.

FIG. 3. Comparison of the simulated and observed bulk In str
ture function at 86 °C.
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We have also carried out simulations of the liquid-vap
interface of In:Ga alloys with In concentrations greater th
and less than that at the eutectic composition~16.5%!. We
show in Figs. 6~a! the overall longitudinal density distribu
tion obtained from simulations using a sample slab w
2000 ions, of which 660 are In, which mimics the behav
of a system with a bulk In concentration of 25%. Figur
6~b! and 6~c! display, respectively, the corresponding cont
butions to the longitudinal density distribution from the ho

-

FIG. 4. Longitudinal density profiles in the liquid-vapor inte
face of In:Ga~16.5% In! at 86 °C: ~a! all atoms, ~b! Ga, and
~c! In.
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57 13 505SELF-CONSISTENT QUANTUM MONTE CARLO . . .
Ga and the solute In. The calculations displayed in Fig. 6~b!
show that there are more Ga atoms in the outermost laye
the liquid-vapor interface than when the bulk composition
16%. We also note, from the results displayed in Fig. 6~c!,
that there is a deficiency in the In concentration in the sec
layer of the stratified liquid-vapor transition region, just
found in the simulations of the liquid-vapor interface of t
Cs:Na system. As in the latter system, the bulk composi
of the alloy is established in the third layer of the liqui
vapor interface. Figures 7~a!, 7~b!, and 7~c! display, respec-
tively, the overall longitudinal density distribution and th
corresponding contributions to the longitudinal density d
tribution from the host Ga and the solute obtained fro
simulations using a sample slab with 1670 ions, of wh
330 are In, corresponding to a bulk phase concentration
about 11% In. The excess concentration of In in the liqu
vapor interface in this system is about one-third that for
eutectic alloy, and the outermost layer of the liquid-vap
transition region is a homogeneous mixture of In and Ga.
in the other In:Ga liquid-vapor interfaces, the second laye
deficient in In and the bulk alloy composition is reached
the third layer.

Finally, we show in Fig. 8 a comparison of the in-plan
pair correlation function in the outmoster layer of the liqui

FIG. 5. ~a! Longitudinal density distribution in the liquid-vapo
interface of In:Ga~16.5% In! at T586 °C from a slab with 1000
ions. ~b! Comparison of the calculated~diamond! and experimen-
tally determined~solid line! longitudinal density distributions in the
liquid-vapor interface of In:Ga~16.5% In! at T586 °C. This cal-
culated result is from a simulation with a slab of 2000 ions.
of
s
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vapor interface of the alloy with composition InGa~16.5%
In!, the calculated bulk liquid In pair correlation function
and the measured bulk liquid In pair correlation functio
This figure shows that the transverse pair correlation fu
tion in the interface is essentially the same as the pair co
lation function in the bulk liquid.

IV. DISCUSSION

The structure of the In:Ga binary alloy liquid-vapor inte
face obtained from the self-consistent Monte Carlo simu

FIG. 6. Logitudinal density profiles in the liquid-vapor interfac
of In:Ga ~25% In! at 86 °C: ~a! all atoms,~b! Ga, and~c! In.
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13 506 57STUART A. RICE AND MEISHAN ZHAO
tions reported in this paper is in good agreement with t
inferred from the x-ray-reflectivity study of this alloy re
ported by Reganet al.23 Similar good agreement between th
calculated and experimentally determined density distri
tions in the liquid-vapor interfaces of pure Ga and of a dilu
Bi:Ga alloy has been reported elsewhere. It should be no
that Reganet al.show that their reflectivity data can be fitte
with a model in which the segregated In is concentrated
monolayer atop the bulk liquid alloy and a model in whi
the concentration of segregated In atoms falls exponent

FIG. 7. Logitudinal density profiles in the liquid-vapor interfac
of In:Ga ~11% In! at 86 °C: ~a! all atoms,~b! Ga, and~c! In.
t

-

ed

a

lly

from the fully filled outer layer with a characteristic length
about 1 Å, which corresponds to a second-layer In conc
tration of 21% ~instead of the bulk In concentration o
16.5%!. And for the former model of the distribution of In in
the interfacial region, they also note that the small differen
in In and Ga electron densities permits equally good fits
the reflectivity data with outer layer fillings ranging from
86% to 100%.

We believe the agreement between our simulation res
and the experimental data is sufficiently good to take s
ously some of the more subtle features of the structure
ferred from the simulation results.

The distributions of In in the liquid-vapor interfaces of th
three In:Ga alloys we have studied show an absence o
atoms in the second layer. We believe that this structu
feature, which is very similar to that found for the Cs ato
distribution in self-consistent Monte Carlo simulations of t
liquid-vapor interfaces of a number of Cs:Na alloys,1,9,13 is
generic in homovalent liquid binary alloys. Although Reg
et al. did not consider a model of the In concentration dist
bution in the liquid-vapor interface that has a minimum
the second layer, we believe that model will fit their refle
tivity data as well as those they considered, because of
small difference in the electron densities of In and Ga.
principle, anomalous reflectivity measurements carried
sufficiently large momentum transfer can be used to test
subtler details of the predicted In distribution in the liqui
vapor interface.

From the point of view of thermodynamics, it is irreleva
whether the excess concentration of a component that se
gates in the liquid-vapor interface does or does not hav
concentration that exceeds the bulk solubility limit. How
ever, this indifference to the bulk solubility limit exhibite
by the overall thermodynamics of segregation does not im
that there is a similar indifference with respect to the lo
structure of the interfacial region, i.e., the longitudinal a
transverse spatial distributions of host and segregated c
ponents. Comparison of the results of our simulations of
liquid-vapor interfaces of Bi:Ga and In:Ga alloys reveals th
in the former case the segregated Bi lies atop the host
forming a completely separated outer layer, while in the l

FIG. 8. In-plane pair correlation function in the liquid-vapo
interface of the alloy with composition InGa~16.5% In! from simu-
lation ~solid line!, compared to the calculated bulk In pair correl
tion function~crosses! and to the measured bulk In pair correlatio
function ~diamonds!.
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57 13 507SELF-CONSISTENT QUANTUM MONTE CARLO . . .
ter case there is miscibility of In and Ga in the outer lay
We suggest that it will generally be the case that when
concentration of the component that segregates in the liq
vapor interface greatly exceeds the bulk alloy solubil
limit, as in the Bi:Ga system, the segregated component
form a separate outer layer which may be partially or fu
filled depending on the bulk alloy composition. In such
system there exists the possibility that phase transitions,
two-dimensional gas-to-liquid condensation, can occur in
outer layer of the liquid-vapor interface of the alloy. Als
when the outer layer of the liquid-vapor interface is on
partially filled, the effective roughness of the interface
increased relative to that characteristic of the pure h
liquid-vapor interface and that characteristic of the alloy w
S

sk
n

a

.
e
d-

ill

g.,
e

st

a fully filled outer layer. In contrast, when the components
the bulk liquid alloy have a large range of miscibility, as
the In:Ga system, there is mixing of the segregated and
atoms in the outer layer of the liquid-vapor interface for
bulk liquid compositions, and the roughness of the interfa
is modified only to the extent that the change in surfa
tension permits a change in the mean square amplitud
thermal fluctuations.
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