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Abstract With the aim of developing a transferable potential set capable of predicting
defect formation, defect association, and diffusion properties in a wide range of intermetallic
compounds, the present study was undertaken to test parameterization strategies for deter-
mining empirical pair-wise interaction parameters in the modified embedded atom method
(MEAM) developed by Baskes and coworkers. This report focuses on indium-solute and
indium-vacancy interactions in FCC and BCC metals, for which a large set of experimental
data obtained from perturbed angular correlation measurements is available for compari-
son. Simulation results were found to be in good agreement with experimental values after
model parameters had been adjusted to reproduce as best as possible the following two sets
of quantities: (1) lattice parameters, formation enthalpies, and bulk moduli of hypothetical
equiatomic compounds with the NaCl crystal structure determined using density functional
theory and (2) dilute solution enthalpies in metals as predicted by Miedema’s semi-empirical
model.

Keywords MEAM · Point defect · Defect association

1 Introduction

Perturbed angular correlation spectroscopy (PAC) and other hyperfine methods can be used
to study movement of tracer atoms in materials through measurement of nuclear relaxation.
Because these methods are sensitive to changes near tracers at the atomic scale, they have
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the potential to help elucidate operative diffusion mechanisms in intermetallic compounds,
especially when defects involved in the diffusion mechanism are attracted to the tracers.
In-111 PAC has been applied to study cadmium movement in a wide range of intermetallic
compounds, but so far it has not been possible to simultaneously observe nuclear relaxation
due to tracer movement and bound defects [1–11]. It appears that such a situation is uncom-
mon, and it is therefore desirable to have tools available to make meaningful predictions
about which combinations of PAC tracers and binary intermetallic compounds are likely to
yield PAC spectra that exhibit both defect-induced signals and relaxation.

The long-term goal of this work is to apply computer simulations to predict solute site
occupation, defect formation, defect association, and defect migration enthalpies for PAC
tracers in a broad range of intermetallic compounds. To be successful, a reliable yet quick
simulation method is required. While calculations based on density functional theory (DFT)
are reliable, they are computationally demanding. The modified embedded atom method
(MEAM), [12] on the other hand, is a semi-empirical simulation method that does not
require as much computing time. It has proven reliable for predicting a number of materials
properties, including defect properties, of 22 pure metals [12–20]. Its use to simulate binary
alloys has been more limited, but results are promising [21–28]. The aim of the present
work is to introduce a slight modification to the scheme typically used to parameterize the
empirical potentials used in the MEAM technique. Its reliability is reported here by compar-
ing calculated indium-defect binding enthalpies in FCC and BCC metals to values obtained
from experiment [29–37].

2 Methodology

In the modified embedded atom method, empirical parameters needed for the pure ele-
ments are determined by adjusting model parameters until typically 14 or more different
experimentally measured properties are reproduced. For an alloy, there are fewer empiri-
cal parameters in the pair-wise interaction than there are for the metals, so usually fewer
properties are tested in the development of potentials for alloys. For an alloy, the primary
properties evaluated are the formation enthalpy, lattice parameter, and elastic properties of
a reference structure, often compared to those values determined from experiment if the
reference structure exists in nature or alternatively to values obtained from higher level
calculations [27].

In this work, some of the element-pairs do not form stable intermetallic phases, so
empirical parameters cannot be determined by comparison to experimentally determined
quantities. Following the work of Jelinek et al. [22], a hypothetical reference structure was
used for equiatomic compositions, the NaCl structure, with alloy properties predicted using
density functional theory (DFT). For consistency, the same procedure was used even for
those element pairs that do form stable intermetallic phases. Formation enthalpy, lattice
parameter, and bulk modulus of the reference structure can be reproduced exactly for a
variety of choices for model parameters; however, the elastic constants typically cannot be
reproduced exactly for any choice (for example, as discussed in Ref. [22]). Therefore, other
observables are needed to tie down the model parameters for the alloys.

One option is to use relative formation enthalpies of polymorphs of a selection of alloy
compositions determined using DFT [22]. In anticipation of applying MEAM calculations
to a large set of alloys, an alternative approach that minimizes the number of required
DFT calculations was tested in the present work. Here, model parameters were determined
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by calculating dilute solution enthalpies and comparing them to values calculated using
the semi-empirical Miedema model. Details of the MEAM model, DFT calculations, and
Miedema model are given below.

2.1 Modified embedded atom method

In the embedded atom method (EAM), the total energy of a material is given by

Etotal =
∑

i

Fi(ρ̄i ) + 1

2

∑

j �=i

φij (rij ) (1)

where i and j are summation indexes over atoms in the simulation space, Fi is the embed-
ding function for atom i, ρ̄i is the background electron density at the site atom i occupies,
and φ(rij ) is the short range pair interaction between atoms i and j when separated by
distance rij [38, 39]. The functional forms of Fi , ρ̄i , and φij vary substantially among dif-
ferent implementations of the EAM. The present work uses the variation first introduced by
Baskes [12], called the modified embedded atom method (MEAM). Even this variation has
evolved over the years, so to be clear, exact forms of various functions used in the present
work are provided in the Appendix.

For simulation of a metal composed of a single element, the model requires 17 param-
eters, including cutoff parameters, to specify ρ̄i and φij (rij ) completely. These have been
determined already for the elements considered in this work [13–15, 20]. For alloys, addi-
tional parameters are needed for each pair of elements and for ternary combinations. Each
element has one additional parameter – the density scaling parameter ρ0 – that does not
affect calculated properties of single-element metals but serves as one additional adjustable
parameter for alloys.

Following the work of Jelinek et al. [22], the short range potential for an alloy is
expressed in terms of the cohesive energy Ec – defined with respect to neutral atoms at
infinity, nearest neighbor distance r1e, and dimensionless quantity α of a compound with
the NaCl structure formed by the pair of elements in the alloy. This leaves the d-parameter
from Rose’s universal equation of state and the short-range potential cutoff distance as the
final parameters needed for the short range potential. There are 10 more parameters needed
for screening: the cutoff separation rc, the taper range �r , and the angular bounding param-
eters CABA

min , CBAB
min , CAAB

min = CBAA
min , CABB

min = CBBA
min , CABA

max , CBAB
max , CAAB

max = CBAA
max

and CABB
max = CBBA

max . Additional bounding parameters for screening are needed when
three different elements are involved. These are CBAC

min = CCAB
min , CCBA

min = CABC
min , and

CACB
min = CBCA

min , CBAC
max = CCAB

max , CCBA
max = CABC

max , and CACB
max = CBCA

max .
In this work, all Cmax values were taken to be 2.80, and 0.10 Å was used for the taper

range of all screening functions. The screening cutoff separation for element pairs was taken
to be the DFT-predicted lattice parameter of the NaCl structure, rounded to the nearest
0.1 Å. The cutoff range of all short range pair potentials was taken to be 8.0 Å. The remain-
ing parameters were chosen to reproduce the formation enthalpy, lattice parameter, and
bulk modulus of the NaCl-structured compounds predicted by DFT and the dilute solution
enthalpies predicted by the Miedema model as best as possible.

As a starting point in the search for an optimal parameter set, cohesive enthalpies
and nearest neighbor distances were constrained to those values predicted by DFT and
the d-parameter held at the commonly used value of 0.05. In addition, default bounding
parameters based on the pure elements were used as follows: CABA

min = CAAA
min , CBAB

min =
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CBBB
min , CABB

min = CAAB
min =

(
1
2

√
CAAA

min + 1
2

√
CBBB

min

)
, CABC

min =
(

1
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√
CAAA

min + 1
2

√
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min

)
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CBCA
min =

(
1
2

√
CBBB

min + 1
2

√
CAAA

min

)
, and CCAB

min =
(

1
2

√
CCCC

min + 1
2

√
CBBB

min

)
. Under these

conditions, the density scaling factors of pure elements and α-parameters of the alloys
were adjusted until the target parameters were crudely optimized. After that, the density
scaling factors were held fixed while the cohesive energy, first neighbor distances and
α-parameters of individual alloys were adjusted. If the target parameters were not repro-
duced satisfactorily, then the pair-wise angular-bounding parameters and d-parameters were
adjusted also.

MEAM calculations were carried out using an early-release-version 4.3 of the General
Utility Lattice Program (GULP) [40, 41]. Calculations of dilute solution enthalpies were
performed by substituting a host element with one solute atom in structure-dependent sized
supercells: 3× 3× 3 for FCC, 4× 4× 4 for BCC, 4× 4× 3 for the body-centered tetragonal
In, and 3× 2× 3 for the oC8-structured Ga. Defect enthalpies for calculation of In-defect
binding were carried out in 6× 6× 6 supercells for both the FCC and the BCC structured
metals. Unit cell, supercell lattice parameters, and atomic coordinates were allowed to relax
fully in all calculations.

2.2 Density functional theory

Properties of hypothetical NaCl-structured compounds were calculated using the projector
augmented-wave method [42, 43] implemented in the VASP code [44, 45]. Exchange-
correlation effects were treated by the generalized gradient approximation of Perdew et al.
[46]. All calculations were performed in high precision with the plane-wave cutoff energies
set to 1.5 times the larger default PAW cutoff energy of each element pair. Integration was
performed using the �-centered Monkhorst-Pack scheme [47] of size 22× 22× 22. Bulk
moduli were calculated by fitting enthalpy-volume dependence to the Birch-Murnaghan
equation of state [48].

2.3 Miedema model

With the aim of minimizing the number of computationally demanding DFT calculations,
dilute solution enthalpies were calculating using the Miedema semi-empirical model [49,
50]. Within this model, calculations depend on the following bulk metal properties of each
element under consideration: the work function φ; the electronic density at the Wigner-Seitz
cell boundary, nws; the atomic volume V ; the bulk modulus K; and the shear modulus G.
The values for these parameters as tabulated in Ref. [50] were used in this work.

The enthalpy of dilute solution is the sum of a chemical contribution and an elastic
contribution: Hsol (BinA) = Hchem (BinA) + Helastic (BinA). Calculation of the chemical
contribution is based on the premise that there is a characteristic interfacial energy between
elements of type A and B, given by

�hinter
A,B = 2(

(nws)
−1/3
A + (nws)

−1/3
B

)
{
−P (φA − φB)2 + Q

(
(nws)

1/3
A − (nws)

1/3
B

)2− R

}

(2)
where P , Q, and R, are empirical parameters that depend on the valences of elements
A and B. The values put forth in Ref. [49] for the solid phase are used in the present
work. The chemical enthalpy is found by multiplying the interfacial term by a contact area:



Hyperfine Interact (2016) 237: 131 Page 5 of 13 131

Table 1 References to work that
derived the single-element
MEAM parameters and values of
density scaling factors ρ0 used in
the present work

Element Reference ρ0

Ag [14] 0.89

Al [14] 0.88

Au [14] 1.08

Cu [14] 1.31

Ga [15] 0.99

In [20] 1.00

Mo [13] 1.14

Nb [13] 1.07

Ni [14] 2.26

Pd [14] 1.29

Pt [14] 0.89

Ta [13] 1.22

W [13] 1.43

Hchem (AinB) = �
2/3
A �hinter

A,B where �
2/3
A = V

2/3
A [1 + a (φA − φB)] accounts for a change

in atomic size when atom A is surrounded by atoms of type B. Here, a is yet another empir-
ical parameter that depends on the valences of A and B with values selected from Ref.
[49].

The elastic contribution is motivated by the classical problem of filling a spherical hole
in one material with a sphere made of another material [51]. This leads to the equation

Helastic (AinB) = 2KAGB (WB − WA)2

3KAWB + 4GBWA

(3)

where WA and WB are the volumes of the elements upon alloying. These volumes are given
by WA = VA + α (φB − φA) / (nws)A and WB = VB + α(φB − φA)/(nws)B with α =
−3�

2/3
A /2/

(
(nws)

−1/3
A + (nws)

−1/3
A

)
.

3 Results and discussion

The MEAM model parameters derived using the method described in Section 2 are given
in Tables 1, 2 and 3. A summary of how well simulations using these parameters repro-
duce the target parameters of the NaCl-structured compound – formation enthalpy Hform,
lattice parameter a, and bulk modulus B – using DFT and solution enthalpies calculated
using the Miedema model is given in Table 4. Experimental values for available solution
enthalpies [52] are also given in Table 4. As can be seen, it was not possible to get perfect
agreement with all the target parameters. Final values for model parameters were chosen so
that deviations between calculated and target values throughout the entire set were balanced
approximately equally among physical quantities. That is, care was given to avoid biasing
the potential set to reproducing alloy formation enthalpy or lattice parameter, as examples.
Ranges in the deviations of Hform and a for the NaCl structure are of the same order as
in Jelinek et al. [22], whereas deviations in bulk moduli were larger in the present work.
The larger deviation was often necessary to obtain acceptable values for solution enthalpies,
which Jelinek et al. did not consider.



131 Page 6 of 13 Hyperfine Interact (2016) 237: 131

Table 2 Binary alloy MEAM parameters derived for the present study

A-B Ec (eV) r1e (Å) α d CBAB
min CABA

min CAAB
min CABB

min rc (Å)

Ag-Au 3.115 2.666 5.36497 0.000 1.53 1.38 1.45 1.45 5.5

Ag-Cu 2.801 2.524 5.25420 0.050 1.21 1.38 1.29 1.29 5.2

Ag-In 2.654 2.796 5.44650 0.000 1.50 1.38 1.44 1.44 5.8

Ag-Pd 2.973 2.665 5.50931 0.000 1.69 1.38 1.53 1.53 5.4

Ag-Pt 3.754 2.654 5.60475 0.000 1.53 1.38 1.45 1.45 5.4

Au-In 3.382 2.805 5.24695 0.000 1.50 1.53 1.51 1.51 5.7

Au-Pd 3.524 2.646 5.71997 0.000 1.69 1.53 1.61 1.61 5.4

Au-Pt 4.362 2.600 5.75573 0.050 1.53 1.53 1.53 1.53 5.4

Cu-In 2.853 2.722 5.76794 0.085 1.50 1.21 0.31 0.52 5.5

Cu-Pd 3.357 2.493 5.38365 0.000 1.69 1.21 1.44 1.44 5.0

Cu-Pt 4.262 2.486 5.40415 0.000 1.53 1.21 1.37 1.37 5.0

In-Pd 3.599 2.724 5.30896 0.050 1.69 1.50 1.59 1.59 5.5

In-Pt 4.420 2.738 5.34237 0.050 1.53 1.50 1.51 1.51 5.5

Ag-Ga 2.844 2.619 5.03310 0.000 1.40 1.38 1.39 1.39 5.5

Ga-In 2.629 2.804 6.43061 0.050 0.90 1.00 0.95 0.95 5.8

Al-In 2.780 2.871 5.10314 0.050 1.50 0.49 0.93 0.93 5.8

In-Mo 3.400 2.840 6.20592 0.050 0.64 1.50 1.02 1.02 5.5

In-Nb 4.294 2.897 5.28615 0.050 0.36 1.50 0.83 0.83 5.6

In-Ni 3.524 2.579 5.32343 0.198 0.05 0.15 0.02 0.03 5.2

In-Ta 4.357 2.938 5.35327 0.000 0.25 1.50 0.74 0.74 5.6

In-W 3.830 2.880 6.08976 0.050 0.49 1.50 0.93 0.93 5.5

Table 3 MEAM parameters for
the ternary alloys A-B-C CBAC

min = CCAB
min CCBA

min = CABC
min CACB

min = CBCA
min

In-Ag-Au 1.51 1.44 1.45

In-Ag-Cu 1.35 1.44 1.29

In-Ag-Ga 1.45 1.44 1.39

In-Ag-Pd 1.59 1.44 1.53

In-Ag-Pt 1.51 1.44 1.45

In-Au-Pd 1.59 1.51 1.61

In-Au-Pt 1.51 1.51 1.53

In-Cu-Pd 1.59 1.35 1.44

In-Cu-Pt 1.51 1.35 1.37

Binding enthalpies between indium solutes and other substitutional solutes or vacancies
in selected FCC and BCC compounds were calculated by taking the difference in supercell
enthalpies with the indium and defect in first-neighbor positions and supercell enthalpies
with isolated defects. Results of the MEAM calculations along with values from experi-
ment, where available, are listed in Tables 5 and 6. As can be seen, MEAM values and
experimental values generally agree within 0.1 eV with many deviations even smaller than
that. There are two notable exceptions: the In-vacancy binding enthalpies in Cu and W.
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Table 4 Comparison of MEAM-calculated quantities (top row for each element pair) and DFT-calculated
�Hform, a, and B and solution enthalpies calculated using the Miedema model. Experimental values of
solution enthalpies from ref. [52], if available, are shown in italics

A-B �Hform (eV/AB) a (A) B (GPa) Hsol(B in A) Hsol(A in B)

Ag-Au 0.530 5.3320 84.2 −0.23 −0.23

0.468 5.5050 80.3 −0.24 −0.19 −0.21 −0.16

Ag-Cu 0.838 5.0480 85.6 0.21 0.40

0.874 5.1614 81.2 0.24 0.25 0.33 0.39

Ag-Ga 0.073 5.2380 72.1 3.21 −0.30

0.322 5.4547 55.5 −0.26 −0.16 −0.23 0.02

Ag-In 0.162 5.5920 64.1 0.06 −0.03

0.246 5.7958 46.7 0.12 −0.06

Ag-Pd 0.894 5.3300 84.9 −0.35 −0.18

0.930 5.3719 85.1 −0.30 −0.29 −0.29 −0.11

Ag-Pt 1.282 5.3080 112.3 −0.05 0.03

1.304 5.3535 112.4 −0.04 −0.03

Al-In 0.466 5.7722 52.6 0.67 0.26

0.638 5.8280 42.5 0.60 0.31

Au-In −0.434 5.6100 75.1 −0.48 −0.57

−0.382 5.7480 62.6 −0.23 −0.62 −0.48 −0.49

Au-Pd 0.652 5.2920 110.8 −0.07 0.15

0.622 5.3612 110.5 0.03 −0.36 0.05 −0.20

Au-Pt 0.926 5.2000 146.4 0.15 0.22

0.898 5.3564 143.8 0.19 0.21

Cu-In 0.306 5.4438 64.2 1.07 0.13

0.476 5.4643 58.3 0.80 0.11

Cu-Pd 0.666 4.9860 111.8 −0.28 −0.41

0.732 5.0105 112.1 −0.44 −0.44 −0.31 −0.39

Cu-Pt 0.806 4.9720 144.2 −0.16 −0.15

0.830 5.0087 144.4 −0.22 −0.53 −0.11 −0.30

Ga-In 0.073 5.6081 67.2 0.37 0.66

0.222 5.8336 37.6 0.26 0.13

In-Mo 2.443 5.6702 104.2 0.88 1.16

2.280 5.4913 110.7 0.82 1.31

In-Nb 1.237 5.7912 92.1 0.18 0.43

1.346 5.6362 101.5 0.17 0.36

In-Ni 0.182 5.2340 55.1 −0.23 0.66

0.298 5.2339 85.2 −0.18 0.26

In-Pd −0.743 5.4776 83.1 −1.57 −1.59

−0.570 5.4776 84.9 −1.54 −1.72

In-Pt −0.570 5.4751 107.7 −0.75 −1.50

−0.518 5.5008 107.9 −1.22 −1.33

In-Ta 1.577 5.8601 93.0 0.02 0.42

1.982 5.6114 106.4 0.10 0.15

In-W 3.455 5.7766 120.4 1.07 1.45

3.440 5.5130 118.7 1.01 1.49
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Table 5 Comparison of
MEAM-calculated and
experimentally determined
binding enthalpies for indium
with solutes in FCC metals

Host Solute MEAM HB (eV) Experiment HB (eV) Ref.

Ag Au 0.045 0.025 [30, 31]

Cu 0.020 0.012 [30]

Ga −0.043 −0.113 [30]

Pd 0.119 0.133 [30]

Pt 0.147 0.171 [30]

Au Ag −0.046 −0.025 [31]

Pd 0.085 0.13 [29]

Pt 0.148 0.122 [29]

Cu Pd 0.123 0.09 [29]

Pt 0.144 0.062 [29]

Table 6 Comparison of MEAM-
calculated and experimentally
determined binding enthalpies
for indium with vacancies in
FCC and BCC metals

Host MEAM HB (eV) Experiment HB (eV) Ref.

Al 0.217

Ag 0.176 0.18 [32]

Au 0.164 0.20 [32]

Cu 0.461 0.24 [32]

Ni 0.565

Pd 0.139

Pt 0.468 0.38 [32]

Mo 0.498 0.42 [33, 34]

Nb 0.382 0.31 [33, 35]

Ta 0.326 0.39 [33, 36]

W 0.484 0.71 [33, 37]

Inspection of parameters in Table 4 does not appear to reveal any clues about the origin of
these two large deviations. In fact, the target parameters for In-W were matched well by the
MEAM calculations.

The binding enthalpies in Tables 5 and 6 are plotted in Fig. 1. In this format, the MEAM
results appear to be in good overall agreement with experiment. Even with the relatively
large absolute disagreement for In-vacancy binding in Cu and W, one can reasonably expect
calculations using this model to identify systems in which In-defect binding is small and
likely repulsive such as for In-Ga in Ag and In-Ag in Au, in which systems In-defect bind-
ing is small and likely attractive such as the other In-solute combinations, and in which
systems In-defect binding is likely large such as all the In-vacancy cases. Such a level of pre-
cision is sufficient for predicting new experiments that could be performed to study defect
association using PAC.

These results suggest that the approach of using NaCl parameters and dilute solution
enthalpies as the basis for developing MEAM potential sets and the use of MEAM more
generally as a means to calculate defect properties will be successful in guiding the design
of new, informative experiments. Additional calculations are needed, however, for a more
exhaustive assessment. As such, work is currently under way to broaden the potential set
to include other PAC tracers and a number of compounds with stable intermetallic phases
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Fig. 1 Comparison of calculated and experimental binding enthalpies. In-solute binding enthalpies in Cu,
Ag, and Au are shown as solid symbols. In-vacancy binding enthalpies are shown as open symbols. The line
with slope of unity is included to indicate perfect agreement between the model and experiment and is not
the result of a linear fit

for which defect formation enthalpies and indium-defect interactions will be calculated and
compared against experimental results.

4 Summary

Indium-solute and indium-defect binding enthalpies for selected FCC and BCC metals
were calculated and compared to results obtained from perturbed angular correlation spec-
troscopy. The modified embedded atom method by Baskes and coworkers was used.
Parameters of the model were determined using a slight variation from earlier studies. The
model was parameterized by considering the formation enthalpies, lattice parameters, and
bulk moduli of hypothetical binary alloys with the NaCl structure and by considering dilute
solution enthalpies. This parameter set successfully reproduces the binding enthalpies inves-
tigated in this study, suggesting that it is worthwhile to explore this simulation method
further for its possible broader use in predicting defect properties in other metals and in
intermetallic compounds.
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Appendix

This section contains details about the embedding function and the short range potential
contributions to the total energy in the MEAM as implemented in the present work.

The embedding function for an atom of type i is given by

Fi(ρ̄i) = Ai(Ec)i
ρ̄i

ρ0
i

ln

(
ρ̄i

ρ0
i

)
(4)
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where Ai is an adjustable parameter, (Ec)i is the cohesive energy, and ρ̄0
i is the background

electron density for a given reference structure, taken as the equilibrium structure at ambient
conditions as determined from experiment. Note that F(ρ̄i = ρ̄0

i ) = 0.
The background electron density is constructed using the orthogonal partial electron

density functions denoted ρ
(0)
i , ρ

(1)
i , ρ

(2)
i and ρ

(3)
i , defined as follows [12, 53]:

ρ
(0)
i =

∑

j �=i

ρ
a(0)
j (rij )Sij ,

(
ρ

(1)
i

)2 =
∑

α

⎡

⎣
∑

j �=i

rα
ij

rij
ρ

a(1)
j

(
rij

)
Sij

⎤

⎦
2

,

(
ρ

(2)
i

)2 =
∑

α,β

⎡

⎣
∑

j �=i

rα
ij

rij

r
β
ij

rij
ρ

a(2)
j

(
rij

)
Sij

⎤

⎦
2

− 1

3

⎡

⎣
∑

j �=i

ρ
a(2)
j (rij )Sij

⎤

⎦
2

,

and

(
ρ

(3)
i

)2 =
∑

α,β,γ

⎡

⎣
∑

j �=i

rα
ij

rij

r
β
ij

rij

r
γ

ij

rij
ρ

a(3)
j

(
rij

)
Sij

⎤

⎦
2

− 3

5

∑

α

⎡

⎣
∑

j �=i

rα
ij

rij
ρ

a(3)
j (rij )Sij

⎤

⎦
2

.

In the above, Greek letters are summation indexes over Cartesian coordinates so that, for
example, rα

ij denotes the αth Cartesian component of vector rij between atoms i and j . The
above definitions include what are termed atomic electron densities, defined by

ρ
a(h)
j

(
rij

) = ρj0 exp
[
−β

(h)
j

(
rij /r0

ij − 1
)]

(5)

where the β
(h)
j are four adjustable parameters, r0

ij denotes the equilibrium atomic separa-
tion in the reference structure, and ρj0 is an element-dependent density scaling factor. In a
pure metal, total energy calculations are independent of ρj0; however, interactions between
unlike atoms depend on ρj0.

The above partial electron density functions depend on an atomic screening function Sij

that is defined by [54]

Sij = fc

(
(rc)ij − rij

�rij

) ∏

k �=i,j

Sijk

where fc is a radial cutoff function, (rc)ij is the cutoff separation, �rij is the smoothing
range of the taper function, k is a product index over yet another atom, and the Sijk are
screening factors. The fc(x) function is defined by

fc [x] ≡
⎧
⎨

⎩

1 1 ≤ x[
1 − (1 − x)4]2

0 < x < 1
0 x ≤ 0

.

The screening factors are defined in terms of the same fc(x) function as

Sijk = fc

[
C − Cmin

Cmax − Cmin

]
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where

C =
2

(
rij
rik

)2 + 2
(

rjk

rik

)2 −
[(

rij
rik

)2 −
(

rjk

rik

)2
]2

− 1

1 −
[(

rij
rik

)2 −
(

rjk

rik

)2
]2

and the factors Cmin and Cmax are parameters of the model. Cmax is usually taken to be 2.8,
but Cmin varies according to the atom types i, j , and k in the interaction.

Baskes and co-workers have used more than one method to calculate the background
electron density from the partial densities. In the present work, the form introduced by
Ravelo and Baskes [55] is used. It is

ρ̄i = ρ
(0)
i G (�i)

where

G (�i) = 2

1 + exp (−�i)

with

�i =
3∑

h=1

t
(h)
i

(
ρ

(h)
i

ρ
(0)
i

)2

(6)

and t
(h)
i are 3 more adjustable parameters.

The short range potential φ
(
rij

)
is defined to be the difference between the energy contri-

bution of the embedding function Fi (ρ̄i) and the total energy given by ERose
(
rij

)
, which is

Rose’s universal equation of state [56], parameterized here by the nearest neighbor distance
between atoms i and j in the structure of interest:

ERose
(
rij

) = − (Ec)ij

(
1 + a∗

ij + dij

(
a∗
ij

)3
)

exp
(
−a∗

ij

)
(7)

where a∗
ij = αij

(
rij /r0

ij − 1
)

with αij = (
9Bij�ij / (Ec)ij

)1/2, dij is an adjustable param-

eter, and the remaining parameters (Ec)ij , Bij , and �ij are the cohesive energy, bulk
modulus and atomic volume of the reference structure used to parameterize atoms i and
j . The method used to calculate φ

(
rij

)
when screening factors allow second neighbor

interactions to be included in the embedding function is described in Ref. [13].
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