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Semiempirical atomic potentials for the fcc metals Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb based
on first and second nearest-neighbor modified embedded atom method
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Modified embedded atom method~MEAM ! potentials for fcc elements Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb
have been newly developed using the original first nearest-neighbor MEAM and the recently developed second
nearest-neighbor MEAM formalisms. It was found that the original MEAM potentials for fcc elements show
some critical shortcomings such as structural instability and incorrect surface reconstructions on~100!, ~110!,
and/or~111! surfaces. The newly developed MEAM potentials solve most of the problems and describe the
bulk properties~elastic constants, structural energy differences!, point defect properties~vacancy and intersti-
tial formation energy and formation volume, activation energy of vacancy diffusion!, planar defect properties
~stacking fault energy, surface energy, surface relaxation and reconstruction!, and thermal properties~thermal
expansion coefficients, specific heat, melting point, heat of melting! of the fcc elements considered, in good
agreement with relevant experimental information. It has been shown that in the MEAM the degree of many-
body screening (Cmin) is an important material property and that structural stability at finite temperatures
should be included as a checkpoint during development of semiempirical potentials.
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I. INTRODUCTION

By helping to interpret experiments, find governing rule
and predict materials properties, computational approac
are becoming more and more powerful tools in mater
science and engineering society. Especially, atomistic si
lations ~molecular dynamics or Monte Carlo simulation!
based on semiempirical atomic potentials, which can n
cover over millions of atoms, are being applied to stu
polycrystalline bulk properties of real materials as well
surface or point defect properties. The application of the a
mistic approach is not confined to pure elements but is be
extended to multicomponent alloy systems.

The essence of the semiempirical approach is that
atomic potentials should be able to describe the fundame
physical properties of the real elements or alloy systems
der consideration. Several atomic potential models have b
developed and are used. However, most of them are for
cific elements—for example, only for fcc elements, only f
bcc elements, or only for diamond structured eleme
Therefore, the alloy systems that can be covered are mo
those composed of elements of the same crystal structure
order to apply the atomistic approach to wider range of al
systems it is important to be able to describe wide range
elements with various crystal structures using a common
malism.

The modified embedded atom method~MEAM ! potential
proposed by Baskeset al.1–4 was the first semiempirica
atomic potential formalism that showed the possibility th
one single formalism can be applied to a wide range of e
ments including fcc, bcc, hcp, diamond-structured eleme
and even gaseous elements. However, the originally p
lished MEAM parameter sets3,4 showed some critical short
comings. For example, in the case of bcc elements, the
0163-1829/2003/68~14!/144112~11!/$20.00 68 1441
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structure was not the most stable structure and other st
tures were created during molecular dynamics~MD! runs at
finite temperatures.

It was thought that the problem of the MEAM in th
description of bcc elements originates from the fact that
original MEAM considers only first nearest-neighbor inte
actions but not second nearest-neighbor interactions wh
distance is larger than the first nearest-neighbor distance
only 15%. The MEAM formalism was modified once aga
so that it can consider the second nearest-neighbor inte
tions partially. Using this new MEAM formalism which wa
named the second nearest-neighbor MEAM~2NN
MEAM !,5,6 the problems found in the original first neares
neighbor MEAM ~1NN MEAM! for bcc elements could be
solved.

However, recently, a similar problem on the structural s
bility was found by Maeet al.7 in the MEAM potentials for
hcp elements. They reported that among the 18 hcp elem
described by the MEAM~Ref. 4! only 7 stay in the hcp
structure after MD runs at a finite temperature while oth
result in a stable structure different from the hcp.

The present authors thought that the above problem
the 1NN MEAM for bcc and hcp elements were caused
cause the model parameters were determined by some
chanical procedures based on 0 K physical properties with-
out considering the relaxations or probable reconstruction
finite temperatures. Then, the present authors decide
carefully examine the structural stabilities of fcc elements
MEAM at finite temperatures. Because fcc elements were
representative elements which could be successfully
scribed by many other empirical atomic potential models
was expected that the MEAM would not result in any critic
shortcomings for fcc elements. Unfortunately, howev
some critical shortcomings were also found in the MEA
potentials3 for fcc elements.
©2003 The American Physical Society12-1
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The present authors examined the MEAM potentials
Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb. Three different problem
were found in the MEAM descriptions3 on the above eigh
fcc elements. First, for Al, the fcc structure was not the m
stable structure. A hexagonal structure whose potential
ergy is much more negative than that of fcc was crea
during MD runs at a finite temperature. Second, unexpec
surface reconstructions or even structural transitions w
found when a finite-temperature MD run was performed
thin films with a ~100!, ~110!, or ~111! surface. Third, in
general, the MEAM potentials for the fcc elements resul
in too low thermal expansion coefficients in comparison w
experimental information. The calculated values of therm
expansion coefficients of fcc elements at the tempera
range of 0 –100 °C were lower than experimental data
about one order of magnitude. During the present work
was found that most of the above problems in the MEA
potentials of fcc elements could be solved by redetermin
the model parameters, paying special attention to the de
of many-body screening as has been done in the deve
ment of the 2NN MEAM.5,6

The purpose of the present work is to provide new~1NN
or 2NN! MEAM parameter sets for the fcc elements Cu, A
Au, Ni, Pd, Pt, Al, and Pb, which does not result in t
above-mentioned unexpected structural transitions or un
pected surface reconstructions and result in good agree
with experimental information in the thermal expansion c
efficient as well as other physical properties that co
readily be described satisfactorily. In Sec. II, the formalis
of the MEAM will be briefly described. Here, the differenc
between the original 1NN MEAM and the 2NN MEAM wil
be highlighted. In Sec. III, the procedure for the determin
tion of parameter values will be given. Comparisons betw
some calculated and experimental physical properties of
fcc elements will be given in Sec. IV. The general perfo
mance of the present potentials and the importance of
degree of many-body screening as a material property
MEAM will also be discussed in this section, and Sec. V i
summary.

II. FORMALISM

A full description on the original MEAM formalism ha
been published in the literature3,4 and the formalism of the
2NN MEAM has also been published in detail.6 In this sec-
tion, both models will be briefly reviewed highlighting th
commonness and difference between them.

A. MEAM

In the MEAM, the total energy of a unary system is a
proximated as

E5(
i

FF~ r̄ i !1
1

2 (
j (Þ i )

f~Ri j !G . ~1!

F is the embedding function,r̄ i is the background electro
density at sitei, andf(Ri j ) is the pair interaction betwee
atoms i and j separated by a distanceRi j . The embedding
function is given as follows:
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F~ r̄ !5AEc~ r̄/ r̄0!ln~ r̄/ r̄0!. ~2!

Here, A is an adjustable parameter,Ec is the sublimation
energy, andr̄0 is the background electron density for a re
erence structure. The reference structure is a structure w
individual atoms are on the exact lattice points without d
viation. Normally, the equilibrium structure is taken as t
reference structure for elements. The background elec
density r̄ i is composed of a spherically symmetric part
electron densityr i

(0) and the angular contributionsr i
(1) ,

r i
(2) , and r i

(3) . Each partial electron density term has t
following form:

~r i
(0)!25F(

j Þ i
r j

a(0)~Ri j !G2

, ~3a!

~r i
(1)!25(

a
F(

j Þ i

Ri j
a

Ri j
r j

a(1)~Ri j !G2

, ~3b!

~r i
(2)!25(

a,b
F(

j Þ i

Ri j
a Ri j

b

Ri j
2

r j
a(2)~Ri j !G 2

2
1

3 F(
j Þ i

r j
a(2)~Ri j !G2

,

~3c!

~r i
(3)!25 (

a,b,g
F(

j Þ i

Ri j
a Ri j

b Ri j
g

Ri j
3

r j
a(3)~Ri j !G 2

2
3

5 (
a

F(
j Þ i

Ri j
a

Ri j
r j

a(3)~Ri j !G2

. ~3d!

Here,r j
a(h) represent atomic electron densities fromj atom at

a distanceRi j from atom i. Ri j
a is the a component of the

distance vector between atomsj and i (a5x,y,z). The ex-
pression for (r i

(3))2 @Eq. ~3d!# is a recent modification to
make the partial electron densities orthogonal.8 The way of
combining the partial electron densities to give the to
background electron density is not unique, and several
pressions have been proposed.9 Among them, the following
form is used in the present work:

r̄ i5r i
(0)
•2/~11e2G i !, ~4!

where

G i5 (
h51

3

t (h)@r i
(h)/r i

(0)#2 ~5!

and t (h) are adjustable parameters. The atomic electron d
sity is given as

ra(h)~R!5e2b(h)(R/r e21), ~6!

whereb (h) are adjustable parameters andr e is the nearest-
neighbor distance in the equilibrium reference structure.

Using Eqs.~3!–~6!, the background electron density
each atomic site can be computed both for a given refere
structure without thermal deviation of individual atoms a
for a general atomic configuration with thermal deviation
atoms. Then the embedding function values can be comp
2-2
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for individual atoms according to Eq.~2!. Now, for the en-
ergy calculation the pair interaction terms in Eq.~1! should
be computed. In the MEAM, no specific functional expre
sion is given directly tof(R). Instead, the energy per ato
for the equilibrium reference structure is given a value a
function of atomic volume~nearest-neighbor distance!. Then,
the value off(R) is computed from the known values of th
total energy per atom and the embedding function, as a fu
tion of nearest-neighbor distanceR.

The value of the energy per atom for the equilibrium r
erence structure is obtained from the zero-temperature
versal equation of state by Roseet al.10 as a function of
nearest-neighbor distanceR:

Eu~R!52Ec~11a* 1da* 3!e2a* , ~7!

whered is an adjustable parameter and

a* 5a~R/r e21! ~8!

and

a5~9BV/Ec!
1/2. ~9!

Eu(R) is the universal function for a uniform expansion
contraction in the reference structure,r e is the equilibrium
nearest neighbor distance,B is the bulk modulus, andV is
the equilibrium atomic volume.

Here, it should be noted that for a given reference str
ture where bonding directions among neighbor atoms
fixed, the embedding function and the energy per atom
comes a function of only nearest-neighbor distance. If o
first nearest-neighbor interactions are considered as in
original 1NN MEAM, the energy per atom can be written
follows:

Eu~R!5F@ r̄0~R!#1~Z1/2!f~R!, ~10!

whereZ1 is the number of nearest-neighbor atoms. The
pressions for the embedding functionF and energy per atom
Eu(R) are now available@from Eqs. ~2! and ~7!, respec-
tively#. The expression for the pair interaction between t
atoms separated by a distanceR, f(R), is obtained from Eq.
~10! as follows:

f~R!5~2/Z1!$Eu~R!2F@ r̄0~R!#%. ~11!

B. Difference between the 1NN MEAM and the 2NN MEAM

The key difference between the 1NN and 2NN MEAM
that second nearest-neighbor interactions are considere
the 2NN MEAM. In the 2NN MEAM, the summations in
Eqs. ~3a!–~3d! for computation of partial electron densitie
are extended to the second nearest-neighbor atoms. The
extension is made also in the summation for computation
pair interactions in Eq.~1!. Therefore, the equation for en
ergy per atom@Eq. ~10!# should be also modified so that
involves the pair interactions with second nearest-neigh
atoms as follows:

Eu~R!5F@ r̄0~R!#1~Z1/2!f~R!1~Z2S/2!f~aR!.
~12!
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Here, Z2 is the number of second nearest-neighbor ato
and a is the ratio between the second and first neare
neighbor distances.S is the screening function on the secon
nearest-neighbor interactions and will be described in m
detail at the end of this section. It will only be mentione
here that the screening functionS is a material constant in the
2NN MEAM. By introducing another pair potentialc(R),
Eq. ~12! can be written again as follows:

Eu~R!5F@ r̄0~R!#1~Z1/2!c~R!, ~13!

where

c~R!5f~R!1~Z2S/Z1!f~aR!. ~14!

Now, c(R) can be calculated from Eq.~13! as a function of
R. Then, the pair potentialf(R) is calculated using the fol-
lowing relation, also as a function ofR:

f~R!5c~R!1 (
n51

~21!n~Z2S/Z1!nc~anR!. ~15!

Here, the summation is performed until the correct value
energy is obtained for the equilibrium reference structure

It has been mentioned that only first nearest-neighbor
teractions are considered in the 1NN MEAM. The neglect
the second nearest-neighbor interactions is made by the
of a strong many-body screening function. In the same w
the consideration of the second nearest-neighbor interact
in the 2NN MEAM is also made by adjusting the many-bo
screening function so that it becomes less severe.

The amount of screening of ak atom to the interaction
betweeni and j atoms is determined using a simple geom
ric construction.9,11 Imagine an ellipse on anx, y plane, pass-
ing through atomsi, k, and j, with the x axis of the ellipse
determined by atomsi and j. The equation of the ellipse is
given by

x21~1/C!y25S 1

2
Ri j D 2

. ~16!

For eachk atom, theC value can be computed from th
relative distances among the three atomsi, j, andk. EachC
value defines an ellipse with its owny-axis length. The basic
idea for the amount of screening is as follows: Two valu
Cmax andCmin (Cmax.Cmin) are given, so that two ellipse
with different length of they axis can be defined. If ak atom
is located outside of the larger ellipse defined byCmax—that
is, if C value for ak atom is larger thanCmax—it is assumed
that thek atom does not give any effect on thei -j interaction.
In this case, the screening factor is 1. IfC value for ak atom
is smaller thanCmin , then it is assumed that thek atom
completely screens thei -j interaction. In this case, the
screening factor becomes zero. Between the twoC values
(Cmax and Cmin), the screening factor changes gradua
The resultant many-body screening function between atomi
andj is defined as the product of the screening factors du
all other neighbor atomsk. The screening function is the
multiplied by the atomic electron densities and pair potent

In the original 1NN MEAM,3 Cmax52.8 andCmin52.0
were chosen so that first nearest neighbors are comple
2-3
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TABLE I. Parameters for the MEAM potential of Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb. The units of
sublimation energyEc , the equilibrium nearest-neighbor distancer e , and the bulk modulusB are eV, Å, and
1012 dyn/cm2, respectively.

Ec r e B A b (0) b (1) b (2) b (3) t (1) t (2) t (3) Cmax Cmin d

Cu 3.54 2.555 1.420 0.94 3.83 2.2 6.0 2.2 2.72 3.04 1.95 2.80 1.21
Ag 2.85 2.880 1.087 0.94 4.73 2.2 6.0 2.2 3.40 3.00 1.50 2.80 1.38 0
Au 3.93 2.880 1.803 1.00 5.77 2.2 6.0 2.2 2.90 1.64 2.00 2.80 1.53 0
Ni 4.45 2.490 1.876 0.94 2.56 1.5 6.0 1.5 3.10 1.80 4.36 2.80 0.81 0
Pd 3.91 2.750 1.955 0.94 5.15 2.2 6.0 2.2 4.50 1.47 4.85 2.80 1.69
Pt 5.77 2.770 2.884 0.90 4.92 2.2 6.0 2.2 3.9422.20 3.84 2.80 1.53 0.05
Al 3.36 2.860 0.794 1.16 3.20 2.6 6.0 2.6 3.05 0.51 7.75 2.80 0.49 0
Pb 2.04 3.500 0.488 1.01 5.42 2.2 6.0 2.2 3.10 3.91 1.25 2.80 0.81
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unscreened for reasonably large thermal vibration in the
structure and the interactions are still first neighbor only e
in the bcc structure. In the 2NN MEAM,5,6 the second
nearest-neighbor interactions are taken into consideratio
giving a value smaller than 1.0~2.0! to Cmin for fcc ~bcc!
structure. In the 2NN MEAM,Cmin is a material constant
However, if a value larger than 1.0~2.0! is given toCmin for
fcc ~bcc! reference structure, then the screening functioS
becomes zero and the formalism of the 2NN MEAM b
comes exactly the same as that of the 1NN MEAM. It h
been shown6 that the 2NN MEAM can be easily extended
describe binary alloy systems using a similar method a
the 1NN MEAM, and will not repeated here.

III. DETERMINATION OF THE PARAMETERS

The 2NN MEAM formalism for elements was applied
evaluate the MEAM parameters for the fcc elements Cu,
Au, Ni, Pd, Pt, Al, and Pb. The parameters were determi
by fitting to physical properties of each element, as will
described. The parameters finally determined for individ
elements are listed in Table I. Here, the reference structu
fcc for all elements. In this section, the procedure for
determination of these parameter values are presented.

The 2NN MEAM formalism gives 14 model paramete
as shown in Table I. Here, the values of the sublimat
energy Ec , equilibrium nearest-neighbor distancer e , and
the bulk modulusB are given experimentally. Therefore, th
actual number of adjustable parameters is eleven.

Of the 11 adjustable parameters~those listed in Table I
exceptEc , r e , andB), Cmax was given the same value~2.8!
as in the 1NN MEAM.3 For b (1), b (2), andb (3), it was also
intended to keep the same values~2.2, 6.0, and 2.2, respec
tively! as in the 1NN MEAM because the effect of tho
parameters on the physical properties considered here
meager. In some cases, different values were given tob (1)

and b (3) in order to better fit surface relaxation, as will b
mentioned later again. In any case, the 1NN MEAM valu
~2.2, 6.0, 2.2! could be good starting values. By fixing th
values ofCmax, b (1), b (2), andb (3), the adjustable param
eters whose values should be actually determined by fit
to physical properties become only seven,A, b (0), t (1), t (2),
t (3), Cmin , andd.

For the determination of the adjustable parameter valu
14411
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a similar procedure to the previous one for bcc transit
metals6 was used. In the previous work, the (]B/]P) value,
elastic constants, surface energy, vacancy formation ene
and structural energy differences between fcc and bcc
between fcc and hcp have been used for the determinatio
the model parameter values. In the present work for the
metals, the~111! stacking fault energy, the activation energ
of vacancy diffusion, and the thermal expansion coeffici
were added to the fitting list. Also, special attention was p
to the surface reconstructions on the~100!, ~110!, and~111!
surfaces. This was because the original 1NN MEAM resul
in unexpected surface reconstructions for fcc elements.

The present authors were aware of the quasihexag
reconstruction on~100! surfaces12 and (132) missing row
reconstruction on~110! surfaces13 of the late 5d elements
~Au and Pt in the present case!. The quasihexagonal~100!
surface reconstructions are reported to be not identical in
relevant elements, but qualitatively very similar to ea
other.14 A representative~100! surface reconstruction ob
tained using the MEAM is shown in Fig. 1. This configur
tion was obtained after holding a thin film with~100! surface
for several picoseconds at 800 K and cooling to 0 K. T
problem in the original 1NN MEAM~with Cmin52.0) is that
such a~100! reconstruction is obtained not only for Au an
Pt, but also for all of the fcc metals considered. More se

FIG. 1. Top view of the quasihexagonal reconstruction of
~100! surface frequently obtained using 1NN MEAM potentials f
fcc elements.
2-4
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ously, when similar MD runs were performed for thin film
with ~110! or ~111! surfaces, even phase transitions as wel
surface reconstructions resulted for most of the fcc eleme
In an fcc structure with~111! surface, each atom on the su
face layer should be located above three atoms of the
atomic layer. The representative~111! surface reconstruction
obtained using the original 1NN MEAM was that each ato
on the surface layer is located above two atoms of the n
atomic layer instead of three. During the present work, it w
confirmed by a first-principles calculation that such~111!
surface reconstruction is a less stable one. Therefore, sp
attention was paid during the present work so that the abo
mentioned unexpected surface reconstructions and p
transitions can be avoided.

The procedure for determining the model parameter v
ues begins with determining the value ofd. This value could
be determined separately from the other parameters
could be only determined by fitting the (]B/]P) value. It has
been decided in the previous study on bcc metals6 to give
either 0 or 0.05 tod according to the (]B/]P) value by
experiments or first-principles calculation. This was beca
the experimental information on (]B/]P) was not always
available and the accuracy of first-principles calculations w
not very good to be used for the determination of thed value
as a material constant. For Cu, Ag, Au, Al, and Pb, exp
mental information on (]B/]P) was available while it was
not for Ni, Pd, and Pt. Thed values for Ni, Pd, and Pt wer
estimated based on first-principles calculation on Ni.15 The
first-principles~FP! calculated and experimentally reporte
(]B/]P) values of individual elements are compared w
the present MEAM values calculated ford50 andd50.05
in Table II. Based on this comparison, the finally selected
values are 0 for Pb and 0.05 for all others.

After the d value is determined, all the other model p
rametersA, b (0), t (1), t (2), t (3), and Cmin are determined
fitting elastic constants (C11, C12, C44), surface energy
(E(sur f)), vacancy formation energy (Ev

f ), activation energy
of vacancy diffusion (Q), ~111! stacking fault energy (Es f),
structural energy differences (DEf cc→bcc , DEf cc→hcp), ther-
mal expansion coefficient (e), and examining the occurrenc

TABLE II. ( ]B/]P) at 0 K by first-principles calculation, a
room temperature~RT! from experiments and MEAM value~0 K!
obtained usingd50 andd50.05 for individual elements. The FP
calculation and experimental data are from Refs. 15 and 10, res
tively.

FP Experimental 2NN MEAM

~0 K! data~RT! d50 d50.05

Cu - 5.25 4.44 4.95
Ag - 5.87 5.01 5.61
Au - 5.90 5.40 6.06
Ni 4.89 - 4.39 4.90
Pd - - 5.28 5.93
Pt - - 5.33 5.98
Al - 4.72 4.12 4.59
Pb - 5.45 5.26 5.89
14411
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of surface reconstructions. Generally, the effect of each
rameter on individual properties is complicated, and it is i
possible to relate one property to one parameter. Howe
the effects of some parameters are certainly confined to o
few properties, and the evaluation of parameters can be d
systematically. Table III shows which parameters can be
termined by fitting which properties for the fcc elemen
Here, the properties that can be used for determining e
parameter value are linked by the plus sign. The plus s
does not mean that the individual properties are affected o
by the linked parameter values. For example, theA param-
eter has an effect on almost all properties. However, the
face energies or the vacancy formation energy are not fi
by adjusting theA value because they can be fitted adjusti
other parameters.

In the present work, it was found that the phase transit
that occurred during MD runs of thin films at finite temper
tures could be removed by lowering theCmin values. In a
previous study,9 it has also been found that the thermal e
pansion is strongly affected by theCmin value, being larger
as a smallerCmin value is given. Here, in the present study,
was confirmed that the observation holds for all eleme
considered. Therefore, a smallerCmin value than the corre-
sponding 1NN MEAM value~2.0! was given as an initial
value, confirming that the givenCmin value does not result in
unexpected phase transitions. However, the~111! surface re-
construction and especially the~100! surface reconstruction
were not controlled by adjusting theCmin value. These un-
expected surface reconstructions could only be removed
adjusting theA values. Therefore anA value which is closest
to the previous 1NN value but does not result in unexpec
surface reconstructions was selected for each element. F
given set ofCmin andA values the elastic constantsC11 and
C12 could only be fitted by adjusting theb (0) parameter.
Then the other elastic constantC44 was fitted by adjusting
the t (2) parameter. The~111! stacking fault energy could only
be effectively fitted by adjusting thet (3) value and, therefore
was used to determine thet (3) value. Finally, the value oft (1)

was optimized so that the~100!, ~110!, and ~111! surface
energies, vacancy formation energy, and activation energ
vacancy diffusion are reproduced equally well. This proc

c-

TABLE III. Effect of parameters on individual properties for fc
elements. The plus sign links individual parameters and relev
properties that can be used for determination of the param
value.

A b (0) t (1) t (2) t (3) Cmin

C11 andC12 1

C44 1

E(sur f) 1

Ev
f 1

QD 1

Es f 1

DEbcc→ f cc 1

DEf cc→hcp 1 1

e 1

Surface reconstruction 1 1
2-5
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dure was repeated changingCmin value fitting the thermal
expansion coefficient.

Using the above procedure, it was usually possible to
actly reproduce the target value of each specific prope
However, it was generally impossible to reproduce tar
values of all properties, simultaneously. Among all propert
considered, it was believed that the elastic constants
those most accurately measured. Therefore, the determ
tion of parameters was done so that the elastic constant
exactly reproduced and so that the other property values
reasonably reproduced considering their accuracy. In the
vious study for bcc elements,6 A and t (3) values were deter
mined mainly fitting the structural energy difference betwe
fcc and bcc and between fcc and hcp structures, respecti
This was possible because at that time unexpected su
reconstructions were not a problem and the~111! stacking
fault energy was not considered. In the present study,
structural energy differences were not the main target of
ting. Instead, it was only checked during the optimizati
procedure that the predicted values are not far from the ta
values.

IV. CALCULATION OF PHYSICAL PROPERTIES

The potentials determined by the above procedure
now be used to compute various physical properties of in

TABLE IV. Calculated and experimental elastic constan
(1012dyn/cm2). Experimental data are from Ref. 16.

C11 C12 C44

MEAM Expt. MEAM Expt. MEAM Expt.

Cu 1.762 1.762 1.249 1.249 0.818 0.81
Ag 1.315 1.315 0.973 0.973 0.511 0.511
Au 2.015 2.016 1.697 1.697 0.454 0.454
Ni 2.612 2.612 1.508 1.508 1.317 1.317
Pd 2.342 2.341 1.761 1.761 0.712 0.71
Pt 3.581 3.580 2.535 2.536 0.775 0.77
Al 1.143 1.143 0.619 0.619 0.316 0.316
Pb 0.556 0.555 0.454 0.454 0.194 0.19
14411
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vidual elements in order to evaluate the reliability of the
The calculations were performed on bulk properties~elastic
constants, structural energy differences!, point defect proper-
ties ~vacancy and interstitial formation energy and formati
volume, activation energy of vacancy diffusion!, planar de-
fect properties~stacking fault energy, surface energy, surfa
relaxation and reconstruction! and thermal properties~ther-
mal expansion coefficients, specific heat, melting point, h
of melting!. In this section, some comparisons between
present calculation and experimental data or high level
culation will be presented.

Table IV shows the calculated and experimental ela
constants (C11, C12, andC44) for individual elements. The
elastic constants were given highest weight during the fitt
procedure and could be reproduced almost exactly.

The calculated structural energy difference and volume
various crystal structures are listed in Table V. Though
energy differences between fcc and bcc (DEf cc→bcc) and
between fcc and hcp (DEf cc→hcp) were included in the fit-
ting procedure, no actual action was made to fit these val
It was only checked that the predicted values are not far fr
the target values. The experimental data being compare
the computedDEf cc→bcc andDEf cc→hcp are thermodynami-
cally assessed values using the calphad method.17 It is shown
that the 9R structure which is reported to occur during th
bcc → fcc transition of Cu precipitates in the bcc F
matrix18–20 is the next stable structure of the fcc elemen
considered.

The next property looked at was point defects. Besides
vacancy formation energy and the activation energy of
cancy diffusion~vacancy formation energy1 vacancy mi-
gration energy!, which were used for fitting, the formatio
energy and structure of a self-interstitial and the volu
change due to the formation of a vacancy or self-intersti
were calculated and are compared with available experim
tal information in Table VI. According to the present calc
lation, the most stable form of a self-interstitial is a dumbb
along @100# direction, in agreement with experiment
information.21

The surface properties~surface energy and its anisotrop
relaxation, and reconstruction! are important for an atomic
scale simulation on thin-film processes and also a good t
he

18.58
6.96
6.05
0.03

24.89
5.97

1.24
44.28
TABLE V. Calculated structural energy differencesDE(eV) and atomic volumesv/n(Å3). The energy differences are relative to fcc. T
atomic volume of fcc and experimental data for the fcc→bcc and fcc→hcp energy differences are also presented for comparison.

fcc bcc hcp 9R Simple cubic Diamond

v/n DEf cc→bcc Expt.a v/n DEf cc→hcp Expt.a c/a v/n DEf cc→9R v/n DEf cc→sc v/n DEf cc→dia v/n

Cu 11.79 0.08 0.04 11.59 0.007 0.006 1.64 11.81 0.005 11.80 0.41 13.03 0.90
Ag 16.89 0.08 0.04 16.51 0.005 0.003 1.64 16.90 0.003 16.90 0.31 19.08 0.66 2
Au 16.89 0.06 0.04 16.18 0.009 0.003 1.65 16.90 0.006 16.90 0.22 18.67 0.67 2
Ni 10.92 0.16 0.09 10.91 0.02 0.01 1.65 10.93 0.014 10.93 0.66 13.06 1.42 2
Pd 14.71 0.17 0.11 14.10 0.02 0.02 1.65 14.73 0.013 14.72 0.41 16.78 1.11
Pt 15.03 0.28 0.16 14.72 0.02 0.03 1.65 15.05 0.015 15.04 0.76 17.55 1.71 2
Al 16.54 0.12 0.10 16.80 0.03 0.06 1.69 16.66 0.02 16.62 0.13 17.60 0.95 3
Pb 30.32 0.04 0.02 30.27 0.003 0.003 1.64 30.33 0.002 30.33 0.11 32.79 0.30

aThermodynamically assessed values~room-temperature data! ~Ref. 17!.
2-6
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TABLE VI. Calculated point defect properties. Values listed are the relaxed vacancy formation e
Ev

f (eV), activation energy of vacancy diffusionQ(eV), vacancy formation volumeDVv
f , and relaxed for-

mation energyEI
f(eV), structure, and formation volumeDVI

f of the most stable interstitial. The experiment
information on the vacancy formation energies, activation energies of diffusion and on the vacan
interstitial formation volume are also presented for comparison. HereV is the equilibrium atomic volume.

Ev
f Q DVv

f /V Interstitial DVI
f /V

MEAM Expt. MEAM Expt. MEAM Expt. EI
f Structure MEAM Expt.

Cu 1.11 1.03a,1.19b,1.30c 2.19 2.09a 20.25 20.22d 3.05 @100# dumbbell 1.72 1.45d

Ag 0.94 1.1c 1.86 1.77e 20.26 20.06f 2.86 @100# dumbbell 1.87
Au 0.90 0.9c 1.75 1.70e 20.36 20.55f 2.93 @100# dumbbell 1.77
Ni 1.51 1.6g 2.98 2.87e 20.14 20.3h 4.88 @100# dumbbell 1.90 1.70h

Pd 1.50 1.4i,1.7j 2.71 2.76e 20.27 4.68 @100# dumbbell 1.89
Pt 1.50 1.35j,1.5c 2.70 2.64e 20.34 6.64 @100# dumbbell 1.94
Al 0.68 0.68k 1.33 1.28e 20.28 2.49 @100# dumbbell 1.70
Pb 0.58 0.58 1.16 1.11e 20.29 1.54 @100# dumbbell 1.70

aReference 22. gReference 28
bReference 23. hReference 29.
cReference 24. iReference 30.
dReference 25. jReference 31.
eReference 26. kReference 32.
fReference 27.
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bed where the reliability of an empirical potential can
evaluated. Actually the surface properties, especially the
construction of the~100! or ~110! surface, were one of the
main reasons of the present study for a redetermination
MEAM parameters for the fcc elements, because the orig
1NN MEAM parameters resulted in unexpected surface
constructions as mentioned earlier. The surface energies
the surface relaxations of the three low-index surfaces,~100!,
~110!, and ~111! as well as the relaxed~111! stacking fault
energy are presented in Table VII, in comparison with e
perimental information. The experimental surface ene
valuesEpoly

expt are for polycrystalline solids. All these are e
trapolated values from high-temperature experimental d
through some modeling approaches on the temperature
pendences of the surface energy.34,38The calculated stacking
fault energies using the present MEAM potentials are reas
able while the calculated surface energies are generally lo
than experimental data. In the case of surface relaxation
scattering in experimental data is generally large, and
present calculation shows reasonable values within exp
mental uncertainties.

In Table VII, the relative stabilities of the quasihexagon
reconstruction of the~100! surface and the (132) missing
row reconstruction of the~110! surface to corresponding (1
31) unreconstructed surfaces are also given by ‘‘O’’ a
‘‘X.’’ ‘‘O’’ means that the relevant reconstructed surface
more stable than the (131) unreconstructed surface. Expe
mentally, it is reported that the quasihexagonal~100! surface
reconstruction and (132) missing row~110! surface recon-
struction occur only on Au and Pt surfaces among the
elements considered. The present potential correctly pred
that such reconstructions are stable on both~100! and ~110!
surfaces of Pt. However, for Au, both reconstructions are
14411
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predicted to be stable. Further, the (132) missing row sur-
face reconstruction is incorrectly predicted to be stable
~110! surfaces of Ni and Al. It should be noted here that t
results in Table VII do not mean that the MEAM formalis
describes the~100! surface properties better than~110! sur-
face properties for fcc elements. For example, for Ni, it w
possible to adjust the parameters so that~110! surface recon-
struction is correctly described, losing a correct descript
of the ~100! surface reconstruction. During the present wo
it was found that the~100! surface reconstruction is obtaine
easily by MD runs at finite temperatures, while the~110!
missing row reconstruction is not. The unexpected~100! sur-
face reconstruction had to be avoided in order to apply
MEAM potential to any atomistic simulation on thin-film
processes on the~100! surfaces. For this practical purpos
when the surface reconstructions of~100! and~110! surfaces
are not correctly reproduced simultaneously, the adjustm
of the parameters was made in a way to describe the~100!
surface reconstruction correctly.

Finally, the properties calculated using the pres
MEAM potential are the thermal properties such as therm
expansion coefficient, specific heat, melting point, heat
melting, and volume change on melting. The results are c
pared with available experimental data in Table VIII. Th
calculated thermal expansion coefficients are in excel
agreement with experimental data because these values
included in the fitting procedure. The melting points a
those calculated using a interface velocity method. The h
of melting is the value obtained at the calculated melt
point of each element. The calculated heat of melting a
volume change of melting are generally larger than the
evant experimental data.

As can be seen in Tables IV–VIII, the present MEA
2-7
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TABLE VII. Calculated stacking fault energiesEs f (erg/cm2), surface energiesE(sur f) (erg/cm2), and relaxationsDd12 ~%! of the
low-index surfaces. Relative stabilities of hexagonal~100! and (132) missing row~110! reconstructions to relevant unreconstructed
31) surfaces are also given by ‘‘O’’ or ‘‘X,’’ where ‘‘O’’ means that the corresponding reconstruction is energetically favorable.Dd12 means
the change of interlayer spacing between the first and second surface layers, relative to corresponding bulk spacing. The experime
energy valuesEpoly

expt are for polycrystalline solids and are those extrapolated from high-temperature experimental data. Values in the
row for each element are experimental or high-level calculation data for corresponding stacking fault energy, surface relaxation, an
reconstruction. Experimental data for surface relaxations are from compilation by Wanet al. ~Ref. 33! if not specifically designated.

~100! ~110! ~111!

Es f Epoly
expt E(100) Dd12 Recon. E(110) Dd12 Recon. E(111) Dd12

Cu 42 1770a 1382 22.5 X 1451 29.3 X 1185 23.1
,78 b 21.160.4, 22.1 X 25.362.4, 210.062.5 X .0, 20.760.5

Ag 21 1320a 983 22.4 X 1010 210.4 X 842 22.1
,22 b 061.5, 21.9f X 27.862.5, 211.0,27.0g X 0.062

Au 40 1540a 1138 24.3 X 1179 217.5 X 928 22.7
,55 b 21.0f O 29.8g O

Ni 125 2240a 1943 21.3 X 2057 26.0 O 1606 21.4
125c 1.161.1, 23.260.5 X 24.861.7, 29.861.8 X 21.261.2

Pd 100 2043d 1743 20.8 X 1786 211.2 X 1435 20.3
100c 0.362.6, h 20.8 f X 26.062.0 X 0.064.4, h 20.961.3 h

Pt 110 2691d 2288 20.8 O 2328 216.0 O 1710 12.6
110c 0.065.1, h 0.0 f O 214 i O 1.164.4, h 1.561.0

Al 141 1085d 848 11.8 X 948 28.9 O 629 11.0
,166b, e 11.8 X 28.561.0 X 0.960.5, 2.2

Pb 9 534d 426 24.2 X 440 213.2 X 375 24.6
- 28.061.2 X 215.862.5 X

aReference 34. fReference 14.
bReferences 35–37. gReference 41.
cReference 37. hReference 42.
dReference 38. iReference 43
eReferences 39, 40.
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potentials reproduce the physical properties of the fcc
ments fairly well. Generally, the calculated bulk propert
~elastic properties and structural energy! and the point defec
properties are quite good. Though the calculated surface
ergies are slightly lower than experimental data, the orde
size of surface energy among elements is kept in agreem
with experimental information. The calculated amount
14411
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surface relaxation is thought to be reasonable when c
pared to experimental information with large scattering. T
potential problem is that the quasihexagonal~100! recon-
struction and the (132) missing row~110! reconstruction
are incorrectly predicted for some elements@Au in the case
of ~100! and Au, Ni, and Al in the case of the~110! surface#.
This should be the subject of future study for further dev
l

TABLE VIII. Calculated thermal properties. Values listed are the thermal expansion coefficiente (1026/K), specific heatCp(J/mol K),

melting point ~K!, heat of meltingDHm(kJ/mol), and volume change on meltingDVm /Vsolid ~%!. The experimental data for therma
expansion coefficient, specific heat, and volume change are from Ref. 26 and others are from Ref. 17.

e (0 –100 °C) Cp (0 –100 °C) Melting point DHm DVm /Vsolid

MEAM Expt. MEAM Expt. MEAM Expt. MEAM Expt. MEAM Expt.

Cu 17.0 17.0 24.9 24.5 1602 1358 18.6 13.3 7.7 4.2
Ag 18.9 19.1 24.6 25.2 1346 1235 17.8 11.3 9.2 3.8
Au 14.2 14.1 24.0 25.6 1410 1337 17.8 12.5 7.4 5.1
Ni 12.6 13.3 25.4 26.5 2013 1728 24.6 17.5 9.1 4.5
Pd 11.1 11.0 23.6 26.3 2014 1828 35.6 16.7 12.8 -
Pt 9.2 9.0 24.6 26.2 2374 2042 33.2 22.2 9.0 -
Al 22.0 23.5 26.2 24.7 937 933 11.0 10.7 6.7 6.5
Pb 30.1 29.0 26.3 26.9 705 601 7.0 4.8 5.7 3.5
2-8
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SEMIEMPIRICAL ATOMIC POTENTIALS FOR THE fcc . . . PHYSICAL REVIEW B 68, 144112 ~2003!
opment of the MEAM formalism. The reason for the calc
lation of thermal properties is two. One is of course to s
whether the present potentials result in melting behavio
the elements correctly. The other is to confirm that the
structure is the most stable structure up to the melting t
perature for all elements considered. Important here is
the problems in the original 1NN MEAM descriptions of th
fcc elements—the instability of fcc structure and incorre
occurrence of surface reconstructions or structural transit
during MD runs as well as the low thermal expansi
coefficient—are mostly solved.

All the present calculations are performed using a rad
cutoff distance for each element. These are 4.0 Å for Ni a
Cu, 5.5 Å for Pb, and 4.5 Å for the others. The results of
present calculations are independent from radial cutoff
tances, as far as they are larger than the second nea
neighbor distance by more than about 0.2 Å. This is beca
of the many-body screening. The recommended value is
mean value between the second and third nearest-neig
distances.

During the present study, great effort has been mad
solve the already-mentioned problems of the 1NN MEA
potentials on the fcc elements. Using the 1NN MEAM p
rameters as a starting set, the effects of individual parame
on the various properties were carefully examined. The
stability of fcc structure that occurred for 1NN MEAM A
and the structural transitions that occurred for most of the
elements considered during MD runs over thin films w
~110! and/or ~111! surfaces at finite temperatures could
solved by giving lower values toCmin than the 1NN MEAM
value 2.0. However, the occurrence of the already-mentio
unexpected surface reconstructions on~100! and ~111! sur-
faces could not be avoided by simply lowering theCmin
value. These surface reconstructions, especially
hexagonal-type~100! surface reconstruction~Fig. 1! that oc-
curred for all elements considered, could only be removed
changing the value ofA significantly from the initial 1NN
MEAM values.

For Cu, Ag, Ni, and Pd, theA value had to be lowered
compared to corresponding 1NN MEAM values. This ma
the ~110! reconstruction more stable for Ni even though t
energy difference is small. According to the original 1N
MEAM of Ni, the reconstructed~110! surface was less stabl
than the unreconstructed surface. Instead, the reconstru
~100! surface was much more stable than the unreconstru
surface. With the present description of Ni, the situation
the opposite. The selection of a low-A value for Ni in the
present study is only due to a practical reason as alre
mentioned—that is, in order to make the~100! reconstruction
that occurs easily during MD runs at finite temperatures l
stable than the corresponding unreconstructed surface s
ture. For Au and Pt, the~100! reconstructions were the ex
pected ones. However, for these elements the~111! recon-
struction mentioned in the previous section became
problem. TheA parameter values had to be lowered in ord
to remove the unexpected~111! surface reconstructions. Fo
Au, more attention was paid to avoid the unexpected~111!
surface reconstruction rather than to reproduce the~100! re-
construction. In the case of Al, the problem was that the
14411
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32) missing row reconstruction on the~110! surface is too
much stable compared to unreconstructed surface. This c
be improved a little by increasing theA parameter value.
However, the incorrect~110! reconstruction could not be
completely removed by adjusting parameter values wit
the framework of current formalism of the MEAM. It shoul
be mentioned here that an attempt to improve the reconst
tion properties by changing theb (1), b (2), andb (3) values
has been also made during the present work. However,
attempt was not successful. For Pb, the energy differe
between the reconstructed and unreconstructed~100! sur-
faces according to the original 1NN MEAM was small. Th
~100! reconstruction could be made less stable than the
responding unreconstructed surface structure easily by
justing the parameter values other than theA parameter. The
main difference between the 1NN MEAM and the prese
2NN MEAM potential for Pb is that theCmin parameter was
given a value of 0.81 in the present potential instead of
1NN value 2.0. With the 1NN MEAM potential the calcu
lated thermal expansion coefficient in the temperature ra
of 0 –100 °C was about 331026 K21. According to the
present description it is 3031026 K21. The corresponding
experimental data is 2931026 K21.

In the present study, for Ni and Al theb (1) andb (3) pa-
rameters were given different values from the initial 1N
MEAM value of 2.2. By this the surface relaxations could
predicted in better agreement with experimental informati
However, this adjustment was not extended to other elem
because the agreements were already good or the experi
tal information was not decisive and also because such
extension was not helpful to improve the surface reconstr
tion properties. It should be mentioned here that recently V
Beurden and Kramer44 presented new 1NN MEAM param
eter sets for Rh, Pd, Ir, and Pt. They utilized all theb (1),
b (2), andb (3) parameters as adjustable parameters instea
giving them fixed values as in the original MEAM~Ref. 3!
and in the present work. Using the new parameter sets,
could describe the surface relaxation and reconstruc
properties correctly even though the description of ela
properties (C11, C12, and C44) was not very good. This
means that the possibility of giving nonfixed values tob (1),
b (2), andb (3) should not be closed in a future study esp
cially to improve the surface reconstruction properties.

As already mentioned, the flexibility of the prese
MEAM formalism is that there exist no clear boundary b
tween the 1NN MEAM and the 2NN MEAM. The 2NN
MEAM formalism becomes exactly the same as that of 1N
MEAM if the Cmin parameter is adjusted so that only fir
nearest-neighbor interactions are involved in the calcula
of background electron density for a reference structurer̄0

and pair potentialr(R). The boundary value ofCmin that
categorizes the formalism into 1NN or 2NN MEAM is abo
1.0 in the case of fcc reference structure. Therefore, one
say that in the present study Ni, Al, and Pb were descri
by the 2NN MEAM while the other elements were describ
by the 1NN MEAM. The main difference between th
present potentials and the originally published 1NN MEA
potentials3 for the fcc elements is not that the 2NN MEAM
2-9
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formalism is adapted in the present study. A more import
finding in the present study is that the degree of many-b
screening should be a material property, giving different v
ues toCmin of individual elements. Actually, a similar trea
ment has been done in the previous study on bcc trans
metals.6 For a bcc structure, the formalism becomes 2NN
value lower than 2.0~1NN MEAM value! is given toCmin ,
and such low values were indeed given for all the bcc e
ments considered. At that time, it was thought that consid
ing second nearest-neighbor interactions is important
cause the second nearest-neighbor distance in the
structure is greater than that of the first nearest-neighbor
tance by only 15%. In the present case for fcc elements, e
though the 2NN MEAM is applied to some elements, t
portion of second nearest-neighbor interactions that is
cluded in the energy calculation is less than a few perc
Actually, theS value in Eqs.~12!–~15! is only about 0.025
for Al, the element with the lowestCmin value. The calcu-
lated 0 K bulk properties and point defect properties are
affected by theCmin parameter if this value is greater tha
1.0. The fact that lower values ofCmin than 2.0 but larger
than 1.0 were needed for many fcc elements even tho
they would not give significant effect on the 0 K bulk prop-
erties indicates that generally many-body screening gives
cisive effects on the surface and thermal properties where
degree of defect is relatively severe. For a better descrip
of surface and thermal properties, the future study on
MEAM formalism should be concentrated on the function
form of many-body screening which was actually develop
in an ad hoc manner.3 It should be mentioned here that
different form9 of Eq. ~4! has been also tested during th
present study and was found to yield a marginal but a cer
difference. The present study also shows the importanc
thermal properties~including structural stability! as a mem-
ber of test bed for semiempirical potentials.

Further, it should be noted here that the process of find
the fitting parameters was kept relatively simple in t
present study, because a more extensive method~a simulta-
neous fit, one involving all parameters! would be computa-
tionally very costly. As a result, the agreement of calcula
material properties with experimental material properti
both fitted and unfitted, was not necessarily optimal. Con
tions relatively far away from equilibrium were not teste
extensively, so that applying the potentials in such ca
should be done only with extreme caution. Also, as alre
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shown, though the need for including second neighbors
modeling fcc elements was investigated in this paper,
outcome is not conclusive. The reason for this is that
screening factors for second neighbors are 0.025 or sma
An alternative first-neighbors-only description with differe
parameters may be equally well possible. The current res
constitute just one of the possibilities at the indicated leve
compatibility with the fitted experimental data.

Finally it should be mentioned that the structural stabil
problem in the 1NN MEAM for hcp elements4 found by Mae
et al.7 may be solved by similar treatments to the pres
study. The present authors could confirm that the struct
instability7 of hcp Ti according to the 1NN MEAM~Ref. 4!
could be solved by simply lowering theCmin value from 2.0
to 0.81. An extensive study to improve the MEAM for hc
elements will be performed near future.

V. CONCLUSIONS

The problems caused by the original first nearest-neigh
MEAM potentials for fcc elements, the structural instabilit
the phase transitions, or incorrect surface reconstruction
thin films with ~100!, ~110!, and/or~111! surfaces and the too
low thermal expansion coefficients have now been mo
solved. The MEAM parameter values for Cu, Ag, Au, Ni, P
Pt, Al, and Pb were redetermined, adapting a recently de
oped second nearest-neighbor MEAM formalism as well
the original first nearest-neighbor MEAM. The new MEAM
potentials yield the bulk properties, point defect properti
planar defect properties, and thermal properties of the
elements considered in good agreement with experime
information. The present study shows that in the MEAM t
degree of many-body screening should be a material p
erty, giving different values toCmin of individual elements,
and that thermal properties, especially the structural stabi
should be included as a checkpoint during the developm
of semiempirical potentials.
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22W. Schüle, Z. Metallkd.89, 672 ~1998!.
23Th. Hehenkamp, W. Berger, J.-E. Kluin, Ch. Lu¨decke, and J.

Wolff, Phys. Rev. B45, 1998~1992!.
24R.W. Balluffi, J. Nucl. Mater.69Õ70, 240 ~1978!.
25P. Ehrhart, J. Nucl. Mater.69Õ70, 200 ~1978!.
26Smithells Metals Reference Book, 7th ed., edited by E.A. Brande

and G.B. Brook~Butterworth-Heinemann, Oxford, 1992!.
27P. Ehrhart, inVacancies and Interstitials in Metals, edited by A.

Seeger, D. Schumacher, W. Schilling, and J. Diehl~North-
Holland, Amsterdam, 1970!, p. 363.

28W. Wycisk and M. Feller-Kniepmeier, J. Nucl. Mater.69Õ70, 616
~1978!.

29O. Bender and P. Ehrhart, inPoint Defects and Defect Interac
tions in Metals, edited by J. Takamura, M. Doyama, and M
Kiritani ~North-Holland, Amsterdam, 1982!, p. 639.
14411
.

,

30S.M. Foiles, M.I. Baskes, and M.S. Daw, Phys. Rev. B33, 7983
~1986!.

31H. Schultz and P. Ehrhart, inAtomic Defects in Metals, edited by
H. Ullmaier, Landolt-Bo¨rnstein, New Series, Group II
~Springer, Berlin, 1991!.

32H.-E. Schaefer, R. Gugelmeier, M. Schmolz, and A. Seeg
Mater. Sci. Forum15-18, 111 ~1987!.

33J. Wan, Y.L. Fan, D.W. Gong, S.G. Shen, and X.Q. Fan, Mod
Simul. Mater. Sci. Eng.7, 189 ~1999!.

34W.R. Tyson and W.A. Miller, Surf. Sci.62, 267 ~1977!.
35L.E. Murr, Interfacial Phenomena in Metals and Alloys~Addison-

Wesley, Reading, MA, 1975!.
36J.P. Hirth and J. Lothe,Theory of Dislocations ~Wiley-

Interscience, New York, 1982!.
37C.S. Barrett and T.B. Massalski,Structure of Metals~McGraw-

Hill, New York, 1966!.
38L.Z. Mezey and J. Giber, Jpn. J. Appl. Phys., Part 121, 1569

~1982!.
39R.H. Rautioaho, Phys. Status Solidi B112, 83 ~1982!.
40K.H. Westmacott and R.L. Peck, Philos. Mag.23, 611 ~1971!.
41K.-P. Bohnen and K.M. Ho, Electrochim. Acta40, 129 ~1995!.
42P.R. Watson, M.A. Van Hove, and K. Hermann,Atlas of Surface

Structures: Based on the NIST Surface Structure Datab
~SSD! ~American Chemical Society, Washington, D.C., 199!,
Vol. 1A.

43S.J. Jenkins, M.A. Petersen, and D.A. King, Surf. Sci.494, 159
~2001!.

44P. van Beurden and G.J. Kramer, Phys. Rev. B63, 165106~2001!.
2-11


