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Simulations of binary hard-sphere crystal-melt interfaces: Interface
between a one-component fcc crystal and a binary fluid mixture
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The crystal-melt interfaces of a binary hard-sphere fluid mixture in coexistence with a
single-component hard-sphere crystal is investigated using molecular-dynamics simulation. In the
system under study, the fluid phase consists of a two-component mixture of hard spheres of differing
size, with a size ratiav=0.414. At low pressures this fluid coexists with a pure fcc crystal of the
larger particles in which the small particles are immiscible. For two interfacial orientafib®@],
and[111], the structure and dynamics within the interfacial region is studied and compared with
previous simulations on single component hard-sphere interfaces. Among a variety of novel
properties, it is observed that as the interface is traversed from fluid to crystal the diffusion constant
of the larger particle vanishes before that of the small particle, defining a region of the interface
where the large particles are frozen in their crystal lattice, but the small particles exhibit significant
mobility. This behavior was not seen in previous binary hard-sphere interface simulations with less
asymmetric diameters. @002 American Institute of Physic§DOI: 10.1063/1.1436078

I. INTRODUCTION stitutionally disordered solid of similar structure to that of

A fundamental understanding of the nucleation, growththe pure componelnts. Hoyvever, if the two types of partllcles
kinetics, and morphology of crystals grown from the meltare substantially different in nature, then generally the binary

requires a detailed microscopic description of the crystalfluid will €ither be immiscible in the pure coexisting solid, or
melt interface:™* However, such interfaces are very difficult Will coexist with one or more ordered crystal mixturesg.,
to probe experimentally and reliable experimental data, edntermetallic compoundsPrewous S|mulgt|on studies on hi-
pecially for structure and transport properties, is rare. It ighary crystal-melt interfaces have exclusively focused on the
then not surprising that computer simulations have, in recedfermer case, namely the equilibrium between the fluid and a
years, played a leading role in the determination of the midisordered crystal. Davidchack and Ldftdecently reported
croscopic structure, dynamics, and thermodynamics of sucfesults for a binary hard-sphere system in which a substitu-
systems. tionally disordered face-centered-culffcc) crystal coexists

To date, the vast majority of simulation studies have fo-with a binary fluid mixture. In a related study, Hogt al.
cused on single component interfacial systems. Such studigamined the crystal-melt interface of a Cu/Ni mixtdfén
range from simple model systems such as hard sphéres  both studies the degree of solute segregation was found to be
Lennard—Jonés® to more “realistic’ systems, such as negligible.
water*~silicont**° or simple metald®’In contrast, there In the two above-mentioned studies the disordered fcc
have been but few studies on multicomponent systérts, crystal was stabilized by the fact that the two components
in spite of the fact that most materials of technological inter-were quite similar in size—for example, in the hard-sphere
est are mixturegfor example, doped semiconductors, alloys,system studied by Davidchack and Laird, the diameters of
and intermetallic compoungisin such systems, the crystal the two types of spheres making up the system differed only
and coexisting fluid have differing composition, in general,by 10%. In this work, we extend the previous studies to
and the change in concentration, as one traverses the intéfard-sphere mixtures with significant size asymmetry. For
face from one bulk phase into the other, becomes an objegiuch systems, in which the diameters differ by more than
of study. about 85%, the disordered fcc phase is no longer stable and

Of particular interest to materials scientists is the degregnly coexistence of the fluid with ordered crystal structures
of interfacial segregation—the preferential adsorption of ongs possible. In this work we examine the interface between a
component(usually the “solute’) at the interface. In addi- pinary hard-sphere fluid mixture and a coexisting fcc crystal
tion, the phase diagrams for multicomponent systems are sign which the small particle is immiscible.
nificantly more varied and complex than single component  oyr system of choice is a binary hard-sphere mixture in
systems due to the additional dimension of concentrationyhich the ratio of the smaller particle diameter to that of the
For a binary system several types of solid—liquid equilibriajarger particle is 0.414. Hard spheres are an important refer-
are possible. If the two types of particles are similar, then on@ce system for the crystal-melt interfaces of simple systems
typically has coexistence between a binary fluid and a subgjnce the structure, dynamics and phase behavior of dense
atomic systems are dominated by packing considerations
dAuthor to whom correspondence should be addressed. with only minor influence from the attractive parts of the
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interactions. For example, it has been recently 2507 —250
demonstrated that the interfacial free energy of close-
packed metals can be quantitatively described using a purel | BraB L 200

hard-sphere model. The specific diameter ratio of 0.414 was
chosen because, to perform an interface simulation, accurat- <
phase coexistence parameters are requaredori, and the
phase diagram for this binary system has been worked ou
via simulation in some detaik This phase diagram shows .” 100 ABT L 100
that at low pressures the fluid mixture coexists with a pure®

fcc crystal of the larger particles, but that at higher pressures

150 A+AB L 50

the crystal structure in equilibrium with the fluid is a Xdr i ® *
. . . A+F

AB) “intermetallic” compound with an “NaCl” structure

(the small and large particles form interpenetrating fcc lat- 0 T , . T 0

tices. (The existence of the “NaCl” structure at this diam- 0.0 0.2 ok 08 08 1.0

eter ratio had been predicted earlier, using cell théohe X,

diameter rath,a=0.414 IS nece_ssary fo_r an “NaCl" struc- FIG. 1. Pressure-concentration phase diagram of a binary hard-sphere sys-

ture to attain its maximum packing fraction of 0.79Bhus,  tem witha=0.414.[Reprinted from Ref. 22, by permission of the publisher,

this system allows us to study the interfaces between binaryaylor and Francis Ltdwww.tandf.co.uk/journals] Note that to make the

fluids and two types of ordered crystal phases: single Compggse coexstencg lines easier to distinguish, the pressure is plotted against
“ ” . Xx~ and notx, as in the usual case.

ponent and “NaCl.” In this work we present results for the

former, but simulations on the fluid/“NaCl” are under way

and will be reported later. nary fluid at a diameter ratiopg=0.414. The pressure-

composition phase diagram for a binary hard-sphere system
Il. DESCRIPTION OF THE SYSTEM with this diameter ratio has been previously determined by
Trizac and co-workef8 and is shown in Fig. 1.
We consider a two-component system consisting of hard  For this study we have chosen the point in the phase
spheres of differing diameters, given by andog. Without  diagram where a fluid mixture with a 1:1 compositi@that
loss of generality, it is assumed that= o . The interaction is, x,=0.50) coexists with a crystal phase that is an fcc
between two particles of typieandj, (i,j e {A,B}), respec- crystal composed of only large particles. We independently
tively, is then given by calculated the coexistence conditions for this point in the
phase diagram and we determine the coexisting pressure to
' (1) be P=20.1a,3;/ kT, with packing fractions for the crystal and
0, r>oy fluid calculated to bep,=0.61 andzn;=0.51, respectively.
wherer is the distance between the centers of the two inter-
acting spheres, and;; is the distance of closest possible ||| CALCULATIONS OF INTERFACIAL PROFILES
approach. In addition, we define the spheres to be additive, ] . )
that is, oy, = (o + )/2. The state of the system is then com- _To monitor changes in the structural or dynamical prop-
pletely described by specifying the total densipspa erties across t.he mtgrface, the sy;tem is d|V|de'd into pms
+ps=N/V, the mole fractionx,, of the larger species, and along the z-axis, defined perpendicular to the interfacial
the diameter ratiae= og/05 . Note, that so defined one has plane. Quantities of intere_st are t_hen ca!culated for each_bin
ae(0,1). In a single component system composed of har@enerating az-glependent mt_erfamgl pr_oflle for t_he specific
spheres of diameter the packing fractiony (the fraction of ~ Property (density, concentration, diffusion, etdeing mea-

o r$a'ij

oij(r)=

the total volume occupied by the spherasgiven by, sured. The techniques of profile generation and analysis are
similar to those used earlier in the works of Davidchack and
_r o3 @) Laird on the singl& and binary hard-sphere systertvsith
Kl a=0.9) 18 In this section these techniques are summarized,

where) is bulk density. For the binary hard-sphere Systemwith particular attention to the present calculation. The

described previously, the packing fraction is reader is urged to consult the earlier papers if more detail is

required.
7=nat 78 3 In our analysis of the simulations, we employ bins of
- two different resolutions: a coarse scale and a fine scale.
=—p[anf\+xBa§] (4) Coarse scale bins have a width equal to the layer spacing of
6 the bulk crystal. This spacing is 0.7&3 for [100] and
770/?1 0.87Qrp for [111]. The fine scale is 1/25 of the coarse scale.
:TP[XA-i‘(l—XA)ag]. (5) Fine scale bins reveal in greater detail parameter variations

across the interface, but the coarse scale is more useful for
As mentioned in the introduction, we are interested inobserving overall trends in the interfacial profiles. Also for

the present study in the interface between an fcc crystal corsome parameters, such as the diffusion constant, only the

sisting of pure largdtype A) spheres and its coexisting bi- coarse scale can be used if one is to achieve meaningful
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statistical accuracy. For interfacial profiles that exhibit oscil-where(N;(z)) is the average number of spheres of type
lations on the order of the lattice spacing, such as density, thie region between— Az/2 andz+ Az/2. To observe overall
conversion between the fine-scale profiles and coarse-scatiends in bulk densityor concentration changes, we also
profiles to illustrate bulk trends is problematic, since the disproduce filtered density profiles using our FIR filtering pro-
tance between the peaks of such profiles is not necessaribedure discussed previously. In addition to #éependent
constant through the interface. The mismatch between théensity profiles, it is also useful to examine the density varia-
coarse-scale bins and the peak spacing can lead to spuriotisns within thex-y planes parallel to the interfacial plane.
result$? if one simply averages over the fine-scaled bins toTo do this we divide the system into orthorhombic subcells
create the coarse-scaled profile. For such profiles we employith a width in thez direction equal to the coarse-bin spacing
a Finite Impulse Response filtering procedfir® average andx andy dimensions of 0.15, . By counting the average
out the oscillations and reveal coarse-grained trends. Detailsumber of particles of each type in each subcell and dividing
of the specific filtering procedure we use can be found inby the subcell volume, we can produce 2D contour plots of
Ref. 23. the cross-sectional density variation within each interfacial
Below is a description on how the various interfacial plane.
properties were determined. In the definitions, the size of the < Interface location We determined the location of the
bin is denoted byAz andL,, L, andL, are the dimensions interface from the orientational order parameter profile.
of the simulation box in the,y, andz directions, respec-

tively. o An(2)= Ni > cogny(i.j.k)} ), (10
» Pressure The total pressure profile is defined as z ik
=1 wheren is an integerj,j, andk are nearest neighbor atoms,
P(2)= P2 Pyy( D)+ P2dX)}, © Oyy(i,],K) is the bond angle formed hyj, andk projected
whereP, is calculated from on thex,y plane, andN, is the total number of atoms that
p 3m Ng form bond angles. The average is taken over the number of
Kk =p(D) >, r&Au®, (7)  angles found between— Az/2 andz+Az/2. The interface in
kgT 2L, L AZAK(E)é=1 the [100] orientation is the point along the-axis where

wherec indexes the collisionsnis the mass of each sphere, 94(ds for the[111]) is the arithmetic mean of the bulk crystal
(E,) is the average kinetic-energy per sphéigjs the num- a_n(_i I_|qU|d values_. For comparison, the posmon of the Glbbs
ber of collisions that occurred over the time interdaTl in dividing surfacé is also calculated. We determine the Gibbs
the region betweer— Az andz+ Az, r(kc) is thekth compo- dividing surf_ace as t_he plane aI(_)ng thexis such that for
nent of the relative distance between the two collidingtn® “Solute”i, I''=0 in the equation

spheres and\v(® is the kth component of the change in NI/A=piz+p! (L,—2)+T", (11)

velocity for collisionc. The first term in Eq(7) represents - L
the ideal gas pressure and the second term is the excess p¥RereN is the total number of spheres of typeA is the

due to sphere interactions. Iarea_of th(? iﬂterfacelzis andp| are thehbullk der;]sitifes;;is the |
. ; ; _location of the interface assuming the length of the simula-
lated ?é?.ﬁstf]: t;f::szrrc;ﬁil:izgrlggi;S(rc]:;s]tssstress 's caleu tion box runs from 0 td_,, andI"' is the excess particle per
unit area of the interface.
S(2)=P,A2) — 5{Px(2) + Pyy(2)}. (8) « Diffusion coefficient profileTo study the dynamics
across the interface, the diffusion coefficient profile is calcu-

In a simulation of an equilibrium interfacial system this ) : o o ’
q Y lated. For a particle of typé, the diffusion coefficient is

qguantity should be zero, except in a small region at the in-""

terface. Improper preparation or equilibration of the systen{jef'ned as follows

often manifests itself in the excess of this quantity in the bulk 1 g \i®

crystal away from the interface. As such, this quantity is Di(2)=m§ 2 (r(H)=r;(te)?. (12

carefully monitored as a measure of the quality of the simu- ! =1

lation. To smooth out the large oscillations in this quantity The term in the summation is the mean-squared displace-

through the interface, the profile is filtered to easily revealment over a time interval—t, of a total ofN; typei spheres

overall trends(The local excess stress can be integrated withocated betweer— A/2 andz+Az/2 at timet,.

respect toz to give the surface excess stress. For a liquid—

vapor irjterface the surface_ excess stress.is i(_dentical to the. coONSTRUCTION AND EQUILIBRATION

interfacial free energy, but since the relaxation time for stresg)r INTERFACE

in a crystal is generally much longer than a typical simula-

tion time, the surface excess stress angdcan be signifi- Initially, blocks of crystal and fluid spheres at the calcu-

cantly different for crystal-melt interfacés. lated coexistence packing fractions and concentrations were
« Density profiles and contour plot¥he fine-scale pro- prepared separately. As a reference, faxis is taken to be

file for a sphere of typé is determined from the number Perpendicular to the interface. They planes for both

density of that type particle in each fine-scale bin. blocks had the same dimensions so that they would fit per-
fectly when put together to construct the interface. The plane
(Ni(2)) ) perpendicular to the interface is made as close to square as

pi(2)= LyLyAz’ possible given the geometric constraints of the specific inter-
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facial orientation under study. This is trivial to achieve with , 21.0¢ T T T T T T T ]
the [100] orientation but for{111], the x andy lengths can ﬁmzo'sw
only be made approximately equal. The lengths albngre p 200 b
made longer than both those xmandy so that bulk proper- > 195 - 'I . : . I' -

ties will be observed between the two interfaces formed. Pe-[;m 8'3% (b)z
riodic boundary conditions are applied in all directions, "< "~ AAAN oA AL AN ]
which results in the two independent crystal-melt interfaces @ _y,L - |
formed alongz. The similarity of the two interfaces is an 12F = b, inbolkfoia ! ' '
important monitor on the quality of the simulation. Obvi- ¢ ‘OM
ously, if statistically significant differences in structure or < ol R
dynamics exist between the two interfaces, then the systen
has not been properly equilibrated.

The crystal block witH 100] orientation was set up with o CRYSTAL !
7776 large spheres. It consisted of 48 crystal layers, eact
layer having 162 spheres. Using the coexistence packing . ! . ! {FLUD
fraction 7.=0.61, the following dimensions for thELOQ] 0 4000 8200 n 12000 16000
crystal block were used:,=13.567,, L,=13.5675, and vmo,,“/kyT)

L.;=36.150, . Its coexisting fluid had 7776 large spheres andFIG. 2. Time evolution ofa) total pressure of the systerti) stress in bulk
7776 small sphere€l5552 spheres totalThe block length crystal, (c) fluid densities(,a;ndd) I%cation of the in)t/erfamcgszo. The time
isL,=43.787, . For reasons that will be explained later, this unit (me2/ksT)2 corresponds roughly to 18 collisions per partictep).

L, gives a packing fraction that is slightly higher than that

obtained from the calculated coexistence conditions. For the

simulation of the[111] interface, the crystal block used con- ryns for the current system, using the coexistence conditions
tained 8190 large spheres, with 45 layers in #hdirection a5 calculated by thermodynamic integration of the free ener-
giving 182 spheres per layer. The crystal block dimensiongjies of separate bulk phases, we found that the resulting
areL,=13.85, , Ly=12.915,, andL,=39.13r,. The total  interface was stable, but yielded a bulk crystal with negative
number of fluid spheres used was also 15552 as in that fagxcess stress. Through experimentation, we found that an
the[100] simulation withL ,= 45.09r, , again giving a pack- equilibrium interface with zero crystal excess stress was pos-
ing fraction slightly higher than that predicted for coexist- sible if the initial fluid packing fraction was increased to
ence. Thus the total number of particles in the interfacen;=0.52. This had the effect of changing the concentration
simulations are 23328 and 23742 for 0] and[111]  equilibrium slightly away from a 1:1 mixture in the fluid, as
interfacial orientations, respectively. discussed following. Now it is, in principle, possible to vary

Both crystal and fluid blocks are equilibrated separatelyboth the initial fluid concentration and packing fraction so
The two blocks are then put together but a gap equaltis  that the final equilibrium gives precisely a 1:1 fluid mixture;
left between each of the two crystal-melt interfaces formechowever this procedure is quite tedious and since our choice
to ensure that no initial overlap will occur at the interfaces.of the 1:1 fluid at coexistence was arbitrary, the fact that the
The molecular dynamics simulation is then started with onlyactual system deviates slightly from this concentration is not
the fluid spheres allowed to mov#ne crystal spheres remain important for the purposes of the current study.
fixed). The fluid then fills the gaps. To compensate for the  To ensure that the system is indeed in equilibrium and
decrease in the overall bulk density of the fluid phase durindghat the bulk crystal is free of excess stress, we monitor a
this step, the fluid blocks are prepared at a packing fractiowariety of properties such as total pressure, bulk crystal
that is slightly higher than the predicted coexistence valuestress, fluid bulk densities and interfacial location. The re-
(as mentioned earligrin the next step, the crystal is equili- sults for thg 100] interface are shown in Fig. 2, which shows
brated with the fluid spheres held fixed. At this point thethat prior to equilibration at aboutt*Et(kT/mcr,i)l’2
interface setup is complete and an equilibration run is startee- 10 000 the crystal grows by about three crystal lattice
with all spheres moving and with initial velocities assignedplanes[see Fig. 2d)], accompanied by a pressure drop from
according to a Maxwell distribution. In order to efficiently 20.6 to its equilibrium value of 20d3/ksT [Fig. 2@]. In
carry out the molecular dynamics simulation of such a largeaddition, the average excess stress in the bulk crystal, ini-
system, we use the cell method of Rappaport. tially positive, goes to zer¢within fluctuationg when equi-

The stability of a crystal-melt interface in a simulation is librium is reachedFig. 2(b)]. (This average excess stress
extremely sensitive to the assumed coexistence conditionsias calculated by averaging as defined above over the
In our previous work®2® it was found that the predeter- middle 28 layers of the bulk crystal.
mined coexistence conditions generally had to be modified Initially, the bulk densities of both particle types in the
slightly in order to create a stationary interface with a zerofluid are equal, but as the system equilibrates, the bulk den-
excess stress in the bulk crystal region. This is necessasity of the small particles increases. This increase is due to
because jathe coexistence conditions are often not knaavn the growth of the crystdlsee Fig. 2d)]. Large fluid particles
priori to the accuracy required for interface stability and b near the crystal freeze, expelling the small particles, which
the presence of the interface in a finite simulation can shifare immiscible in the crystal at this pressure, into the bulk
the coexistence equilibrium slightly. During our preliminary fluid region. Although the bulk fluid initially has a large
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sphere mole fraction ok, =0.50, the value at equilibrium is 1 J | T | T | T ]
somewhat loweK0.46 and 0.47 for th¢100] and[111] in- 0.0 —
terfaces, respectively The equilibrium packing fraction of =, sl ]
the bulk fluid slightly reduced from its initial value a#; = - T
=0.52 to 0.51. Once the system is in equilibrium, the inter- -1 ]
facial positions are stable and the fluctuation in position is ¥ ~1.5p 100 .
less than one layer spacing. 20 . | . | . | . [ | 1

In the preparation of thELOQ] interface some small par- 1 T T T " 1 ]
ticles became trapped within some of the interior crystal lay- 0.0 —
ers as the crystal grew during equilibration. Since these were&= 05 n ]
in regions where the diffusion constant for the snaihd = - .
large) particles was found to be zero, it cannot be determined * Lo ]
whether these particles would actually be present in a true” -L5- .
equilibrium interface. In order to determine the importance 20 . | . I . | . [1,11]—
of these interstitial small particles in stabilizing the interface, 40 20 0 20 40
we removed the particleG@bout 77 total from the inner z/G,

three crystal layers where they were found. The removal was
done at* =8000 in the equilibration run. Initially the crystal FIG. 3. Filtered excess stress profiles for fa60] and[111] interface ori-
stress became negative, but quickly returned to gerthin entations.
fluctuations as small particles from the bulk diffused in to
reoccupy the removed layer closest to the interfébés  relaxation time for stress in the crystal is significantly longer
layer corresponds to layer B in Fig. 5, discussed in the nexthan possible simulation timésand must be determined by
section. The inner two layers did not fill in. The interfacial other means, such as the recently developed cleaving wall
position remained stable during this process. The question afiethod® The excess stress profiles shown in Fig. 3 show a
true chemical equilibrium is always a tricky one in thesesignificant negative stress region on the crystal side of the
types of interface simulatiof$due to the extremely slow interface, indicating that in this region the transverse pres-
relaxation of concentration in the deeper crystal layers. Howsure components are greater than the pressure component
ever, in this region the concentration of small particles is innormal to the interfacial plane. The precise origin of this
any event probably quite small and should not affect oumunrelaxed crystal stress at the interface is as yet unknown.
results significantlfexcept for perhaps the interfacial segre- As mentioned above, the position of the interface is de-
gation. As a possible check to this procedure, one could uséermined as the value of at which the orientational order
the Widom insertion methdl to determine the excess parameter for the large spheres is the arithmetic mean of that
chemical potential, and thus the solubility, of the small par-quantity in the two bulk phases. This quantity is a useful
ticles in the various inner crystal layers, but this was notmeasure of interfacial location as it is monotonic as a func-
done here. tion of z (so that using the arithmetic mean makes sgasd

The total length of the averaging run after equilibrationcan be calculated as smooth function without large fluctua-
wast* =4000, which was divided into 40 separate blocks oftions using relatively short simulation runs. Orientational or-
length t* =100 [corresponds to about 1800 collisions perder parameterg, andqg, as defined by Eq.10), were de-
particle (cpp)], over which the interfacial profiles were aver- termined for each particle type. These are shown in Fig. 4.
aged. Since the system contains two interfaces, each block
average yields two independent profiléwhen properly
folded about the center of the crystalhus, each of the
profiles reported here represents an average of 80 block av (.8
erages. 3

It is important to compare the two independent interfaces g 0.41—
produced in a single interface simulation to ensure that they & 0.0
are statistically identical. Significant differences between the &
two interfaces are indications of problems with the equilibra-
tion procedure. As a diagnostic we determine the exces:
stress profilgcalculated on the fine scale and filtered using
the FIR filter described above and in Ref.)2Bhese filtered
stress profiles are shown in Fig. 3 for both fH®0] and
[111] orientations—note that, the crystal is in the middle of
the simulation box. The profiles are remarkably symmetric
and also show that the excess stress is zero within fluctua -9
tions in the bulk crystal region. It should be noted that in -10 -3 2/95 5 10
contrast to the case for a liquid—vapor interface, the interfa- A

Ci?" free energy _Of a crystal melt interfacannotbe _deter' FIG. 4. Orientational order parameteys and g for the two-sphere types
mined from the integral of the excess stress profile, as thend for both interfaces studied.
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8.0 T T T . eter,o,) is measured relative to the interface center, defined
A B'C:DIE'F I G ) . X . .
- [100 B by the o_rlentatlonal .order profiles, as discussed previously.
6.0 The vertical dotted lines are equally spaced and constructed
'”b<40: il to correspond with the density minima between the bulk
& | ] crystal layers. In both figures, specific interfacial layers are
2. 0H - labeled alphabetically for later reference—layers A and G
- f"“’ m————— correspond to bulk crystal and liquid, respectively, and layers
NI LB A L LI Bt e B—F lie within the interfacial region.
20:’ — A eI ] The density profiles for the large particles resemble
1.5 - 2 g - strongly those for the single component hard-sphere
+B . 3 L N
o F el N interfacé .Wlth the penlodlc oscﬂlgﬂons of thel bulk crystal
& Lo - ] transforming to the uniform density of the fluid over about
0.5k // - 7-9 lattice layers as the interface is traversed along the
il .—’./. T T z-axis. The new feature seen in the present simulation is the
0-910 -3 0 5 10 decay of the small particle density over a similar distance

z/o, into the bulk crystal, in which the small particle is immis-
, _ , _ cible. As the small particle density decreases into the crystal,
FIG. 5. Fine-scaldéupper pangland filtered(lower panel density profiles

for the [100] orientation. The solid line and dashed lines are for the IargerIt develops oscillations with a Wavelength Closely matChmg

(A) and smalleB) particles, respectively. In the lower panel the dotted line that of the crystal lattice spacing. For th00] interface, the
shows the filtered total density. oscillations in the small particle densitgg(z) line up in

phase with those of the large particle densipp(2);

Since the crvstal phase is made ub of pure large spheres axvhereas, in thd111] interface the oscillations are out of
Y P borp ge sp ase—the peaks @fz(z) correspond to minima ob(z).

we want to see how the ordering of particles is changed fro . ; - - . L
S : . nalysis of the atomic positions indicate that this difference
bulk crystal to bulk liquid, we determined the interface loca-. . . . .
is due to the fact that in the interfacial region the small par-

tion from the parameters calculated for large spheres. W

. ficles occupy interstitial sites of the large particle fcc
also showg, andqg for the small particles and we see that at, . : L
: . . . lattice—corresponding to the positions that would be occu-
the interfacial region, the small spheres start developin

some order that is similar to the large spheres %ied in an NaCl structure. These preferred positions lie in the
g€ sp ' [100] plane, but lie between tHd 11] planes of the bulk fcc

lattice. Recall that the NaCl structure is the stable structure
for this system at high pressure, so this effect is reminiscent
A. Structure of premelting transitions at solid/vapor interfaces below the

The fine-scale density profiles for t&00] and[111] ~ Pulk melting point, in that the presence of a nearby triple
interfaces are shown in the upper panels of Figs. 5 and Egomt _(|n this case the fcc/NaCl/fluid triple pointanifests
respectively. Shown in the lower panels are the correspondtSelf in the presence of the metastable phdsaCl at the
ing filtered profiles(including the total density profijleThe  interface between the two coexisting phaties and fluid.

distance along the-axis (in units of the large particle diam- As in the single component hard-sphere sys%érthe_ _
spacings between the density peaks exhibit some variation

across the interface—especially for {i90] orientation. For

V. RESULTS FOR THE [100] AND [111] INTERFACES

SOFTA T T T T L REET T G each interface, the peak spacing was measured by determin-
- 0 [111] 1 ing the distance between density peaks in the fine-scale pro-
6.0H 1 : ] files. The resulting peak spacings as functions afe shown
mb<4'0 | l in Fig. 7. For the large particles the dependence of the spac-
e 1 ; - ing on interfacial orientation anzlis identical to that seen in
2.0H — the single component simulatiof$.The spacing for the
0.0 ] L_ 1k _M_ .f\’lf‘l ST [100] lattice increases by nearly 20% from the bulk crystal
2'0'__'_""__I'_r_'_'_‘—l Tt UL value of 0.7@r, to the limiting value of about 08, as the
L —A L ] bulk fluid is approached. The spacing for the large particles
1.5 . EJFB — in the[111] interface has the same bulk liquid limiting value,
b<1 0:_ e N but since the bulk crystal spacing is very close to this limit-
Rt ; ] ing value, the variation in spacing across the interface is
05 // — quite small. The changes in peak spacing for the small par-
O T ticles are quite different for the different orientations and
O'(—)10 -5 0 5 10 loosely follow those of the large particle—j00] the small
/G, and large particle curves have a very similar shape, but are

.6 " sland fiteredl ' i shifted by aboutr, .
FIG. 6. Fine-scaldéupper paneland filtered(lower panel density profiles ; ; ;
for the [111] orientation. The solid line and dashed lines are for the larger It is useful to compare these results dlreCtly with the

(A) and smalle(B) particles, respectively. In the lower panel the dotted line s_ingle compone_nt Ca%é_-ln Fig. 8 we pIot(uppe_r panglthe
shows the filtered total density. fine-scale density profiles for tHe.00] orientation of both
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WOo—T—TT T T 17 " T "~ T "1 The curves for the large particles are qualitatively similar,
but the change in the single component case is less abrupt
than that of the binary system.

A convenient measure of the width of the interfacial re-
- gion is the so-called 10-90 width defined as the distance
over which an interfacial profile changes from 10% to 90%
of the higher of the two coexisting bulk values relative to the
lower bulk value. Such a definition is only useful for those
interfacial profiles which are monotonic across the interface,
such as a coarse-grainéiltered density or diffusion con-
stants. For the filtered large particle densities the 10-90
widths are 2.6, for the [100] and 2.4r, for the [111]—
these are lower by about @@ than those found for the

<
o

o
)

Layer spacing/c,

071 vl o v s Lty single component systéthwhich were about 33 for the
—6 4 ) 0 2 4 6 two interfaces. From the small particle densities, the widths
2o, are larger at 3.4, and 3.2r, for the[100] and[111] orien-

tations, respectively. The 10-90 region defined by the large
)barticles is within that defined by the small particles. The
larger 10—90 width of the small particle filtered density is
due to the ability of the small particles to penetrate into the
the single component and binary interfaces. The single confirst few crystal lattice layers.
ponent data was shifted slightly aloizgo make the liquid To get a more detailed picture of the transition from
peaks commensurate. From this point one sees that the prasystal-like to fluid-like structure as the interface is traversed,
ence of the small particles has negligible effect on the coexit is useful to examine the density distributions withiny
isting liquid density and structure; however, the higher prescross-sectional planes parallel to the interfd@ée reported
sure for the binary coexistence does give a crystal phase witliistributions are averages taken over 1800 cpp—details of
a higher densitythe peaks are more closely spaced and morgheir calculation can be found in the previous seclidtig-
localized. The close similarity to the single component sys-ures 9 and 10, respectively, show tkey large and small
tem indicates that the structure for the large particles igarticle density distributions for thel0Q] interface orienta-
changed very little due to the presence of the small ones—on as greyscale contour plots. The layer labeled A—G cor-
except for the higher density of the crystal. In the lowerrespond to those shown in Fig. 5. Figure 9 shows that this
panel of Fig. 8 is shown the peak spacing for [th@0] single  transition from crystal to fluid occurs over about three layers
component and binary interfaces—scaled and shifted so thaC, D, and B for the[100] interface and that these transition
the curves go from zero in the crystal to unity in the fluid. layers are not uniform, but consist of coexisting solid- and
liquid-like regions, as was seen in the single-component
simulations?® Layer B, although fully crystalline, does pos-

FIG. 7. Peak spacing as determined from maxima of fine-scale densit
profiles for both interfaces studied.

6.0 [ L (al) | sess two vacancy defects at poifts3.3, —3.0) and (—1.0,
-1 ] 5.3). The[100] contour plots for the small particle density
© . 40 | - ppure A)| — are quite interesting. There is considerable.density in layer B
o I 1 — p, (binary) where the small particles are present in two types of
= 20K : # A positions—in the “NacCl” interstitial positions and in the po-
TR NF sitions corresponding to the vacancies of the large particle
0.0LL : E ] crystal lattice found in layer B. The interstitial positions are
1o T T T T T T T T occupied by single small particles, but each vacancy is filled
"} [~ A(binary) (b) with several small particles. In the single component
0-8_— wu B(binary) simulationé® vacancy nucleation at the interface was also

a—apure A seen; in that case the vacancies once formed were highly
mobile, migrating into the bulk via a hopping mechanism. In
the present simulations, however, once the vacancies are
formed in the large particle lattice, they are quickly filled
with some number of small particles, which appears to im-
zlc, mobilize the defect by suppressing the hopping

) ) ) ) ) . mechanism—however, the evidence for this is anecdotal, as
FIG. 8. Comparison of the binary interface with the previously studied h b N h . . I h
hard-sphere single component simulattériThe upper panel shows the t € num ?I’ _O such vacancies Is too small to gather mean-
[100] fine scale density for both interfaces. The single component data wabgful statistics.
shifted along thez-axis slightly to maximize the peak overlap in the fluid To estimate the degree of interfacial segregation, the
phase. The lower panel shows a comparison with the lattice spacing of thesinhg jviding surface for both interfacial orientations was
[100] interface—for comparison purposes, the data is scaled and shifte . . .
(vertically) so that all curves go from zero in the crystal to unity in the dete_rmmEd accorqlmg to E(ﬂ-_l) and found it t_O be _Close to
fluid.) the interface location determined from the orientational order

-04E ] 1 ] 1 ] 1 | 1 | 1 | 1

Layer spacing order parameter
=
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FIG. 9. Cross-sectionalxfy) density distributions of
the large spheres for different layers of {1€0] inter-
face.

parameters. The surface isat —0.504 for [100] and atz The limiting bulk diffusion  coefficient s
=—0.90, for [111]. At the dividing surfaces, the excess 0.012kgToa/m)*2 for the large spheres and
density of solutéhere defined as component®as found to  0.050kgToa/m)Y? for the small particles, independent of
be negligible, indicating minimal interfacial segregation. Ofthe crystal orientation, as expected. When the three Cartesian
course, for such interfacial simulations, the question of comcomponents of the total diffusion coefficient are separately

plete chemical equilibrium is generally problematic, as dis-determined, it is found that diffusion is isotropic throughout
cussed in the previous section; however, we are confidenke interfacial region.

that the concentrations of each particle type from interfacial  The Jarger value of the small particle diffusion constant
layer B out to the bulk fluid are in chemical equilibrium maes it difficult to compare the diffusion constants of the
(since diffusion is non-negligible therand that the equilib- 5 components so we also plot for each, the ratio diffusion
rium concentrations of smf'ill particles in !ayers (_jee_per iNtQ.onstant to the average fluid bulk value in Figs(biland
the crystal are probably quite small and will not significantly 12(b). Here we find the interesting result that the two curves
affect the results presented here. (for both crystal orientationsare similar in shape, but shifted
relative to one another by more tham . As the interface is
traversed from fluid to crystal, the diffusion constant for the
We study the dynamics across the interface by measutarge particle goes effectively to zero near 0, but the smalll
ing diffusion coefficients in the coarse-scaled bins. The dif-particles still have significant mobility. In this region, the
fusion profiles for th¢100] and[111] interfaces are shown in large particles have become “locked in” to their crystal lat-
Figs. 11a) and 12a), respectively. tice sites, but the small particles can still move about—

B. Dynamics

FIG. 10. Cross-sectionak{y) density distributions of
the small spheres for different layers of {160] inter-
face.
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FIG. 11. () Diffusion coefficient profile for th¢100] interface.(b) Scaled FIG. 13. Diffusion, orientation, and filtered density order parameter profiles
diffusion coefficients. for the[100] interface—all scaled such that they go from unity in the crystal
to zero in the fluid phase.

primarily by hopping between interstitial sites.

The 10-90 widths from the diffusion coefficient profiles gions for the separate profiles, then the width of the interfa-

for both orientation and particle types are abouty3 But  cial region is 4.8,, greater than that calculated from
because the diffusion profiles are shifted, the 10—-90 widthglensities or diffusion coefficients alone.

do not define the same region. If contributions from both

particle types are considered, the widths ares4.%or the

[100] ar_1d 3.9r_A for the [1_11] interface. The center _of these VI. SUMMARY

interfacial regions are shifted by abou# 4 to the fluid side

compared to the interfacial regions defined by the density We have performed a series of molecular-dynamics

profiles. To illustrate this more clearly, we show in Fig. 13 all simulations to study the crystal-melt interface of a binary

of the order parameter profilg@rientation, diffusion, and hard-sphere system with diameter ratio 0.414. Previous

density for the [100] interface, scaled in such a way that simulation studies on two-component crystal-melt interfaces

they go from unity in the crystal phase to zero in the liquidhave focused on equilibrium between a fluid mixture and a

(for example for the diffusion constants we plot 1 substitutionally disordered crystd'® but here we have ex-

—D(2)/Dy). amined the interface between a fluid mixtegproximately

The 10-90 regions for the diffusion constants are offseequimolar in concentration and a coexisting single

(toward the liquid sidefrom those for the filtered density component fcc crystal comprised of large particles in which

profiles so the interfacial region is wider than any singlethe small particles are immiscible. Such a coexistence occurs

structural or dynamical quantity would indicate. If one con-at relatively low pressures in the phase diagram for this di-

siders the interfacial region as the union of the 10—90 reameter ratio; at higher pressures the fluid coexists with a 1:1
ordered crystal with an “NaCl” structure. At a pressure of
P=20.103/kT the two phases coexist at the following pack-

0.06—T—TT T rrr ] rrrrpJrrrd |ng fl’aCtionSZnCZO.Gl andﬂf:0.51.
= - (a) rEI-EEITEE Some of the principal results of this study are as follows:

E 004 z

oL —D » The interfacial density profiles of the large particles is

o 0.020 DA very similar to that of the single-component hard-sphere

£ ! system previously studied, indicating that the pres-

A 0.00 ence of.the small particle has no significant effect on the
: TR TI L interfacial structure of the large particle, except for a
1.0 () compression of the crystal lattice due to the higher pres-

sure. In particular the variation of the spacing between

E B the large particle density peaks is very similar to that

2 osk found in the single component studies.

a | « Within the regions of the interface in which the large
particles are largely confined to fcc lattice sites, the

0-010 =T T'S' T é T ; T small particles occupy either vacancy sites in the fcc

- h 25 lattice or “NaCl” interstitial sites. The interstitial sites

A are singly occupied, whereas the vacancy sites are

FIG. 12. (a) Diffusion coefficient profile for thg111] interface.(b) Scaled found to be occupied by several small particles. The

diffusion coefficients. presence of the small particles greatly suppresses the
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