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Abstract

We present simulation studies of solid solutions formed upon compression of mixtures
of Lennard-Jones (LJ) particles with diameter ratios 2:1 {;l: Grand canonical
Monte Carlo (GCMC) and Gibbs-Duhem integration w Qed to determine the

compositions of coexisting solid and liquid phases at several“pressures and fixed

temperature. Concentrations of small particles disso dh i@rs itial sites of the large-
particle lattice, under liquid-solid coexistence ¢onditionSywere determined directly
from GCMC simulations. Indirect methods:werewused to calculate levels of small
particles dissolved substitutionally, eithersi or’yl plural, with the average number
of small solutes occupying a lattice site va ed‘by a large particle increasing with
higher pressure. In the cases studiethe action of small solutes occupying these
substitutional sites was found to b&ﬁa\r(%% or lower, depending on the mixture and
conditions), but to stay rough \cyns\ta t with increasing pressure. Structural and

dynamic characteristics of t \Kolutions are described and compared with reported
L

characteristics of the re&%\m\rstl ial solid solution formed by hard spheres.

1. Introduction Q
Solid solutions lloys, }n tures in which one component is distributed in a disordered

arrangement thr ut anwotherwise regular crystal structure, have been widely studied due
to their app 'caﬁyns in“photonics, optics, semiconductors and structure design'”. In a
substitutional solid solution (SSS), impurity particles occupy some fraction of lattice sites in
place of t\he fljor)'{y component particles; the prototypical example is bronze, which contains
tin su stituteii within a copper lattice. In an interstitial solid solution (ISS) the impurity

c m?onen cupies some fraction of the interstitial positions of the crystalline lattice of the

firs ec)es; the prototypical example is steel, with carbon atoms occupying interstitial sites in
}rm lattice®. The presence of the impurities may have important effects on the mechanical

behaviors, phase diagrams, and electrical properties of the solids, and the ability to tune the
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properties by adjusting the amount and nature of the minority components have made solid
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One obvious distinction between substitutional and interstitial localization of impurities is
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tiiat the former is more likely for impurities that are similar in size to the primary component,
while the latter is more likely for impurities that are significantly smaller. It is natural to
speculate, then, about whether a dimer or cluster of small impurities can play the role of a large
impurity and form plural substitutional defects within a primarily inter?hial crystal. Colloidal

crystals have been predicted and synthesized in which icosahedral clustegs of 13 small “B”

hergs’, although this is a

ctional theory (DFT)

spheres occupy sites similar (though not identical) to large “A”
compound with a fixed stoichiometry of AB13 and not an alloy. Density
calculations suggest that vacancy sites within carbon steel wi ba)@n d by a carbon dimer®.
Vacancy occupation by one or more impurity particles présent intesstitially and the equilibrium
thermodynamics of vacancy levels has been addreszfi e re}ent metallurgical literature®,

and appears to have implications for design of advance m'ajerials with many thermodynamic

and kinetic properties like High Entropy Alloys (HEAs) with much better resistance to
radiation damages. \

To gain some general perspective on w*izmcrstitial and plural substitutional impurities

might appear in the same phase we ha stigated size-asymmetrical binary Lennard-Jones
N
(LJ) solid solutions, with the smallé&gtl‘e the minority component, at coexistence with the
i

binary liquid mixture. The con%l he coexistence point is of interest as represents the
highest impurity content that the solid,can absorb at a given pressure and temperature without
becoming unstable with fespect to phase separation.

Binary mixtures of LJ /soh have been studied for decades'?'°. However, only few studies
focus on the ISS phase ofll.J /{olids, which treat the species in interstitial places as impurity!'”
18 There are mitltiple dpproaches to study the solid-liquid phase coexistence for LJ systems.

Ferreira et gl. obtained the solid-liquid coexistence by absolute free energy calculations'. Gibbs

ensemble

lati))n has been extended to simulate the solid-liquid phase equilibrium by
Quirk er al'%,

cobedo er al. applied virtual Gibbs ensemble to directly simulate the solid-
ligrid phase Coexistence?®. A phase-switch Monte Carlo was developed by Errington to
in stigabs the coexistence®!. Cottin et al. studied the phase equilibrium of binary LJ mixtures

T cell theory approach??. MD simulation is also used to study the crystal growth in binary
LJumixtures at liquid-solid interfaces?®. A widely used current method to study the solid-liquid
phase equilibrium is Gibbs-Duhem integration developed by Kofke®**>. With the prior

knowledge of one coexistence point, one can integrate starting from the existing point using
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the Clapeyron formula to find the coexistence point at new temperature. Hall et al. reported the

AI F’Oli 1-liquid RIS manuseriptwas ascenied b )y Ghem. Bys ks 0 558 ey s abiseaidn plane at
. 26—27‘

ixed pressure by Gibbs-Duhem integration with MC simulation
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Here, we employ a variation of Gibbs-Duhem integration to track the coexistence points at
different pressures with fixed temperature. We start from the coexistence point for a pure large
species LJ system whose phase coexistence data is available from the literature', then used
Gibbs-Duhem integration to get the new coexistence point at higher presSure with some small
species present using grand canonical Monte Carlo simulation (GCl%s'S The solid phases
would actually describe an ISS phase in which the large species rrba face centered-cubic
(fce) lattice while the small impurity species primarily occupy infegstices, but may also
occupy the main lattice positions either singly or in clusters. h@ §&te s were studied in this

work. The mixtures in two cases have the same € but different sizes, with o ratios 1:2 and 1:3.

(system S2 and S3 as shown in Table ( I )). In the third se (system E2 as shown in Table

( I)) the large particles are more strongly attractiv nff)a small component (o ratio 1:2, €

ratio 1:1.5), mirroring the typical trend in expequl systems like neopentane/methane”.

For all systems, we studied the coexistenceNt der three pressures (6.0, 8.0 and 10.0
kgT /0, and performed structural ar&}@‘the liquid phase and solid phase. To
investigate the substitution behavior %;smal components, we created a vacancy in the
\%

large-particle lattice manually, and&ﬁ\ the occupation of the vacancy by small particles

at the chemical potential determ Mhe system at coexistence. Using standard approaches
29-30

to estimate the free energy.of yvacancy formation= ", we then used the occupation statistics to
estimate the concentra '04@% cancies (substituted or empty) for each system.
£

2. Methods / \d
2.1 Determi ti@ of solid-liquid coexistence points

The Gibbs-D
£

m integration method is commonly applied to track how the pressure at
coexistence tweén two phases varies with temperature?, and has also been applied to find

the v 'ationyf coexisting compositions with changing 7T (at fixed pressure) in a binary

—
"@:j . Here we consider the application of the same strategy while fixing 7" and varying
ressuie

)

%The solid-liquid phase coexistence point of LJ system can be accessed via various methods'.

With the densities of solid and liquid phases at coexistence at a specified temperature and
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Given the Gibbs-Duhem equation:

I N;du; = —SdT + VdP (1)

variations in pressure and composition in a binary mixture at constant T' are related by:

dP = psdus + prdyy (2
where the subscripts designate small (S) and large (L) particles. If we e the approximation
that in the solid phase p;, is a constant and small particles partition str(zk o the liquid phase
ps(solid) < ps(liquid), the large component’s chemical potenti aaigher pressure P > Po

can be obtained without further information about the small compongnt’siehavior:

P—Py = p Ay S 3)
Substituting the chemical potential as fugacity f = e (Fu), ith the de Broglie thermal
wavelength set to 1, we have: -, 3
PPy =4gtnte ) 4)
L -

on these equations for a first approximati or each pressure P of interest, the liquid
phase is first simulated using GCMC wi %xe&[& obtained from Eq. (4) and varying fs to find
the value that produces a pressure \i’kxnﬁkture (Fig. (1)). In principle, simulation of the
solid phase at constant fs, fi, a Vg@l) oduce an equilibrated state whose pressure could
be compared with P to test the‘gm\apﬁf)ns made above. However, the rigidity of the lattice

structure and the need for'the Tattice spaces to be commensurate with the periodicity imposed

Since the approximations that produce Eq. (% Eq. (4) are not ultimately satisfied, we rely
n

’

by the simulation box/make*this finreliable. Instead, the solid phase is simulated by GCMC,
either at constant{’d /nd ]/Cg, or at constant P, fi. and fs, in which case the kinetic barrier to
changing the latti Nur imposes an effective fourth constraint on number of cells in the
system. Th h the simulations at constant P, fi. and fs, we saw it is a rare event for solid
phase having a vacaacy, therefore, for efficiency concern, we manually create a vacancy in

crystal structu (émove a large particle in simulation box) and run simulations at constant P,

vagancy }y implemented in all the following results except the discussions on phase diagrams,

Nigandys to f\ﬁld the small species partition in solid phase (Table. ( I )). The manually created
gﬁ»

cies absorption and radial distribution function (RDF). In any case, we cannot rely on
N

particle exchange moves to ensure that the fugacity of large particles in the solid phase is in

fact equal to the fi. of Eq. (4), so we rely again on the Gibbs-Duhem equation.
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FIG. 1. (a) Number density of small species in system S2 (liquid phase) at_diffe
_—

smaller than the size of the data points); (b) Pressure of system S2 at different smallg)e i

fugacity f; = 20.9, showing method of initial approximation of fs atC‘{[jte

®.
At fixed pressure, Gibbs-Duhem equatio@

—alUs

U
Therefore, in order to calculate the A e correction at y; , we need to rewrite d g

first.

by the function:

_ _Aexp(Bus)
X Ps = 1+st " 1+Bexp(Bus)
in which A and W(Véonst ts.
Differentiating
9ps _ _ABexp(Bus)
dus  [1+Bexp(Bus)]?
£
So dyj can be véitten as:
- 3 du, = —%dﬂs = ——1+Be;§£ﬁﬂ5) dps

From Eq./(6), we have:

T~

fs = exp(Bus) =

A- Bps

Rewriting Eq. (8) with Eq. (9):

A
O

t sﬁﬂspecies fugacity fs (error bar is

s fugacity fs at fixed large species

&)

We find empirically that pg (in\\%@se at fixed pressure and NL) can be related to fs

(6)

(N

®)

€))
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in (1-2p5)] (11

The new corrected (lower) y; calculated from Eq. (11) can then be used in the first step,

App =
simulation of the liquid. An increase in the small-particle content of the liquid will then be
needed to bring the liquid pressure up to P, and the small-particle fugacity in the solid will also

increase. This process is repeated until self-consistency is reached. \

2.2 Implementation details

s
o2 [ 1oinG

) = eyl (2) ‘@g

The following mixing rule is applied when Calculatir@le qsoss term of potential energy: gg; =

(oss +011)/2, €5p = \/€ss€L,- The potential is smﬂtmncated at the cutoff distance 7., =

40 . Different 7., are used for three interactiens (two interactions among small and large, one

cross term of interaction). Periodic boﬁ%&nditions with long-range corrections are
applied.

Pairs of particles interact via the Lennard-Jones pote

(12)

N
In the liquid phase, the equ‘\uﬁ%c and production periods each consisted of at least
C

10° MC cycles for liquid phas% cycle contains 50 insertion or removal trials for

small species and 150 insertion or'gemoval trials for large species. For solid phase, the

equilibration and produ&i iods each consisted of at least 5x107 single insertion and
removal moves. In bth phases, €ach move was followed by 100 translation moves attempts
for small and 1 spect s,/respectively. The initial solid phase is constructed by 864 LJ
particles formed ki\c lattice. The maximum distance for translation move is set to 0.05

o, and 0.04 oy ;for small and large species, respectively. The maximum volume change is set

to 0.1 a7, 1 éongant pressure solid phase simulations. Reduced units, scaled to the large
_—

specim 1> are used in all the data reported in this work, and all simulations are

pérforme T = €,,=1. VMD was used for molecular graphics®'.

)
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FIG. 2. Solid-liquid phase diagram for three systems at mole fraction (small species)- pressureplane. Curves on the phase

boundaries are drawn only as guide to the eye. Solid curves represent the solid uﬂ?arie ithout the vacancy in solid
phase), while dotted lines represent the liquid boundaries. Errors are smaller than th ssal@f data points.
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3. Results and discussion K

3.1 Solid-liquid phase coexistence and interstitia bson@on
Compositions of liquid and solid solutio:w articles at coexistence (Fig. (2)) have

-

2 (Table (1)) at three pressures using the

been determined for three systems S2,
Gibbs-Duhem integration method des 'be%ab e. The most pronounced difference is that in
o

system S3 (o ratio 1:3) the solubil&i 11 particles in the solid phase is much greater than
in systems S2 or E2 (o ratio 1: .\’2211\\0'6 fraction of small species in solid phase in system
S3 are even comparable to the fractiong in liquid phases at coexistence in system S2 and E2. It
is interesting to compare@m with the interstitial solid solution of hard spheres (HS) of
diameter ratio 0.3:1 {eﬁ\by ilion and Dijkstra’. As in the HS mixture, the small LJ particles
primarily occupy/actah al/sites in the fcc lattice of the larger particles. Insight into the
thermodynami yasokosgtion into the solid phase can be derived from the variation of fugacity
with compgsiti If the interstitial sites behave as independent single-occupancy sites (as in
the Langmui édS(}vp ion isotherm, although this case involves absorption and not adsorption),

—
then t@sit would increase non-linearly as these sites fill:

- f=CO/(1-0) = Cxs /(1 —2xs) (13)

Fige (3) s‘hows that in the case of system S3, the absorption of small particles within the solid
\0903(5 a more nearly ideal dependence than predicted from the single-occupancy model. In
fact, the radial distribution function (Fig. (4)) for the solid phase mixture of system S3 (and

system S2) contains a peak in g(SS) at distances nearer than the nearest small-large neighbor



peak, 1ndlcat1ng that 1mpur1tles do in fact pair up w1th1n the interstitial sites. This contrasts with

lﬁlp‘e 1S caseWHSFERETRISH AR SHd solatiCh Wi 5 e e xerson of sedmber ratio

Publishi fgs nall to large particles of 1:1. (Higher loading of small particles into the HS solid occurred

via a first-order transition to the LSe structure where 6 small particles can be found in interstitial
sites of a bec lattice.) The possibility of multiple occupancy in interstitial sites is presumably
facilitated by the softer nature of the potential and the attractions between small particles, since
reduction in that attraction (system E2) appears to suppress it. We ha¥e not accessed high
enough pressures to determine whether the interstitial solid solution é

s@?; an additional data

ins stable up to (or

beyond) a mole fraction xs = 0.5 as was seen in the hard-sphere

point at P*=12 generated for system S3 alone yielded xs of 0:306 1
i Fig. (2)).
coexistence (Fig. (2)) ‘)\

the solid phase at

The presence of the small particles expands the lattice s ing%f the large particles slightly
(Table (II')). Since the lattice spacing change i \Qu srﬁall (<1%), it is still reasonable to
approximately estimate the vacancy concenttation ro%gh the method discussed in next
section 3.2. Higher pressure will suppress th }Qgspacing in both pure large systems and
mixtures (d in Table (II)); the lattice sp ence between the mixture and pure large
system is bigger at higher pressure d 1 )) due to the presence of more small species

in solid solutions.

}m?l&lgacity of small species at different mole fraction xg in system S3 (without the vacancy in solid phase) at different
pressures. The fugacity of large species is fixed at 16.99, 99.05 and 527.13, for pressure 6.0, 8.0 and 10.0, respectively. Fitting

of data by Langmuir adsorption isotherm are shown in solid, dash, dot lines for pressure 6.0, 8.0 and 10.0, respectively.
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FIG. 4. Radial Distribution Function (RDF) in solid phas wiWacancy for system (a) S2, (b) S3 and (c) E2 at pressure
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Table I . Compositions of solid phases u&&@\coexstence conditions for different systems with 863 large

6.0.

particles and 1 vacancy. N§*? is the averagesau of small particles per vacancy, NJ**" is the average number of small
particles per interstitial site.
Y .
system | 0p;: O y %L\Eé) P* Ps NSub Nnter
2:1 1: I 01 1. 01
4 Q\/ }\ 6.0 0.018 58 0016
S2 24 | 1 80 | 0029 | 265 | 0024

‘ (277) 1:1 100 0.036 3.30 0.029

3: 1:1 6.0 0.255 1.30 0.246
/ —

sl\ 33‘:1 1:1 8.0 0.331 253 0.310

(“ \‘~ 3:1 1:1 10.0 0.479 5.04 0.440
\I

&

LTS 2:1 1.5:1 6.0 0.019 1.40 0.017

“E2 2:1 1.5:1 8.0 0.033 230 0.028

2:1 1.5:1 10.0 0.042 2.89 0.035
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M8 p dpurearge | ds2 Ads, ds3 Adgs dg; Adg,

6.0 1.5618 1.5643 | 0.0025 | 1.5717 | 0.0099 | 1.5642 | 0.0024

8.0 1.5467 1.5505 | 0.0038 | 1.5572 | 0.0105 | 1.5506 | 0.0039

10.0 1.5346 1.5388 | 0.0042 | 1.5492 | 0.0146 | 1 .53%2 0.0046

3.2 Substitutional absorption

Although the small particles appear to favor interstitial sites, wesought to characterize and
quantify the substitutional absorption in this system, par cu@l&th possibility of plural
substitution, with more than one of the small species ocalipying adattice position vacated by a
large particle (Fig. (5)). In simulations initiated with alarg artiée vacancy defect, the average

number of dopants occupying the vacancy at coexi%ce ﬁjth the mixed liquid is on average
greater than one (Table ( I )). The distribution of ocCupariey numbers is shown in Fig. (6). We
can clearly see the trend that the vacancy ten mreater occupancy at increasing system
pressure. It is somewhat surprising that r‘eﬁQ‘?ﬁe dopant diameter from 1/2 to 1/3 of the
larger component does not increase th Wefa e number of dopants occupying the vacancy at
low pressure (although it does inch\th ccupancy at P*=10.0). These very small dopants
are easily accommodated in th%ia spaces, where they interact with 6 large particle
neighbors without causing steric strain, A single S3 system dopant in the vacancy can only be
near to ~3-4 large neighboxs simultaneously, and the second or third dopants to occupy a single
vacancy are not optifally/positioned to interact both with the lattice and with each other (so

adsorption to the Facancyis 14)t cooperative). In contrast, the dopants in systems S2 and E2
Q}\the vacancy than into interstitial sites, and successive occupying

can fit more asiy

dopants will be tn position to attract each other and the large particles simultaneously.

£

10
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FIG. 5. A snapshot from our simulation for system S2 at pressure 10.0. Large spe ’}é'ghawn in transparent blue, small

-~
species in interstices are shown in white, and particles in substitution position are 53) inred.
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FIG. 6. Distribution of @ {titution in the defect site for system (a) S2, (b) S3 and (c) E2.

We ghy%\to determine the absolute levels of substitutional absorbates in these
syste coexi

télce. In principle, we could find vacancy concentrations in the doped solids
di

‘_cil om GCMC, using large particle exchange moves at the fugacities fi. and fs determined
section 3./. We found that conventional single-particle insertion and removal moves were

NG

orithm?®>3, but that the overall levels of substitutional defects were too low to obtain good

ient for this purpose in these systems than the solvent-repacking Monte Carlo

statistics during reasonable simulation times. Instead we used our knowledge of the

equilibrium between empty vacancies and singly- or multiply-substituted vacancies under

11



coexistence COI’ldlthHS along with estimates of the un-substituted Vacancy levels in the pure

e I lid obtaln

Publish i\ﬁng 1a diameter of 1.060;; , which is centered at the empty lattice site in a crystal, trial insertion

and removal are performed in this subvolume with acceptance probability P,;4(v) and
Prem (v), respectively. The expression for free energy of vacancy formation is then
F = —kpTIn(vPqqq(V)/Prem(v) AY) (14)
in which A is de Broglie wavelength and d is system diryﬁsion. The vacancy
concentrations can thus be calculated from free energy F, and the vacancy«concentrations for
pure large species are listed in the first row of Table (Ill). These a Qw small and decrease
exponentially with increasing pressure.

The possibility of substitution shifts the total equilibrium vacaney.concentration (including
vacancies occupied by one or more dopant) to higher @;s» ompared to the pure solid; a
dopant residing in a vacancy will prevent it from béing fi by a large particle®*. The total
vacancy concentration (including substituted v c&ks)‘b the doped systems then is the
concentration of unoccupied vacancies divid by\t%failibrium fraction of vacancies that
are unoccupied in the doped system, X¢y, y%&n dopant type and system pressure (Fig.

(7)). To check the reliability of this metho Mmpared its predictions with the results of

(system S2 at pressure 6.0) and fo\Ql average vacancy concentration of 1.46x10*, in

direct GCMC simulation incorporat{g{ @pﬂ{ticle insertion/removal moves for one test case
satisfactory agreement with the 1 .75x10* found through the indirect method. The
agreement suggests that e energy of forming an unoccupied vacancy is the same, to a
fair approximation, in the ‘thohds as is calculated for the pure solid.

The comblne tra n of empty and substituted large-particle vacancies, shown in
Table (1), stays x1m ely constant in all systems with increasing pressure. Keeping in

mind that th l)s reflect the solid-liquid coexistence condition and that increasing pressure

favors cofifigurations of high packing efficiency, this result suggests that the space-filling

efficieficy« o e/small particles occupying the vacancy sites is similar to their packing

effig&e in bxe coexisting liquid in systems.

)
\ <
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FIG. 8. (a) C

; (c)j/action of substitutional particles (Csyp/ (Csup + Cinter)) at different pressures.

)

—
%tal concentration of substitutional dopants is then the product of the total combined
anc

differen ressu

oncentration and the average vacancy occupation, which is shown in Fig. (8) along

~
ith the total concentration of interstitial dopants. Although the probability of occupation of
interstitial sites is not as large as for vacancies, the much larger number of these sites makes

interstitials the majority dopant type. At most, the fraction of dopants in substitutional sites

13
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reaches 1-2% of the interstitial dopant concentration; their levels are thus not significant for

exg >riment.

Table III. Total of unoccupied, singly, and multiply substituted large particle vacancies in solid phase at liquid-solid
coexistence for different mixtures and pressures. Levels for pure systems are calculated by free energy of vacancy
formation. Mixtures (S2, S3 and E2) are calculated by the vacancy concentration in pure system divided by X¢ppty, as

discussed in section 3.2.

system Cvacancy (O-L_L3)
P*=6.0 P*=8.0 P*=10.0 \

Pure Large | 2.34x107 2.66x10° 3.78x107 Q\
S2 1.75x10* 2.30x10* 2.36x10"

S3 7.76x107 2.46x107 3.86( 107 \\3
E2 1.46x10* 1.19x10* 148x10
4]\ A

3.3 Dynamical and structural analysis f SO \fsolid solution

We took some configurations of ous GC qlmulatlons and run only the regular translation

dynamics of small-particle diffusio

MC moves on these configurations for\system S2 at different pressures to investigate the
g\ all\particles in interstice have some mobility (green

trajectories in Fig. (9); particles 1 between neighboring interstitial sites, similar to the

behavior found in hard sp er&%sys m°>. We also observed a decrease in this mobility upon
ich 1

increasing the pressure, ds to a more compact octahedron and tetrahedron hole in

interstice. These tr je or{es initiated with 4 small particles in a substitutional site. Small

particles occupyi \Ql‘ S explore the volume vacated by the large particle as well as the
}hedra

six neighbori

holes, creating a 4-pointed star when projected on the x-y plane (red
trajectori in/Fl “(9). Few transitions from the vacancy zone into neighboring octahedral

holes were o erved, all of which returned to the vacancy during the period of observation, and

(like ¢ nsitiosls between interstitial sites) all passing through the tetrahedral sites. In some

e Fig. (9b)), the interstitial particle enters into the vacancy and remains there. In
additi 5 tests (not shown) we have found that interstitial particles will enter a vacancy, or
?/e\a vacancy that is occupied by an excessive number of particles, at comparable rates to
the ‘migration between interstitial sites. So, the vacancy site appears to act as a stable trap for

small particles without a particularly high barrier to enter.

14
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FIG. 9. The projection %Syste
interstice (green) at res‘sNO,

Fig. _(‘1 O\y a close look at the probability distribution of small species in the defect
site oéysten‘ss t P*=10.0. The probability distribution for the small species confined by the
vécancy octahedral shape, even when there is only one small particle present (Fig. (10a)).

However when there are more particles presented (Fig. (10b)), the density distribution splits
m some high probability regions and low probability regions, which indicates some structure

in the arrangements of multiple small species in the defect site. The distribution of angles in

the 3-fold occupied system shows most of time they formed a triangle with a maximum angle
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Publishi?ll%z Il particles. Therefore, the orientational tetrahedral order parameter q is employed to

anaiyze the configurations®>3¢:

3 1\?
q=1- 52?=1 Yhjt1 (cosejk + 5) (15)

in which 6, is the angle formed by the lines joining the average position of four particles

in consideration and the small particles j and k. For a regular tetrahedg\\;itll equal 1. Fig.

q
(12) shows the major configuration is a tetrahedron as we predicted¢Interestingly, there is also

a second probable configuration (the second peak in Fig. (124&)), associated with a planar
structure. Fig. (12b) shows the distribution of distances bet e‘e‘) the particles in the tetramer
and their center of mass, whose peak is slightly above the di ch'().343 oy;) for a perfect
tetrahedron with edge lengths at the potential minimum of 1 .123;55.

1.37

A widely used order parameter Q; developed b Steinhardt et al.? is employed to identify

the cluster structure of 6-fold occupied system. Q;is defined as:

where N is the number of lines jeining“the six particles in vacancy and their average

Q= [2(‘:’;)2@ f”(e,-,qb,-)r]l/z (16)
-

position, Y™ (6, ¢;) is a spherical harmogi¢, and 6; and ¢; are the angular coordinates of the
jth particle with respect to som re’g\n frame. Fig. (13) shows the Q4 and Qg in our system
deviates from the values in regul\cfahedron, although the Q4 and Q. fit the regular value
quite well. We therefore cannoticonclude the most probable structure in vacancy is octahedral.
From visualization of the c w:rsin vacancy, we do see many distorted structures; only a few

can be identified z/ th

£ . .

onfl)guratlon close to the regular octahedron. We did not analyze the
case more than.6-fold,occupied system, due to the complexity of the cluster analysis when
there are m ches, and the fact that it is a rare case to have an occupation larger than 6

for systend S2 (Fig.(6a)).
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FIG. 11. The distriBution ,f maximum angle 6,,,,, in the triangle formed by the three small substitutional particles in
vacancy for system S2 *=10.0.

_ N/
4.4Co sio)s

Whil§interstitial and 1:1 substitution are well-studied modes of solution for small particles

We\so 1d crystal formed by a larger particle type, we have quantified and characterized the
ree of plural substitution in Lennard-Jones solid solutions at coexistence with fluid mixtures.
The number of smaller solutes or dopants that occupy insterstitial sites was significantly greater

than the number absorbed substitutionally for the three cases studied, with diameter ratios 1:2

17



or 1:3. Nonetheless the phenomenon of plural substltutlon had a s1gn1flcant effect on the total

’_\ I Pumber 0

Publish ;Iglre»sure increased, in contrast to a lattice formed purely of large particles. Dynamical and

sti u\.tural analysis show similarities between the 1:3 LJ mixture and a similar hard-sphere

interstitial solid solution, but that the Lennard-Jones particles tend toward multiple occupancy

of interstitial sites as well.

frequency

Sfrequency

FIG. 12. Distribution of (a) orientational tetrahedral order para ter q, and (b) distance from particles to their average for

four particles occupying vacancy in system S2 at P7=10.
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