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Self-consistent quantum Monte Carlo simulations of the structure of the liquid-vapor interface
of a eutectic indium-gallium alloy
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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 galliuiti6.5% 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 Regah [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.

[S0163-18298)03521-9

I. INTRODUCTION ments, for Hg(Ref. 249 and Ga(Refs. 25 and 27
Since differences in atomic size and valence between the
Although there has been considerable progress igomponents of an alloy will lead to differences in the local
understanding the properties of the liquid-metal-vapo€lectron density about each ion core, we must expect that the
interface!~2° much remains to be discovered. It is now well longitudinal distributions of the components in the liquid-
established that the liquid-metal—vapor interface is differenvapor interface of an alloy will have a composition substruc-

of the variation of the local electronic structure with electroninterface. Calculations reported by Gryko and Rice’and
density in the interface region, which leads to a strong varia_by Harris, Grykp, and Riceshow that in the I|qU|djvap0r
tion of the effective ion-ion interactions and the binding en_lnterface ofa mlxturg of Cs and Na there are thre.e '”.“po”am
ergy per ion with position in the interface. The results Ofstrucf[ural_featur_es: (.') The (_)yerall(all speme}slongltudln_al .
self-consistent Monte Carlo simulation studidd of the density distribution is stratified for three to four atomic di-

liquid-vapor interface of a pure metal, in which the eIectron—amQterS into the bulk liquidi) the segregation of Cs in the

interface takes the form of a monolayer of essentially pure

ion interaction is described in the pseudopotential represensq’in‘the outermost region of the liquid-vapor transition re-

tation and the electroq dgnsity dis'Fribution that dgfines thegion, and(iii) in addition to(i) and (i) there is other weak
nonlocal pseudopqtengllal is determined from solution of thegy,ctyre associated with the longitudinal distribution of the
Kohn-Sham equatioff,* show that the longitudinal ion dis- gycess Cs in the interface; namely, the atomic layer beneath
tribution is stratified over a region extending several atomighe monolayer of Cs is deficient in Cs relative to the bulk
diameters into the bulk. The simulation results also showggoncentration. The bulk concentration is reached in the third-
unexpectedly, that the transver§e-plang pair correlation  to-fourth atomic layer. Because of the limited range of the
function in the interface is essentially the same as the paiglectron densities associated with homovalent metals, we ex-
correlation function in the bulk liquid, a result which implies pect these structural features to be generic to the class of
that the strict local density approximation to a system withhomovalent alloys irrespective of the valence. Indeed, the
inhomogeneous spatial density distribution, whether pure oresults of grazing-incidence x-ray-diffraction and x-ray-
a mixture, must be replaced by a nonlocal representation thaeflectivity studies of the liquid-vapor interface of a dilute
includes to first order the force responsible for maintainingalloy of Bi in Ga(0.2% Bi) (Refs. 25 and 2j7reveal that the

the nontrivial longitudinal density distribution. The predicted excess Bi concentration in the interface is concentrated in a
stratification of the liquid-vapor interface of a pure metal hasmonolayer, that the Bi monolayer has the structure of a su-
been strikingly confirmed by Regawetal, via x-ray- percooled liquid, and that the stratification of the longitudinal
reflectivity studies, for G4dRefs. 19—22 and Hg(Ref. 18. density distribution of the Ga host is sensibly the same as in
The predicted similarity between the transverse structur@ure Ga, all in agreement with structural featugigesand (i)
function in the liquid-vapor interface and the structure func-cited above. Zhao, Chekmarev, and Riceave shown that
tion in the bulk liquid metal has been confirmed by Rice andthe results of self-consistent quantum Monte Carlo simula-
co-workers, via grazing-incidence x-ray-diffraction measuretions of the liquid-vapor interface of this alloy are in good

0163-1829/98/521)/135017)/$15.00 57 13501 © 1998 The American Physical Society



13 502 STUART A. RICE AND MEISHAN ZHAO 57

agreement with the experimentally determined transversbeneath the monolayer of segregated In is deficient in In
structure function and longitudinal density distribution. relative to the bulk concentration; the bulk concentration of
Moreover, an important qualitative characteristic of theln is reached in the third layer of the liquid-vapor interface,

liquid-vapor interface of this dilute Bi:Ga alloy, nhamely, that just as has been previously predicted for the case of Cs in
the excess Bi atoms are atop the Ga in a separate layer, aliquid-vapor interfaces of Cs:Na alloys:*3

not mixed with Ga, is correctly reproduced by the theoretical

calculations. The third of the above-cited structural features [l. CALCULATIONS

inferred from the simulations of the liquid-vapor interface of

ngea glrllogi dcirg.]\c/)\}o?lfetre:;e:vlen rtgeo\égg_glu_trif?éﬁsita"oy'Monte Carlo method we use has been published elsewhere,
studiegs of a eutectic allov of In wiFt)h Ga6 g(y In: they and so in this section we provide only a sketch of the theo-
y A Y retical analysis. Our analysis is based on a density-functional

conclude that the excess In concentration in the interface igo ¢ o qjgtent pseudopotential representation with the sys-
concentrated in a monolayer. In this paper we report th(%em Hamiltonian

results of self-consistent quantum Monte Carlo simulations

of the structure of the liquid-vapor interface of the eutectic N p?

In:Ga alloy studied by Regaet al. The In:Ga binary alloy H=E 2—'+E deii(Rij ;Ne(r)) | +Ug(p(r),ng(r))

system differs from the Bi:Ga binary alloy system in that In =1 eM <

is very soluble in liquid Ga, whereas Bi has only a very small 2.)

solubility in Ga near its melting point. The longitudinal den- and a quantum Monte Carlo simulation procedure developed

sity profile obtained from the simulations of the liquid-vapor by Rice and co-workers. In E@2.1), Uy(p(r),ne(r)) is the

interface of the eutectic In:Ga alloy is in good agreementso-called structure-independent potential energy as a func-

with that deduced from the experimental data. tion of the electronic densityi.(r), and the ionic density,
We also report the results of self-consistent quantunp(r), r andR are the coordinates of an electron and an ion,

Monte Carlo simulations of the structure of the liquid-vaporrespectivelyp; andm; are theith ion momentum and mass,

interfaces of In:Ga alloys with In concentrations greater tharand ¢.«(Rj; ;ne(r)) is the effective ion pair potential.

and less than the eutectic concentration. Unlike the Bi:Ga The system Hamiltonians for binary alloys and pure met-

system, it is found that for all values of the excess interfacels are very similar, the only difference being that the pair

concentration of In we have studied there is also some Ga ipotential energy and the one-body potential energy in the

the outermost layer of the liquid-vapor interface and that thealloy depend on both the types and the positions of ions. The

In and Ga atoms are well mixed in the outermost layer of thestructure independent enerdiy(p(r),ne(r)) is represented

interface. Moreover, it is found that the layer of the interfaceas a density functional with the local density approximation,

A detailed description of the self-consistent quantum

3(3 2)2/3 o % V2ne(r) o
uo(po<r>,ne<r>)=%fodz[ne<r>]5’3+712fodz| o) |+54q;2)2/3 fodz([ne(rﬂ”

(Vzne(r))2

Ne(r)

9 (Vzne(r))<Vne(r))2 1 (Vne(r)
3

47 2 o o
AYGEIEG () ) H —qufo dzfo dz'[po(2)po(z') —Ne(2)Ne(2') 1|2 — 2|

+ Zof:ne(z)sxc(ne(z))der Zaf:deO(z)sps(ne(z)), (2.2

whereo is the area of the liquid-vapor interface. The terms 3 (ke 12

in Eq. (2.2) are, in sequence, the electronic kinetic energies, €ps=3 f f(9,9’)g%dg— — E X;

the electrostatic energy of the system arising from the differ- F -0 Ti=1

ence between the electron and ion density distributions in the A 2

liquid-vapor interface transition zone, the exchange- Xf da[Z?IMi(9)]?—(Z")?Fii(9)] - n

correlation contribution to the energy using the homoge- 0

neous electron gas as proposed by Voskal3? and by 2 1—-F,i(q)

Langreth and Meht® and the electron-ion pseudopotential x> X XX lim ———, 2.3

contribution to the electronic energy with,s(ne(z)) the =1i=1 a0

ionic pseudopotential a function of the valence electron den-

sity distribution. wherekg is the Fermi wave numbef(q,q’) is the nonlocal
For a binary alloy the pseudopotential contribution to thebare electron-ion pseudopotential mati(q) is the Fou-

structure-independent energy is given by rier transform of the depletion hole distributioX; is the

7S
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mole fraction of theith componentz is the depletion hole L
charge, and~;;(q) is the normalized energy wave-number ~ 6 | 1
characteristic function. The effective ion pair interaction po- = 5L 1
tential ¢«(R;) is calculated using the local density approxi- = ol i
mation =
| ‘
(R)Z‘Zrllfx[H)F()] | _
)= —— - — . +F = L E
¢eff ij Rij 7 Jo ij q ji q i 1
5 0
. _ o 1 L i
Xsin(qR;)gq~dqgf +&(Ry), (2.4 g
2 2 )
LTJ 1 1 1 1 1 1 1 1 1 1
wherez" andz’ are the effective valences of the ions and 3 6 8 10 12 14 16 18 20 22 24
£(Rjj) is a small correction to the pair potential including the R (a)
van der Waals core polarization interaction and the Born- FIG. 1. Concentration-weiahted effective ion-ion bair botential
Mayer core-core repulsion. - - Loncentration-weighted efleciive lon-ion pair pote

. - ONEEt ) . !
For a given positive jellium distribution, the electron den- g‘ogglgglgg&)}g‘ea (16.5% In at 86°C and a density of
sity can be obtained by solving the Kohn-SHartequation,

p2 g2 lll. RESULTS

“om a2 " Ve@ne(2) [¥n(2)=enin(2), (2.9 Figure 1 displays the effective ion-ion pair potential at a

liquid density of 0.05258 atoms/A calculated using the

where V4(2) is an effective potential energy including the energy-independent model pseudopotential proposed by
electron-electron interaction, electron-ion interaction, and théVoo, Wang, and Matsuurd:* Figure 2 shows the calcu-
exchange-correlation contribution. Because the electron deated pair correlation functions of bulk liquid indium, gal-
sity falls to zero rapidly outside the jellium distribution with lium, and the eutectic(16.5% indium-gallium alloy at
the Gibbs dividing surface at=z,, it is a good approxima- 86 °C. One test of the accuracy of our pseudopotential for In
tion to treat the electronic system as bounded;irthis is IS shown in Fig. 3, where the calculated and observed bulk
accomplished by setting,(z)=0 at a fairly large distance liquid structuré® functions are compared; the agreement is
outside the jellium distribution, which, in turn, is accom- Seen to be excellent.
plished by including inVes(z,ne(z)) an infinite hard wall To correctly mimic the segregation of In in the liquid-
potential located at,= *(z,+ 8). The paramete$ is cho- ~ Vapor interface of an alloy with a bulk concentration of
sen large enough so thag(z,) =0, and numerical accuracy 16.5% In requires that we use a simqlation sample Wh_ich,
is retained in the calculations. For the calculations reporte@verall, has about 26% In atoms. This requirement arises
in this paper, we sef=15a,, wherea,=0.53 A is the Bohr becaqse the double-ended S|mulat|0r! sample we have used
radius. For the simulations reported below, which employ g0ontains only 2000 atoms. The 2000 ion slab has 18 layers,
slab of 2000 ions and 6000 electrons, the Gibbs dividinggach with about 111 ion cores, and the Gibbs dividing sur-
surface is located a,=51.6a,. faces are ago=*51.68,. A complete monolayer of In at

The Kohn-Sham equation is solved self-consistently sinc€ach liquid-vapor interface requires, in total, about 222 at-
the eigenvector sought,(z), is used in the construction of OmMSs. Assuming that the expected segregation of a full mono-

tained from

3+ K InGa (16.5%(I][1) 1
3 a ©°
ne(2)=2 folgn(2)]7, 2.6 .. in -

wheref, is thenth state electron occupation number. 2
The dimensions of the simulation slab wekgXL,
X2Lq in the x, y, andz directions. The slab contains two &
free surfaces located at, approximatetyz,, each with area
o=(Lo)?; periodic boundary conditions were applied in the 1t
x andy directions. The lengtl., 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

s
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"
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5
"
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¥
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of the simulation system was located at the origin of the 0 ; : . . '
coordinategx=0, y=0, z=0). The initial ion configuration 0 2 4 ) &) 8 10 12
was generated subject to the constraint that there be no ion

core overlaps. We take one Monte Carlo simulation pass to FIG. 2. Pair correlation functions of bulk liquid In:G46.5%

be 2000 ionic configurations; our calculations were carriedn) (diamond, bulk liquid In (dashed ling and bulk liquid Ga
out for 28 000 Monte Carlo passes. (solid line), all at 86 °C.
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FIG. 3. Comparison of the simulated and observed bulk In struc- 0.012 . . . . :
ture function at 86 °C. )
uid in the simulation slab must then contain about 293 In 0.01 - 1
atoms, and so, overall, the slab should contain 515 In atoms 8
mixed with 1485 Ga atoms. Our simulations were carried out % 0.008 | R 1
with a slab that has nearly this composition, namely, 520 In g S TN B T
atoms and 1480 Ga atoms. We expect the liquid-vapor inter- = g.g0s | xo"’%oqe%‘*%u% 8 o ;i A ]
face of this model system to accurately mimic that of the & of et o S WL o
macroscopic system because the depth of the bulk liquid in © 0.004 b Voo of S ]
the slab is considerably larger than the range of the pseudo- %
potential and all of the other interactions in the system. 0.002 - ° |

We show, in Fig. 4a), the overall longitudinal density ’ %
distribution obtained from simulations using a sample slab . ‘ ‘z’g
with 2000 ions, of which 520 are In. Figuresbf and 4c) 0 10 20 30 40 50 60
display, respectively, the contributions to the longitudinal Z ()
density distribution from the host Ga and the solute In. These
results clearly show the segregation of the excess In in the 0.012 . . : : .
liquid-vapor interface into a monolayer at the outer edge of (©
the interface. We note that there are a small number of Ga 0.01 | R 1
atoms in the outermost layer of the liquid-vapor interface, %
uniformly mixed with the In atoms. ~ i o® _

: . . . § 0.008

We have also performed simulations with a slab contain- = °
ing 1000 ions with species ratio In:G#®.165:0.835. The i 0.006 | )
resultant density profile is displayed in Figag it was ob- ? ¢

tained from an average over 37 000 Monte Carlo passes, ad
number somewhat larger than the 28 000 Monte Carlo passes 0004 t
used to extract information from the simulation of the 2000-

ion-slab simulation shown in Fig.(B). The results shown in 0.002 - © ol o ° 7
Fig. 5@ have both a much greater peak amplitude and much g%;%w%’@'%)m %’%?‘83%&%@ °
greater peak to trough ratio than those shown in Fig),= 0 T . < S
clear indication that the 1000-ion slab is too small to ad- 10 20 33(00) 40 50 60

equately represent the influence of capillary wave excita-

tions. Figure %) displays a comparison of the calculated FIG. 4. Longitudinal density profiles in the liquid-vapor inter-
and observed longitudinal density distributions in the liquid-face of In:Ga(16.5% In at 86 °C: (a) all atoms, (b) Ga, and
vapor interface of the eutectic In:Ga alloy. We consider the©) In.

agreement between calculation and experiment to be very

good; the deviations are similar to those found in the previ- We have also carried out simulations of the liquid-vapor
ously reported comparisons between the calculated and olnterface of In:Ga alloys with In concentrations greater than
served longitudinal density distributions in the liquid-vaporand less than that at the eutectic composiii®6.5%9. We
interfaces of pure Ga and a dilute Bi:Ga alloy. These deviashow in Figs. 6a) the overall longitudinal density distribu-
tions are, we believe, attributable to the inadequate range dion obtained from simulations using a sample slab with
capillary wave excitations supported by a 2000-atom slat2000 ions, of which 660 are In, which mimics the behavior
(relative to the range detected in the experimental studieof a system with a bulk In concentration of 25%. Figures
and to residual errors in the pseudopotentials used in th&(b) and Gc) display, respectively, the corresponding contri-
simulations. butions to the longitudinal density distribution from the host
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FIG. 5. (a) Longitudinal density distribution in the liquid-vapor Z (a,)
interface of In:Ga(16.5% I at T=86 °C from a slab with 1000
ions. (b) Comparison of the calculate@diamond and experimen- 0.014 . , r . .
tally determinedsolid line) longitudinal density distributions in the (¢
liquid-vapor interface of In:G416.5% In at T=86 °C. This cal- 0.012 E
culated result is from a simulation with a slab of 2000 ions.
oot} ¢ -
Ga and the solute In. The calculations displayed in Fig) 6 § 0‘:
show that there are more Ga atoms in the outermost layer of$  9%%8 | . '
the liquid-vapor interface than when the bulk composition is ‘a 0.006 - e
16%. We also note, from the results displayed in Fig),6 8 - PR
that there is a deficiency in the In concentration in the second 0.004 - ° |
layer of the stratified liquid-vapor transition region, just as ° AR
found in the simulations of the liquid-vapor interface of the 0.002 + £y Spguth Fe PR3 TP ]
: [ iti ' PARIN S IR AL AN S
Cs:Na system. As in the latter system, the bulk composition &,fg«%o T o % ®
of the alloy is established in the third layer of the liquid- 0 : R s Y Y
vapor interface. Figures(d@, 7(b), and 7c) display, respec- 10 20 33(%) 40 50 60

tively, the overall longitudinal density distribution and the
corresponding contributions to the longitudinal density dis- FiG. 6. Logitudinal density profiles in the liquid-vapor interface
tribution from the host Ga and the solute obtained fromof In:Ga(25% In) at 86 °C: (a) all atoms,(b) Ga, and(c) In.
simulations using a sample slab with 1670 ions, of which ] ) .

330 are In, corresponding to a bulk phase concentration ofaPor interface of the alloy with composition InG#6.5%
about 11% In. The excess concentration of In in the quuid-m)' the calculated bulk liquid In pair correlation function,

vapor interface in this system is about one-third that for th ?]d tfhe meahsuredtrk])utllihllqliud In pair correlat|or|1 I}Jnc?on.
eutectic alloy, and the outermost layer of the liquid-vapor.,. IS Tigure shows tnat the transverse pair correiation func-

transition region is a homogeneous mixture of In and Ga. Afon in the interface is essentially the same as the pair corre-

in the other In:Ga liquid-vapor interfaces, the second layer i ation function in the bulk liquid.
deficient in In and the bulk alloy composition is reached in IV. DISCUSSION
the third layer.
Finally, we show in Fig8 a comparison of the in-plane  The structure of the In:Ga binary alloy liquid-vapor inter-
pair correlation function in the outmoster layer of the liquid- face obtained from the self-consistent Monte Carlo simula-
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FIG. 7. Logitudinal density profiles in the liquid-vapor interface
of In:Ga(11% In) at 86 °C: (a) all atoms,(b) Ga, and(c) In.
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FIG. 8. In-plane pair correlation function in the liquid-vapor
interface of the alloy with composition InGa6.5% In from simu-
lation (solid line), compared to the calculated bulk In pair correla-
tion function(crossesand to the measured bulk In pair correlation
function (diamonds.

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

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

The distributions of In in the liquid-vapor interfaces of the
three In:Ga alloys we have studied show an absence of In
atoms in the second layer. We believe that this structural
feature, which is very similar to that found for the Cs atom
distribution in self-consistent Monte Carlo simulations of the
liquid-vapor interfaces of a number of Cs:Na alldys-3is
generic in homovalent liquid binary alloys. Although Regan
et al. did not consider a model of the In concentration distri-
bution in the liquid-vapor interface that has a minimum in
the second layer, we believe that model will fit their reflec-
tivity data as well as those they considered, because of the
small difference in the electron densities of In and Ga. In
principle, anomalous reflectivity measurements carried to
sufficiently large momentum transfer can be used to test the
subtler details of the predicted In distribution in the liquid-
vapor interface.

From the point of view of thermodynamics, it is irrelevant
whether the excess concentration of a component that segre-
gates in the liquid-vapor interface does or does not have a

tions reported in this paper is in good agreement with thatoncentration that exceeds the bulk solubility limit. How-

inferred from the x-ray-reflectivity study of this alloy re-

ever, this indifference to the bulk solubility limit exhibited

ported by Regaet al?3 Similar good agreement between the by the overall thermodynamics of segregation does not imply
calculated and experimentally determined density distributhat there is a similar indifference with respect to the local
tions in the liquid-vapor interfaces of pure Ga and of a dilutestructure of the interfacial region, i.e., the longitudinal and
Bi:Ga alloy has been reported elsewhere. It should be notelansverse spatial distributions of host and segregated com-

that Regaret al. show that their reflectivity data can be fitted

ponents. Comparison of the results of our simulations of the

with a model in which the segregated In is concentrated in diquid-vapor interfaces of Bi:Ga and In:Ga alloys reveals that
monolayer atop the bulk liquid alloy and a model in whichin the former case the segregated Bi lies atop the host Ga,
the concentration of segregated In atoms falls exponentialljorming a completely separated outer layer, while in the lat-
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ter case there is miscibility of In and Ga in the outer layer.a fully filled outer layer. In contrast, when the components of
We suggest that it will generally be the case that when thehe bulk liquid alloy have a large range of miscibility, as in
concentration of the component that segregates in the liquidhe In:Ga system, there is mixing of the segregated and host
vapor interface greatly exceeds the bulk alloy solubilityatoms in the outer layer of the liquid-vapor interface for all
limit, as in the Bi:Ga system, the segregated component wilhylk liquid compositions, and the roughness of the interface
form a separate outer layer which may be partially or fullyis modified only to the extent that the change in surface

filled depending on the bulk alloy composition. In such atension permits a change in the mean square amplitude of
system there exists the possibility that phase transitions, €.G¢hermal fluctuations.

two-dimensional gas-to-liquid condensation, can occur in the
outer layer of the liquid-vapor interface of the alloy. Also,
when the outer layer of the liquid-vapor interface is only
partially filled, the effective roughness of the interface is
increased relative to that characteristic of the pure host This work has been supported by a grant from the Na-
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