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Abstract
The modified embedded-atom method interatomic potentials for pure gold and
pure silicon are improved in their melting point and latent heat predictions, by
modifying the multi-body screening function and the equation of state function.
The fitting of the new parameters requires rapid calculations of melting point
and latent heat, which are enabled by efficient free-energy methods. The results
provide the basis for constructing a cross-potential that will be fitted to the binary
gold–silicon phase diagram.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The directed growth of semiconductor nanowires catalyzed by gold nanoparticles via the vapor–
liquid–solid (VLS) mechanism has attracted considerable interest worldwide as a promising
way to build nanoscale electronic, optical and chemical-sensing devices [1, 2]. Atomistic
simulations of nanowire nucleation and growth by the VLS mechanism have been hindered by
the lack of a computationally efficient model that reliably describes the interaction between
semiconductor (such as silicon) and metal (such as gold) atoms. The tip of the growing
nanowire typically contains thousands of atoms, making it prohibitively expensive for first-
principles models. Most of the empirical potential models use different functional forms to
describe metallic and covalent bonds. Therefore, these models are applicable to either metals
or semiconductors, but not both. For example, the embedded-atom method (EAM) [3] model
captures the many-body effect in metals by a function that describes the energy required to
embed an atom in the background electron density created by its neighbors. In comparison,
the Stillinger–Weber (SW) [4] and Tersoff [5] potentials for silicon use terms that include the
angle between two bonds to capture the directional nature of covalent bonds.

The modified embedded-atom method (MEAM) model was proposed to describe both
metallic and covalent bonds within the same functional form [6]. It extends the EAM to
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include directional bonding by accounting for the spatial distribution of background electron
density of neighboring atoms. The MEAM potential has been developed for a large number
of metals as well as covalent semiconductors. MEAM potentials for many binary alloys have
also been developed [7–9]. The MEAM model has many attractive properties for modeling
nanowire growth. For example, it successfully describes the change in the coordination of Si
atoms from four-fold (covalent bonding) to six-fold (metallic bonding) at melting [10], as well
as the surface energy [11, 12] and surface segregation [13, 14] in metals. Therefore, a promising
approach to enable atomistic modeling of VLS growth is to develop a MEAM potential that
can be fitted to the binary gold–silicon phase diagram. Given that MEAM potentials for pure
gold and pure silicon have already been developed, in principle, we only need to develop the
cross-potential between gold and silicon atoms.

However, we found that the existing MEAM models of pure gold and pure silicon have
several problems that can adversely affect the binary phase diagram and the modeling of
VLS growth. In particular, the MEAM potentials underestimate the melting points of both
gold and silicon by about 200 K. There are also significant errors in the prediction of the
latent heat, which provides the driving force for the liquid–solid phase transition. This is
not surprising because the original MEAM potentials were not fitted to the melting point
and the latent heat. The purpose of this paper is to improve the melting point and the latent
heat predictions of existing MEAM models of gold and silicon by fine-tuning their parameters
without changing the overall functional form. In addition, we monitor the predictions of several
other transport and mechanical properties that may influence various stages of the nanowire
nucleation/growth/termination process, including the diffusion coefficient, thermal expansion
coefficient, generalized stacking fault (GSF) energy and volume change on melting. We make
an effort to improve the predictions of these properties in the development of the new MEAM
potential. However, when a compromise has to be made, we choose to fit the melting point
and the latent heat more accurately at the expense of other properties. In a future paper, we
will present an MEAM gold–silicon cross-potential based on the improved MEAM potentials
developed here.

The paper is organized as follows. In section 2, we present the limitations of existing
MEAM potentials for gold and silicon in their predictions of various thermal and mechanical
properties. In section 3, we describe our methods to improve the MEAM potentials and present
the results. A brief summary is given in section 4.

2. Problem statement

The main goal of this paper is to adjust the MEAM potentials for gold and silicon to accurately
reproduce the melting point and the latent heat. During this process, we also monitor the
predictions of the diffusion coefficient, thermal expansion coefficient, GSF energy and volume
change on melting. Because these properties may also influence various stages of the nanowire
nucleation/growth/termination process, we will try to improve them, but will emphasize the
melting point and the latent heat when a compromise is necessary. In this section, we
benchmark the original MEAM potentials for gold [6] and silicon [6], as well as the more
recent second nearest-neighbor (2nn) MEAM potentials for gold [26] and silicon [22]. First,
we give a brief summary of the MEAM model.

The MEAM model describes the potential energy of a collection of atoms located at ri ,
i = 1, . . . , N , by the following equation:

V ({ri}) =
N∑

i=1

F(ρi) +
N−1∑
i=1

N∑
j=i+1

Sij φij (|ri − rj |), (1)
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Table 1. Model predictions and experimental data [15–17] on thermal and mechanical properties of
gold. The computation models include original MEAM [6], EAM [23], 2nn-MEAM [26] and two
modifications made in this paper (2nn-MEAM∗ and 2nn-MEAM†) and first-principles calculation
with DFT/LDA [18]. The properties include the melting point Tm (in K), latent heat of fusion L

(in kJ mol−1), solid and liquid entropy at the melting point, SS and SL (in J mol−1 K−1), diffusion
constant of the liquid D at Tm (in 10−9 m2 s−1), thermal expansion coefficient α of the solid (in
10−6 K−1) at 300 K, ideal shear strength τc (in GPa) of the solid at zero temperature and volume
change on melting �Vm/Vsolid (in %). Statistical errors are on the order of the last digit of the
presented values.

Au Tm L SS SL D α τc �Vm/Vsolid

MEAM [6] 1120 18.2 77.5 93.7 0.6 2.0 10.7 6.6
EAM [23] 984 8.2 85.7 94.0 1.5 13.5 1.68 1.6
2nn-MEAM [26] 1405 18.0 87.4 100.1 2.3 14.6 4.92 7.8
2nn-MEAM∗ 1173 11.2 87.7 97.2 2.2 20.8 1.81 5.1

2nn-MEAM† 1337 14.2 87.7 98.3 2.3 17.8 2.71 6.5
Exp’t 1337.3 12.6 88.4 97.8 — 14.2 — 5.1
DFT/LDA — — — — — — 1.73

where F is the embedding function, ρi is the background electron density at ri , Sij is a multi-
body screening factor and φij is the pair potential between atoms i and j . The pair potential
function φij (r) is usually not given explicitly. Instead, it is defined as the function that, when
combined with the embedding function, reproduces the universal equation of state (EOS) [21]
for the potential energy of the reference crystal structure. While the above functional form
is similar to that of EAM [3], MEAM has two main extensions. First, the calculation of
the background electron density ρi in MEAM accounts for the spatial arrangements of the
neighboring atoms, in addition to their distance to atom i. Second, the range of the pair
potential is cut off by a multi-body screening function Sij that depends on the locations of
atoms k that are neighbors of both atoms i and j . The details of the MEAM formalism are
well described in the literature [6]. The multi-body screening function Sij is summarized
in appendix A because we need to adjust it in this work.

2.1. Limitations of the MEAM gold potential

The original MEAM gold potential [6] and 2nn-MEAM gold potential [26] are fitted to two
different sets of experimental elastic constants with about 10% of discrepancy. We choose
the more recent 2nn-MEAM gold potential as the starting point of our model. Table 1 shows
that the 2nn-MEAM gold potential [6] overestimates the melting point Tm by ∼70 K (5%) and
overestimates the latent heat L by ∼6 kJ mol−1 (43%). These are the main problems that we
will address in this paper. The melting point of pure gold is an important feature of the binary
gold–silicon phase diagram. At the same time, the latent heat provides the thermodynamic
driving force for melting and crystallization when the temperature deviates from the melting
point. Because L = Tm · (SL − SS), it is useful to monitor the entropies of the solid phase (SS)
and the liquid phase (SL) at the melting point. For the original MEAM potential model, the
overestimate of L is largely due to the underestimate of SS (by 12%), which suggests that the
gold crystal model is too ‘rigid’. In other words, the anharmonic effect is not large enough to
increase the entropy of the solid phase at high temperatures. This is much more improved in the
2nn-MEAM model which uses a smoother many-body screening function. While the melting
point of the more recent 2nn-MEAM potential for gold is much closer to the experimental
value, the error in the latent heat is still similar to that of the original MEAM potential. We
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Figure 1. GSF energy of different potential models for gold: (a) 2nn-MEAM [26] (dashed line),
2nn-MEAM∗ (dotted line) and 2nn-MEAM† (solid line); (b) EAM [23] (dashed line), MEAM [6]
(dotted line) and DFT/LDA (solid line). (Color Online.)

would like to have a better fit to both the melting point and the latent heat by adjusting the
2nn-MEAM gold potential.

Table 1 also lists the predicted values of several other properties that either are important
for certain aspects of nanowire growth or are included to illustrate the problem of MEAM
potentials. For example, diffusion in the liquid phase may be the rate limiting step in nanowire
growth under certain experimental conditions. The mismatch in the thermal expansion
coefficient α of gold and silicon can generate internal stress during rapid heating or cooling
of the nanowire. The gross underestimate of α in solid gold confirms the above hypothesis
that the anharmonic effect is not large enough in the original MEAM potential. The ideal
shear strength τc can influence the probability of twinning in the gold crystal when the catalyst
droplet solidifies during rapid cooling. The volume change on melting �Vm/Vsolid can generate
internal stresses upon melting.

Artifacts of both original and 2nn-MEAM potentials are most clearly shown by the
(relaxed) generalized stacking fault (GSF) energy on the (1 1 1) face in the [1 1 2] shear
direction, as shown in figures 1(a) and (b). We followed the procedures in [20] to compute the
GSF curves. The unphysical local minima and cusps on the GSF curve indicate problems for
these MEAM potentials, because the GSF curve is expected to be a smooth curve, as predicted
by ab initio calculations using the density functional theory (DFT) shown in figure 1(b). The
maximum slope of the GSF curve between zero and the first local minimum is defined as
the ideal shear strength τc. 2nn-MEAM prediction of τc is about a factor of three too high
compared with ab initio results. The overestimate of L and τc suggests a fundamental problem
in the 2nn-MEAM potential for gold, which we will address in section 3.

2.2. Limitations of MEAM silicon potentials

Table 2 shows that the original MEAM silicon potential [6] underestimates the melting point Tm

by ∼270 K (16%) and underestimates the latent heat L by ∼13 kJ mol−1 (27%). These are the
main problems that we will address in this paper. There is error cancellation in the prediction
of latent heat L, because both solid entropy SS and liquid entropy SL are underestimated.
Contrary to the case of gold, the more recent 2nn-MEAM potential for silicon predicts a much
more accurate latent heat but grossly overestimates the melting point (by ∼1000 K). We would
like to have a better fit to both the melting point and the latent heat.
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Table 2. Model predictions and experimental data [15, 16, 10] of thermal and mechanical properties
of silicon. The ideal shear strength [20] obtained from first-principles calculation is also presented
for comparison. The computational models include the original MEAM [6] and MEAM 2nn [22].
Superscripts ∗ and † represent modifications to these models introduced in this work. SW [4] and
Tersoff [5] models are also included for comparison. The variables and their units are identical to
those in table 1.

Si Tm L SS SL D α τc �Vm/Vsolid

MEAM [6] 1411 36.8 48.7 74.8 4.8 13.6 13.8 −5.3
MEAM∗ 1377 36.7 48.0 74.7 6.3 13.6 13.8 −5.2
MEAM† 1687 43.1 53.7 79.2 7.9 13.2 14.0 −2.7
SW 1695 31.2 58.0 76.5 6.0 3.9 8.9 −6.1
Tersoff 2606 42.3 68.9 85.1 2.5 6.5 18.5 −1.6
2nn-MEAM [22] 2837 49.3 72.9 90.3 6.25 5.2 13.6 −7.5
Exp’t 1685 50.2 61.8 91.6 ∼10 2.6 — −5.1
DFT/LDA(GGA) — — — — — — 14.0(13.7) —

Table 2 also lists the predicted values of several other properties that are included in the
benchmark of gold potentials in table 1. Unlike the case of gold, the underestimate of the
solid entropy by the MEAM potential [6] is accompanied by a gross overestimate (instead of
an underestimate) of the thermal expansion coefficient α. Unfortunately, this is a problem that
we are not able to fix in this paper (see section 3). Figure 2(a) plots the (relaxed) GSF energy
of silicon on the shuffle-set (1 1 1) plane in the [1 1 0] shearing direction. While the original
MEAM potential predicts some unphysical oscillations, the local minima and cusps in the gold
GSF curve are no longer present. The unphysical oscillations become even more severe in
the 2nn-MEAM potential [6], indicating an underlying problem. The maximum slope of the
GSF curve is the ideal shear strength τc, the MEAM prediction of which agrees well with the
ab initio results. Table 2 also lists the benchmark data for two other commonly used potentials:
SW and Tersoff. None of the existing potentials can describe both the melting point and the
latent heat accurately. This indicates that it is very difficult to describe both the solid phase
and the liquid phase of silicon using an empirical potential, because silicon transforms from
a semiconductor to a metal when it melts. In section 3, we describe our approach to improve
the MEAM potential for silicon.

3. Methods and results

The main goal of this paper is to improve the melting point and the latent heat predictions of
existing MEAM potentials of gold and silicon, by adjusting some of their parameters without
changing the overall functional form. The parameters we will adjust should not affect most
of the previously fitted properties, such as equilibrium lattice constant, cohesive energy and
elastic constants. In this work, we choose to adjust (1) the multi-body screening function and
(2) the pair potential function through the EOS. Because the dependence of thermal properties
on these parameters is not obvious, the adjustment of the potential proceeds by trial and error,
which requires rapid calculation of the melting point and the latent heat for each trial potential.
This is done using a newly developed free-energy method [27]. Many physical properties
are monitored during the process. Diffusion coefficient D, thermal expansion coefficient α,
volume change on melting �Vm/Vsolid and radial distribution function g(r) are computed by
using NPT MD simulations [10]. First, by adjusting the parameter Cmin in the multi-body
screening function, we obtain the potentials for gold and silicon that are marked as MEAM∗

in tables 1 and 2. Second, by modifying the EOS, we obtain the potentials marked as MEAM†
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Figure 2. GSF energy of different potential models for silicon. (a) MEAM [6] (dashed curve),
MEAM∗ (dotted curve), MEAM† (solid curve); (b) 2nn-MEAM [22] (dashed curve); (c) Tersoff [5]
(solid curve); SW [4] (dashed curve); (d) DFT/LDA [20] (solid curve), DFT/GGA [20] (dashed
curve). (Color Online.)

that have much better melting point and latent heat predictions. Some other transport and
mechanical properties are also improved by the MEAM† models. In a future paper, we will
develop gold–silicon cross-potentials based on the MEAM† potentials.

3.1. Multi-body screening function

In this section, we will discuss the physical basis for the need to change the Cmin parameter in
the multi-body screening function from its original value of 2.0 to a lower value of 0.8 for Au
and 1.85 for Si. The multi-body screening function in MEAM allows the interaction between
two atoms i and k to be screened by a third atom j . The behavior of the multi-body screening
function is controlled by two parameters: Cmin and Cmax (for more details see appendix A).
The default value of Cmax is 2.8, which ensures that first nearest-neighbor interactions are
completely unscreened even for reasonably large thermal vibrations. In the original MEAM
model, Cmin is set to 2.0. As a result, in most crystal structures the 2nn interactions are always
screened by another atom. Hence the interactions are effectively cut off to within the first
nearest-neighbors. In the 2nn-MEAM model, Cmin = 1.53 for Au and Cmin = 1.41 for Si are
used to improve properties such as the thermal expansion coefficient and vacancy formation
energy. However, as shown in the figures 1(a) and the 2(b), it still has a problem in predicting
the GSF energy curve.
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Lowering Cmin to 0.8 effectively unscreens the 2nn interactions, and has been found to
improve several predictions of the MEAM model for FCC Ni, including the thermal expansion
coefficient α [19]. The beneficial effects of this adjustment have also been reported for
the MEAM models of other FCC metals and BCC metals [27]. For example, the original
MEAM model for BCC metals predicts an incorrect ordering of the surface energies of low
index surfaces. It also predicts another structure to be more stable than BCC [24], as well
as anomalously low melting points [27]. By lowering Cmin, which effectively extends the
interaction to second nearest-neighbors, the predictions of surface energy, thermal expansion
coefficient [24, 25] as well as melting points [27] of BCC metals are significantly improved.

Therefore, our first step is to set Cmin = 0.8 in gold 2nn-MEAM potential and Cmin = 1.85
in silicon MEAM potential. The resulting potentials are indicated by superscript ∗ in tables 1
and 2 (other parameters are not changed). The latent heat L and the volume change on melting
�Vm/Vsolid for the 2nn-MEAM∗ gold potential are significantly improved, indicating that the
model now describes the physics of gold more accurately. The artificial metastable states and
cusps in the GSF curve are completely removed (dotted line in figure 1(a)). The maximum
slope of the GSF curve, i.e. the ideal shear strength τc, becomes very close to the ab initio
result. We find that these artificial features persist if Cmin > 0.8, whereas elastic constants and
vacancy formation energy will start to change if Cmin < 0.8. Hence Cmin = 0.8 seems to be
an optimal choice for MEAM gold. However, setting Cmin = 0.8 significantly decreases the
melting point (now about 160 K lower than the experimental value) and increases the thermal
expansion coefficient (now about 40% higher than the experimental value). This problem will
be addressed in the next section by adjusting the pair potential function.

On the other hand, changing Cmin for Si has a negligible effect on the melting point Tm,
latent heat L, solid entropy SS, liquid entropy SL and thermal expansion coefficient α. This
is because the multi-body screening function has a very small effect in the open structure of a
diamond-cubic crystal, as explained in appendix A. However, we find that the liquid volume
is selectively increased as Cmin is lowered, reducing the magnitude of �Vm/Vsolid. Because
�Vm/Vsolid is already close to experiment for original MEAM Si, we lower Cmin just enough
to remove the artificial oscillations in the GSF curve (figure 2(a)). The optimal value we
converge to is Cmin = 1.85 for silicon, corresponding to MEAM∗ in table 2. Hence, we will
set Cmin = 0.8 for gold and Cmin = 1.85 for silicon in the following discussions.

3.2. Pair potential and EOS

In this section, we adjust the pair potential function of the MEAM potential to fit the melting
point and the latent heat of gold and silicon. As mentioned in section 2, the pair potential in
the MEAM models is not given explicitly, but is specified in such a way that, when combined
with the embedding function, it reproduces the EOS for the reference crystal structure. Hence
modifying the pair potential amounts to changing the EOS function, which in the original
MEAM potential is expressed as

Eu(r) = −Ec
(
1 + a∗) exp(−a∗) (2)

with

a∗ =
(

9 �B

Ec

)1/2 (
r

re
− 1

)
, (3)

where r is the nearest-neighbor distance of the reference structure [21]. Ec is the cohesive
energy, re is the equilibrium nearest-neighbor distance, � is the atomic volume and B is the
bulk modulus of the reference structure.
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Figure 3. (a) Pair-correlation functions of the solid (solid line) and liquid (dotted line) phases of
gold described by the 2nn-MEAM [26] potential at its melting point. (b) The EOS function in the
2nn-MEAM (dotted line) potential and the new 2nn-MEAM† potential (solid line). (c) The Gibbs
free energy of the 2nn-MEAM (thick lines) and 2nn-MEAM† (thin lines) potentials for gold; solid
lines for the solid phase and dashed lines for the liquid phase. (Color Online.)

Since the MEAM∗ potentials underestimate the melting points, we need to increase the
Gibbs free energy of the liquid phase more than that of the solid phase. An effective way to
modify the free-energy difference between the two phases is to change the EOS function at
distances r where the radial distribution function g(r) of the two phases differs the most. At the
same time, the modified EOS function must not change its value and first and second derivatives
at r = re because they have been fitted to physical properties. Specifically, Eu(re) = −Ec,
dEu/dr|re = 0 and d2Eu/dr2|re = 18 � B/r2

e . In the following, we will show that the same
kind of modifications of the EOS function can be applied to gold and silicon, in order to fit
their melting point and latent heat.

3.2.1. 2nn-MEAM† gold potential. Figure 3(a) plots the radial distribution function g(r) for
the solid and liquid phases of gold using the 2nn-MEAM potential at the melting point. The
g(r) for the liquid phase is greater than that in the solid phase at distances between 3.5 and
4.5 Å. Hence the free energy of the liquid phase can be raised more than that of the solid phase
by increasing the pair potential energy in this range. A naive approach to modify the EOS
function is to add higher order polynomials in the pre-exponential term. Unfortunately, this
approach cannot introduce sufficient changes in the melting point without creating unphysical
oscillations in the EOS function. By trial and error, we find that the form of the EOS function
leads to the desired changes in the melting point.

Eu(r) = −Ec

(
1 + a∗ + da∗3 + γ a∗4e−λa∗2

/r
)

exp(−a∗) (4)

da∗3 is a small correction term added in 2nn-MEAM Au potential [26] with d = 0.05 Å−3.
The higher order term a∗4 is multiplied by an exponential e−λa∗2

/r to remove unphysical
oscillations in the range of r > re. For each pair of trial values (γ , λ), we re-compute the free
energies of the liquid and solid phases using the method described in [27]. It turns out to be
very difficult to find a parameter set that simultaneously fits the experimental melting point and
latent heat. Hence a compromise must be reached. The ‘optimal’ values we converge to are
γ = −0.182 Å and λ = 4.0. The resulting EOS and free energies are plotted in figures 3(b)
and (c), respectively. The thermal and mechanical properties of the resulting potential, 2nn-
MEAM†, are listed in table 1. The melting point is very close to experimental value, and
the latent heat is significantly improved over the original 2nn-MEAM. Unfortunately, the
maximum slope of the GSF curve, i.e. the ideal shear strength τc, is now about 60% bigger
than the ab initio results. The GSF energy for the 2nn-MEAM† model is plotted in figure 1(a).
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Figure 4. (a) Pair-correlation functions of the solid (solid line) and liquid (dotted line) phases of
silicon described by the MEAM [6] potential at its melting point. (b) The EOS function in the
original MEAM (dotted line) potential and the new MEAM† potential (solid line). (c) The Gibbs
free energy of the MEAM (thick lines) and MEAM† (thin lines) potentials for silicon; solid lines
for the solid phase and dashed lines for the liquid phase. (Color Online).

The 2nn-MEAM∗ model has better GSF curves and volume change on melting than the 2nn-
MEAM† model. But the 2nn-MEAM† model has more accurate melting point and latent heat.
We believe the latter is a better candidate on top of which we can construct a gold–silicon
cross-potential for the purpose of VLS nanowire growth modeling.

3.2.2. MEAM† silicon potential. Figure 4(a) plots the radial distribution function g(r) for
the solid and liquid phases of silicon using the original MEAM potential at the melting point.
The g(r) of liquid is higher than that of solid at distances between 3 Å and 3.5 AA. We found
that the following form of the EOS function leads to desirable changes of the melting point:

Eu(r) = −Ec

(
1 + a∗ + γ a∗4e−λa∗2

/r
)

exp(−a∗) (5)

where the ‘optimal’ values we found are γ = −0.36 Å and λ = 16.0. The resulting EOS
and free energies are plotted in figures 4(b) and (c), respectively. The thermal and mechanical
properties of the resulting potential, MEAM†, are listed in table 2. The melting point and the
latent heat of the MEAM† Si potential are now both close to the experimental values. The
GSF curve for the MEAM† model, as shown in figure 2(c), becomes closer to the ab initio
results with negligible change in ideal strength τc. The diffusion coefficient of liquid is also
improved.

However, the MEAM† silicon potential still has problems on properties other than the
melting point and the latent heat. Both solid and liquid entropies are underestimated; their
cancellation of error leads to a better agreement of the latent heat with experiments. The thermal
expansion coefficient of solid remains too high, similar to the original MEAM potential. The
volume change on melting becomes a factor of two smaller than experiments. In addition,
the first and second highest peaks of the liquid g(r) occurs at 2.7 Å and 4.2 Å, respectively,
deviating from the experimental values of 2.50 Å and 3.78 Å [28]. This problem existed
in the original MEAM model and our modifications do not change the location of these
peaks significantly. Nonetheless, most of the problems listed above (except the entropies)
do not affect the thermodynamic behavior of the potential model. With a more accurate fit
to the melting point and the latent heat, the MEAM† silicon potential is a better candidate
than the original MEAM silicon potential, on top of which we can construct a gold–silicon
cross-potential that can be fitted to the binary phase diagram. We have also applied the same
approach to adjust the 2nn-MEAM potential for silicon. Unfortunately, we have not succeeded
in reproducing both the melting point and the latent heat to the same level of agreement with
experiments as in the MEAM† potential.
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4. Summary

We have adjusted the MEAM potentials for gold and silicon, two elements with fundamentally
different bonding mechanisms, to fit the melting point and the latent heat more accurately, by
changing the multi-body screening function and the EOS function. For both gold and silicon,
the melting point and the latent heat values are now close to the experimental values. The
thermal expansion coefficient and GSF curve for gold are significantly improved, mostly by
changing Cmin to 0.8 in the multi-body screening function. The thermal expansion coefficient
for silicon is insensitive to the adjustments considered in this paper and remains too high
compared with experiments. In appendix B we provide more benchmark data of the modified
potentials. Table B1 lists the elastic constants, defect energy and surface energies, which are
not very different from the original MEAM potentials. The bond angle distribution in liquid
silicon also agrees well with the ab initio results. The resulting MEAM† models for gold and
silicon provide a good basis for constructing a cross-potential model which can be fitted to the
binary gold–silicon phase diagram. Since we have not changed most of the MEAM parameters,
it is possible that by fitting these parameters again one may obtain a better agreement with
experimental values.
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Appendix A. Multi-body screening function

In this appendix, we give a brief summary of the multi-body screening function in the MEAM
potential and describe why lowering Cmin has a beneficial effect on many structural properties
for Au. Consider a pair of atoms i and k. The interaction between the two is screened by a
factor Sik . If Sik = 1 then the interaction is not screened; if Sik = 0 then the interaction is
completely screened. Sik depends on the distribution of atoms j that are common neighbors
of i and k;

Sik =
∏
j �=i,k

Sijk. (A.1)

The functional form of Sijk is constructed based on the idea that the closer atom j is to the
segment (i.e. bond) connecting atoms i and k, the more effectively it screens their interaction.
On the plane that simultaneously contains atoms i, j and k, define a local coordinate system
x–y such that the origin lies at the mid-point between i and k, and the x-axis points from i to
k. Let rik be the distance between atoms i and k and introduce scaled coordinates X = x/rik

and Y = y/rik . Now imagine a series of ellipses that pass through atoms i and k, as shown in
figure A1, and parametrized by the following equation:

X2 +
Y 2

C
= 1

4
. (A.2)

The parameter C controls the extension of the ellipse along the y-axis. If the ellipse passes
through atom j , then

C = 2(Xij + Xjk) − (Xij − Xjk)
2 − 1

1 − (Xij − Xjk)2
, (A.3)
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Figure A1. Ellipses defined in equation (A.2) for different values of C (0.8,2.0,2.8). The
line segments represent nearest-neighbor bonds i–j and j–k in BCC (square), FCC (circle) and
diamond-cubic (asterisk) crystal structures, scaled by the 2nn distance rik . In these three crystal
structures, the atom j lies on the ellipses (not shown) corresponding to C = 0.5, 1.0 and 2.0,
respectively. (Color Online.)

where Xij ≡ (rij /rik)
2 and Xjk ≡ (rjk/rik)

2. Figure A1 plots the ellipses when C = 0.5,
C = 2.0 and C = 2.8. In MEAM, one specifies the screening factor in terms of two parameters,
Cmax and Cmin. When atom j lies outside the ellipse defined by C = Cmax, Sijk = 1; when
atom j lies inside the ellipse defined by C = Cmin, Sijk = 0. When atom j lies in between
these two ellipses, Sijk is between 0 and 1 and is a smooth function of the coordinates of
atom j . This can be achieved by introducing a cut-off function:

fc(x) =



1 x � 1,

(1 − (1 − x)4)2 0 < x < 1,

0 x � 0,

(A.4)

and let

Sijk = fc

(
C − Cmin

Cmax − Cmin

)
. (A.5)

The consequences of the choices of Cmax and Cmin can be seen by analyzing the geometry
of perfect crystals. For example, consider an FCC lattice. If atoms i and k are second nearest-
neighbors, and atom j is their common first nearest-neighbor, then C = 1.0. Hence the choice
of Cmin = 2.0 in the original MEAM model means that the interaction between second nearest-
neighbors in FCC crystals is completely screened. Unfortunately, cutting off the interaction
between second nearest-neighbors leads to cusps in the GSF energy as well as a very small
thermal expansion coefficient. Reducing Cmin to 0.8 extends the interaction range beyond
second nearest-neighbors and removes these artifacts for FCC gold.

Now consider the diamond-cubic structure. If atoms i and k are second nearest-neighbors,
and atom j is their common first nearest-neighbor, then C = 0.5. Hence 2nn interactions in
crystalline silicon is cut off even for very large thermal vibration at high temperatures. This
is why lowering Cmin from 2.0 to 0.8 has hardly any effect for the solid phase of silicon.
However, the properties of the liquid phase is affected by this change because the interaction
range between atoms is effectively enlarged. In this paper, we change Cmin of Si to 1.85.
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Table B1. The elastic constants, C11, C12 and C44 (in GPa), vacancy formation energy
Ev (in eV) and surface energies E1 0 0, E1 1 0 and E1 1 1 (in erg cm−2) from experimental
measurements [6, 29, 31, 32], first-principles calculations [30, 31, 34, 35] (except silicon elastic
constants computed here using DFT/LDA) and various MEAM models considered in this paper.
The unrelaxed energies are given in parentheses. The DFT results are from several different
pseudopotentials. Surface reconstruction such as dimer structure is not considered in the calculation
of relaxed surface energy of silicon.

C11 C12 C44 Ev E1 0 0 E1 1 0 E1 1 1

Au
2nn-MEAM 201.5 169.7 45.4 0.91(0.96) 1083(1138) 1045(1179) 903(928)

2nn-MEAM∗ 201.5 169.7 45.4 0.91(0.96) 1083(1138) 1045(1178) 903(928)

2nn-MEAM† 202.1 169.5 45.4 0.91(0.96) 1084(1138) 1048(1179) 903(928)

Exp’t 201.6 169.7 45.4 0.94 1540(poly) — —
DFT 217 171 47 0.55 1968 1098 917

Si
MEAM 164 65 76 3.28(4.04) 1742(1850) 1413(1536) 1195(1254)

MEAM∗ 164 65 76 3.28(4.04) 1742(1850) 1413(1536) 1195(1254)

MEAM† 164 65 76 3.56(4.06) 1744(1851) 1414(1536) 1196(1254)

Exp’t 165.8 63.5 79.6 — 1135(poly) — —
DFT 158 65 77 2.7–3.9 2683(2716) — 1741(1954)

Appendix B. Further benchmarks of the MEAM† potentials

Even though we have modified the multi-body screening function and the EOS, the elastic
moduli, vacancy formation energy and surface energies are not changed significantly from the
original MEAM potentials, as shown in table B1. The changes of elastic and defect properties
are very small for the following reasons. First, while lowering Cmin extends the interaction to
second nearest-neighbors, these interactions are much weaker than the first nearest-neighbor
interactions. Second, the modification of the EOS is appreciable only at distances well beyond
the equilibrium nearest-neighbor distance. The effects on the elastic moduli, vacancy formation
energy and surface energies are negligible because they are dominated by nearest-neighbor
interactions.

Because we choose to change only a few parameters in the existing MEAM models,
our models share some of the same limitations of the existing models. One limitation is the
prediction of Si surface structure. First, the unrelaxed surface energy is about 30% lower than
the ab initio results. While the MEAM potential correctly predicts the 2 × 1 reconstruction of
the {1 0 0} surface [22], it does not predict the (7 × 7) reconstruction of the {1 1 1} surface as
observed in experiments [36] and ab initio simulations [37]. The MEAM† potential predicts
similar energies for the 3 × 3, 5 × 5, 7 × 7, 9 × 9 reconstructed {1 1 1} surface as the
original MEAM potential. A previous report [38] claimed that the original MEAM silicon
potential predicts the (7 × 7) reconstruction as the ground state of the {1 1 1} surface. This is
incorrect because the reconstructed surface energy (1524 erg cm−2) is much higher than the
unreconstructed surface energy (1254 erg cm−2) [6].

Contrary to the case of Si, the MEAM Au potentials reproduce very well the energies
predicted by DFT for the {1 1 0} and {1 1 1} surfaces. A large gap is still observed for the
{1 0 0} surface.

We also compared the bond angle distribution g3(θ, rm) of the silicon liquid described
by MEAM†, ab initio [33] and SW models [33] in figure B1. The average coordination
numbers from the ab initio and SW model are 6.5 and 4.9 at 1800 K, respectively [33].
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Figure B1. Bond angle distribution functions of liquid phase of silicon described by the MEAM†

(solid line), DFT/LDA (dashed line) [33] and SW (dotted line) [33]. (Color Online.)

rm = 3.15 Å is taken to be the first local minima of the radial distribution g(r) in our
calculation. The simulation is performed at the melting point of the MEAM† model, which
is 1687 K. The MEAM† model predicts two peaks in the g3(θ, rm) plot, consistent with the
ab initio simulations. In comparison, this feature is absent in the SW model of Si, as shown
in figure B1. The average number of neighbor atoms within a cut-off radius of rm (i.e. the
coordination number) is 5.7 for the MEAM† model. In comparison, the coordination number
for the original MEAM potential is 6.6 at its melting temperature of 1411 K. Hence the MEAM†

model provides a reasonable description of the solid and liquid properties of silicon.
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