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Modified embedded atom methdflEAM) 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 reconstructi@e€)pfi10),
and/or(111) surfaces. The newly developed MEAM potentials solve most of the problems and describe the
bulk propertiegelastic constants, structural energy differencpsint defect propertieézacancy and intersti-
tial formation energy and formation volume, activation energy of vacancy diffyspianar defect properties
(stacking fault energy, surface energy, surface relaxation and reconstyuetionthermal propertieghermal
expansion coefficients, specific heat, melting point, heat of meltfighe fcc elements considered, in good
agreement with relevant experimental information. It has been shown that in the MEAM the degree of many-
body screening C,;,) is an important material property and that structural stability at finite temperatures
should be included as a checkpoint during development of semiempirical potentials.

DOI: 10.1103/PhysRevB.68.144112 PACS nuntder61.50.Lt, 62.20.Dc, 64.70.Dv, 64.70.Kb

[. INTRODUCTION structure was not the most stable structure and other struc-
tures were created during molecular dynan{ii®) runs at
By helping to interpret experiments, find governing rules,finite temperatures.

and predict materials properties, computational approaches It was thought that the problem of the MEAM in the
are becoming more and more powerful tools in materialglescription of bcc elements originates from the fact that the
science and engineering society. Especially, atomistic simieriginal MEAM considers only first nearest-neighbor inter-
lations (molecular dynamics or Monte Carlo simulatipns &ctions but not second nearest-neighbor interactions whose
based on semiempirical atomic potentials, which can novfistance is larger than the f|r_st nearest-nellglhbor d|stanc¢ by
cover over millions of atoms, are being applied to study©"y 15%. The MEAM formalism was modified once again

polycrystalline bulk properties of real materials as well asS0 that it can consider the second nearest-neighbor interac-

. : o tions partially. Using this new MEAM formalism which was
surface or point defect properties. The application of the ato med the second nearest-neighbor MEANENN

.. . . . . al
mistic approach is not confined to pure elements but is bema/lEAM),f”G the problems found in the original first nearest-
extended to multicomponent alloy systems.

The essence of the semiempirical approach is that thnelgggor MEAM (INN MEAM) for bee elements could be

atom.ic potentials should be able to describe the fundamental HoWever, recently, a similar problem on the structural sta-
physical _prope_rtles of the real e!ements or alloy systems “n()ility was found by Maeet al” in the MEAM potentials for
der consideration. Several atomic potential models have beem:p elements. They reported that among the 18 hcp elements
developed and are used. However, most of them are for spgrescriped by the MEAMREef. 4 only 7 stay in the hcp
cific elements—for example, only for fcc elements, only for strycture after MD runs at a finite temperature while others
bcc elements, or only for diamond structured elementsresun in a stable structure different from the hcp
Therefore, the alloy systems that can be covered are mostly The present authors thought that the above problems of
those composed of elements of the same crystal structures. ihe 1NN MEAM for bcc and hep elements were caused be-
order to apply the atomistic approach to wider range of alloycause the model parameters were determined by some me-
systems it is important to be able to describe wide range o€hanical procedures based 6 K physical properties with-
elements with various crystal structures using a common foreut considering the relaxations or probable reconstructions at
malism. finite temperatures. Then, the present authors decided to
The modified embedded atom meth®dEAM) potential  carefully examine the structural stabilities of fcc elements by
proposed by Baskest all~* was the first semiempirical MEAM at finite temperatures. Because fcc elements were the
atomic potential formalism that showed the possibility thatrepresentative elements which could be successfully de-
one single formalism can be applied to a wide range of elescribed by many other empirical atomic potential models, it
ments including fcc, becc, hep, diamond-structured elementsyas expected that the MEAM would not result in any critical
and even gaseous elements. However, the originally pubshortcomings for fcc elements. Unfortunately, however,
lished MEAM parameter seté showed some critical short- some critical shortcomings were also found in the MEAM
comings. For example, in the case of bcc elements, the baootentials for fcc elements.
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The present authors examined the MEAM potentials on F(p)=AE(plp®)In(plp®). )
Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb. Three different problems
were found in the MEAM descriptiofion the above eight Here, A is an adjustable parametéf, is the sublimation
fcc elements. First, for Al, the fcc structure was not the mosknergy, ancg) is the background electron density for a ref-
stable structure. A hexagonal structure whose potential ererence structure. The reference structure is a structure where
ergy is much more negative than that of fcc was createdhdividual atoms are on the exact lattice points without de-
during MD runs at a finite temperature. Second, unexpectediation. Normally, the equilibrium structure is taken as the
surface reconstructions or even structural transitions wergeference structure for elements. The background electron
found when a finite-temperature MD run was performed oryensity ). is composed of a spherically symmetric partial
thin films with a (100), (11_0), or (111) surface. Third, in electron densitypi(o) and the angular contributionsi(l),
general, the MEAM potentials for the fcc elements reSUIt.edpr), and p®. Each partial electron density term has the
in too low thermal expansion coefficients in comparison with ' . Lo
experimental information. The calculated values of thermarOIIOWIng form:
expansion coefficients of fcc elements at the temperature
range of 0—100°C were lower than experimental data by (p{9)2=
about one order of magnitude. During the present work, it
was found that most of the above problems in the MEAM w 2
potentials of fcc elements could be solved by redetermining (p(l))2:2 &p‘f"(l)(R--) (3b)
the model parameters, paying special attention to the degree ! = |7 R e
of many-body screening as has been done in the develop-
ment of the 2NN MEAM=® aRB

The purpose of the present work is to provide n@MN  (p{?)2=>, {2 ”—zupf‘(z)(Rij)
or 2NN) MEAM parameter sets for the fcc elements Cu, Ag, «hp Rij

2
> P?(O)(Rij)} : (33

apf 2

1 (2) ?
_5[12# P} (Rij)} :

J#I

Au, Ni, Pd, Pt, Al, and Pb, which does not result in the (30
above-mentioned unexpected structural transitions or unex- 2
. . RYRPRY
pected surface reconstructions and result in good agreement (p®)2= S DT ae) R
with experimental information in the thermal expansion co- Pi afy | Rf} Pi "

efficient as well as other physical properties that could

readily be described satisfactorily. In Sec. Il, the formalism 3 i a3) 2

of the MEAM will be briefly described. Here, the difference 52 (2 g AR (3d)

between the original INN MEAM and the 2NN MEAM wiill SR

be highlighted. In Sec. lll, the procedure for the determina-l—lere,pf(h) represent atomic electron densities frpatom at

tion of parameter values will be given. Comparisons between distanceR;; from atomi. R is the a component of the

some calculated and experimental physical properties of thgistance vector between atonandi (a=x,y,z). The ex-

fcc elements will be given in Sec. IV. The general perfor-pression for p{*)? [Eq. (3d)] is a recent modification to

mance of the present potentials and the importance of thgake the partial electron densities orthogdh@ihe way of

degree of many-body screening as a material property iBombining the partial electron densities to give the total

MEAM will also be discussed in this section, and Sec. V is apackground electron density is not unique, and several ex-

summary. pressions have been proposeimong them, the following
form is used in the present work:

[e3

Il. FORMALISM
i =p0). —T

A full description on the original MEAM formalism has pi=pi-21+e ), @
been published in the literatdr&and the formalism of the where
2NN MEAM has also been published in detaih this sec- .
tion, both models will be briefly reviewed highlighting the
commonness and difference between them. Fi=h§l tMp{M/p{V)? 5

A. MEAM andt" are adjustable parameters. The atomic electron den-
_ ity is ai

In the MEAM, the total energy of a unary system is ap-SI y 1S given as

proximated as P (R)= e B (RIre- b, (6)

_ — 1 where 8" are adjustable parameters angis the nearest-
E_Z Flpi+ 2 j;) ¢(Rij) |- @ neighbor distance in the equilibrium reference structure.
o Using Egs.(3)—(6), the background electron density at
F is the embedding functiorp; is the background electron each atomic site can be computed both for a given reference
density at sitd, and ¢(R;;) is the pair interaction between structure without thermal deviation of individual atoms and
atomsi and| separated by a distan¢®; . The embedding for a general atomic configuration with thermal deviation of
function is given as follows: atoms. Then the embedding function values can be computed
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for individual atoms according to E@2). Now, for the en- Here, Z, is the number of second nearest-neighbor atoms,
ergy calculation the pair interaction terms in Ed) should and a is the ratio between the second and first nearest-
be computed. In the MEAM, no specific functional expres-neighbor distancesis the screening function on the second
sion is given directly top(R). Instead, the energy per atom nearest-neighbor interactions and will be described in more
for the equilibrium reference structure is given a value as aletail at the end of this section. It will only be mentioned
function of atomic voluménearest-neighbor distanc&hen, here that the screening functi®is a material constant in the
the value of¢(R) is computed from the known values of the 2NN MEAM. By introducing another pair potentiak(R),
total energy per atom and the embedding function, as a fundzg. (12) can be written again as follows:
tion of nearest-neighbor distané&e o

The value of the energy per atom for the equilibrium ref- EY(R)=F[p°(R)]+(Z1/2)¢:(R), (13
erence structure is obtained from the zero-temperature uni—h
versal equation of state by Rost all® as a function of where

nearest-neighbor distanée W(R)=¢(R)+(Z,5Z,) p(aR). (14

EY(R)=—E.(1+a*+da* 3)g-a", (7) Now, #(R) can be calculated from E@13) as a function of
R. Then, the pair potentiap(R) is calculated using the fol-

whered is an adjustable parameter and lowing relation, also as a function &

a*=a(RIr,—1) (8)
and #(R)=¢(R)+ n; (—1)"(Z,9Zy)"y(a"R). (15

a=(9BO/E,)"2 (9)  Here, the summation is performed until the correct value of
energy is obtained for the equilibrium reference structure.

It has been mentioned that only first nearest-neighbor in-
teractions are considered in the 1NN MEAM. The neglect of
the second nearest-neighbor interactions is made by the use
Here, it should be noted that for a given reference strucpf a strong m?”y'b"dy screening function. In the same way,

Ehe consideration of the second nearest-neighbor interactions

ture where bonding directions among neighbor atoms ar . o
fixed, the embedding function and the energy per atom bel! the 2.NN MEAM is also made by adjusting the many-body
creening function so that it becomes less severe.

comes a function of only nearest-neighbor distance. If onIyQ‘ X . .
first nearest-neighbor interactions are considered as in ﬂ}()% The amount of screening of laatom to the interaction

original INN MEAM, the energy per atom can be written as etween an_dj a}(l)ms 'S determ|r_1ed using a simple geomet-
ric constructior?’*! Imagine an ellipse on ax y plane, pass-

EY(R) is the universal function for a uniform expansion or
contraction in the reference structure, is the equilibrium
nearest neighbor distancB,is the bulk modulus, anf is
the equilibrium atomic volume.

follows: ing through atoms, k, andj, with the x axis of the ellipse
E”(R)=F[?(R)]+(le2)¢(R), (10) gievtsrr]ng)r/\ed by atomsandj. The equation of the ellipse is

whereZ, is the number of nearest-neighbor atoms. The ex-
pressions for the embedding functibrand energy per atom
EY(R) are now availablgfrom Egs. (2) and (7), respec-
tively]. The expression for the pair interaction between two
atoms separated by a distariResd(R), is obtained from Eq.
(10) as follows:

2
X2+(1/C)y2=<%Rij> . (16)

For eachk atom, theC value can be computed from the
relative distances among the three atdirjs andk. EachC
value defines an ellipse with its owraxis length. The basic
H(R)=(21Z)){EY(R)— F[F’(R)]}. (11) idea for the amount of screening_ is as follows: Two_values
CmaxandCin (Chax>Cnmin) a@re given, so that two ellipses
) with different length of they axis can be defined. If matom
B. Difference between the 1NN MEAM and the 2NN MEAM is located outside of the larger ellipse defined@y,—that
The key difference between the INN and 2NN MEAM is is, if C value for ak atom is larger thai€, ,,—it is assumed
that second nearest-neighbor interactions are considered ihat thek atom does not give any effect on th¢ interaction.
the 2NN MEAM. In the 2NN MEAM, the summations in In this case, the screening factor is 1Clfvalue for ak atom
Egs. (3a—(3d) for computation of partial electron densities is smaller thanC,,;,, then it is assumed that the atom
are extended to the second nearest-neighbor atoms. The sanmnpletely screens thé-j interaction. In this case, the
extension is made also in the summation for computation ocreening factor becomes zero. Between the Gvealues
pair interactions in Eq(1). Therefore, the equation for en- (C,,.x and C,;,), the screening factor changes gradually.
ergy per aton{Eq. (10)] should be also modified so that it The resultant many-body screening function between atoms
involves the pair interactions with second nearest-neighboandj is defined as the product of the screening factors due to

atoms as follows: all other neighbor atomk. The screening function is then
o multiplied by the atomic electron densities and pair potential.
EYR)=F[p°%(R)]+(Z1/2) $(R)+(Z,S/2) $(aR). In the original INN MEAM? C,,,,=2.8 andC,,;,=2.0

(120  were chosen so that first nearest neighbors are completely
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TABLE |. Parameters for the MEAM potential of Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb. The units of the
sublimation energ¥, , the equilibrium nearest-neighbor distamge and the bulk moduluB are eV, A, and
10'2 dyn/cn?, respectively.

Ec leo B A B(O) ,3(1) ,3(2) /3(3) t() t(2) (3 Cmax  Cmin d

Cu 354 2555 1420 094 383 22 60 22 272 304 195 280 121 0.05
Ag 285 2880 1.087 094 473 22 6.0 22 340 300 150 280 138 0.05
Au 393 2880 1803 100 577 22 6.0 22 290 164 200 280 153 0.05
Ni 445 2490 1.876 094 256 15 6.0 15 310 180 436 280 081 0.05
Pd 391 2750 1955 094 515 22 6.0 22 450 147 485 280 169 0.05
Pt 577 2770 2884 090 492 22 6.0 22 394220 384 280 153 0.05

Al 336 2860 0.794 116 320 26 60 26 305 051 775 280 049 0.05
Pb 204 3500 0488 101 542 22 6.0 22 310 391 125 280 0.81 0.00

unscreened for reasonably large thermal vibration in the fca similar procedure to the previous one for bcc transition
structure and the interactions are still first neighbor only evemetal§ was used. In the previous work, theR/dP) value,

in the bcc structure. In the 2NN MEAM® the second elastic constants, surface energy, vacancy formation energy,
nearest-neighbor interactions are taken into consideration bgnd structural energy differences between fcc and bcc and
giving a value smaller than 1.2.0) to C,,;, for fcc (bco between fcc and hcp have been used for the determination of
structure. In the 2NN MEAMC,,,i» is @ material constant. the model parameter values. In the present work for the fcc
However, if a value larger than 1(Q.0) is given toC,;, for ~ metals, thg111) stacking fault energy, the activation energy
fcc (bco reference structure, then the screening functon of vacancy diffusion, and the thermal expansion coefficient
becomes zero and the formalism of the 2NN MEAM be-were added to the fitting list. Also, special attention was paid
comes exactly the same as that of the 1NN MEAM. It hasto the surface reconstructions on tti®0), (110, and (111
been showhthat the 2NN MEAM can be easily extended to surfaces. This was because the original INN MEAM resulted
describe binary alloy systems using a similar method as iin unexpected surface reconstructions for fcc elements.

the INN MEAM, and will not repeated here. The present authors were aware of the quasihexagonal
reconstruction or(100) surface&’ and (1x2) missing row
Ill. DETERMINATION OF THE PARAMETERS reconstruction or(110 surface$’® of the late % elements

] . (Au and Pt in the present casdhe quasihexagondl00)

The 2NN MEAM formalism for elements was applied 0 syrface reconstructions are reported to be not identical in all
evaluate the MEAM parameters for the fcc elements Cu, Agrelevant elements, but qualitatively very similar to each
Au, Ni, Pd, Pt, Al, and Pb. The parameters were determinedther!4 A representative(100) surface reconstruction ob-
by fitting to physical properties of each element, as will begined using the MEAM is shown in Fig. 1. This configura-
described. The parameters finally determined for individualjon was obtained after holding a thin film with00) surface
elements are listed in Table I. Here, the reference structure g several picoseconds at 800 K and cooling to 0 K. The
fcc for all elements. In this section, the procedure for theyproplem in the original INN MEAMwith C,,;,=2.0) is that
determination of these parameter values are presented.  g;ch a(100) reconstruction is obtained not only for Au and

The 2NN MEAM formalism gives 14 model parameters py pyt also for all of the fcc metals considered. More seri-
as shown in Table I. Here, the values of the sublimation
energy E., equilibrium nearest-neighbor distancg, and
the bulk modulusB are given experimentally. Therefore, the
actual number of adjustable parameters is eleven.

Of the 11 adjustable parameteithose listed in Table |
exceptE,, ro, andB), C,.xWas given the same valyg.9
as in the INN MEAMS For 81, B, andB®), it was also
intended to keep the same valu@s2, 6.0, and 2.2, respec-
tively) as in the INN MEAM because the effect of those
parameters on the physical properties considered here was
meager. In some cases, different values were giveA(td
and B in order to better fit surface relaxation, as will be
mentioned later again. In any case, the 1NN MEAM values
(2.2, 6.0, 2.2 could be good starting values. By fixing the
values ofC .y, B, B®), and B, the adjustable param-
eters whose values should be actually determined by fitting
to physical properties become only sevans(®, ), (), FIG. 1. Top view of the quasihexagonal reconstruction of the
t(3), Cmin, andd. (100 surface frequently obtained using 1NN MEAM potentials for

For the determination of the adjustable parameter valuescc elements.
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TABLE Il. (9B/dP) at O K by first-principles calculation, at TABLE Ill. Effect of parameters on individual properties for fcc
room temperaturéRT) from experiments and MEAM valug K) elements. The plus sign links individual parameters and relevant
obtained usingl=0 andd=0.05 for individual elements. The FP properties that can be used for determination of the parameter
calculation and experimental data are from Refs. 15 and 10, respeealue.

tively.
A O W @ @ ¢
FP Experimental 2NN MEAM
C,pandCyy +
(0 K) data(RT) d=0 d=0.05 Cus +
cu . 5.25 4.44 4.95 Egsurf) I
Ag - 5.87 5.01 5.61 v .
Au - 5.90 5.40 6.06 S .
Ni 4.89 - 4.39 4.90 sf
Pd - - 5.28 5.93 ABpec-tec +
Pt - - 533 5.08 ABfeo—ncp * *
Al ; 4.72 4.12 4.59 € _ +
Pb _ 5.45 526 5.89 Surface reconstruction + +

of surface reconstructions. Generally, the effect of each pa-
ously, when similar MD runs were performed for thin films rameter on individual properties is complicated, and it is im-
with (110 or (111) surfaces, even phase transitions as well apossible to relate one property to one parameter. However,
surface reconstructions resulted for most of the fcc elementshe effects of some parameters are certainly confined to only
In an fcc structure witl{111) surface, each atom on the sur- few properties, and the evaluation of parameters can be done
face layer should be located above three atoms of the nexystematically. Table 11l shows which parameters can be de-
atomic layer. The representatiy&ll) surface reconstruction termined by fitting which properties for the fcc elements.
obtained using the original INN MEAM was that each atomHere, the properties that can be used for determining each
on the surface layer is located above two atoms of the nextarameter value are linked by the plus sign. The plus sign
atomic layer instead of three. During the present work, it wasioes not mean that the individual properties are affected only
confirmed by a first-principles calculation that suctll) by the linked parameter values. For example, Ahparam-
surface reconstruction is a less stable one. Therefore, specigler has an effect on almost all properties. However, the sur-
attention was paid during the present work so that the aboveace energies or the vacancy formation energy are not fitted
mentioned unexpected surface reconstructions and phapg adjusting theA value because they can be fitted adjusting
transitions can be avoided. other parameters.

The procedure for determining the model parameter val- |n the present work, it was found that the phase transition
ues begins with determining the valuedfThis value could that occurred during MD runs of thin films at finite tempera-
be determined separately from the other parameters angres could be removed by lowering ti@&,;, values. In a
could be only determined by fitting theB/JP) value. Ithas  previous study, it has also been found that the thermal ex-
been decided in the previous study on bcc métaisgive  pansion is strongly affected by ti@,,;, value, being larger
either 0 or 0.05 tod according to the {B/JP) value by  as a smalle€,,;, value is given. Here, in the present study, it
experiments or first-principles calculation. This was becausevas confirmed that the observation holds for all elements
the experimental information ongB/dP) was not always considered. Therefore, a small€r,;, value than the corre-
available and the accuracy of first-principles calculations wagponding 1NN MEAM value(2.0) was given as an initial
not very good to be used for the determination ofdhealue  value, confirming that the give@,;, value does not result in
as a material constant. For Cu, Ag, Au, Al, and Pb, experiunexpected phase transitions. However, (tt) surface re-
mental information on {B/JP) was available while it was construction and especially t{@00) surface reconstruction
not for Ni, Pd, and Pt. The values for Ni, Pd, and Pt were were not controlled by adjusting th@,,;, value. These un-
estimated based on first-principles calculation on"Nfhe  expected surface reconstructions could only be removed by
first-principles (FP) calculated and experimentally reported adjusting theA values. Therefore aA value which is closest
(oB/9P) values of individual elements are compared withto the previous 1NN value but does not result in unexpected
the present MEAM values calculated fde=0 andd=0.05  surface reconstructions was selected for each element. For a
in Table Il. Based on this comparison, the finally seleaded given set ofC,,;, andA values the elastic constar®s; and
values are 0 for Pb and 0.05 for all others. C1, could only be fitted by adjusting thg® parameter.

After the d value is determined, all the other model pa- Then the other elastic consta@t, was fitted by adjusting
rametersA, 0, t&), t@) &) and C, are determined thet® parameter. Thél11) stacking fault energy could only
fitting elastic constants Gy;, C1, Ca4), surface energy be effectively fitted by adjusting th&®) value and, therefore,
(E(surp)), vacancy formation energyE(), activation energy was used to determine th& value. Finally, the value df®
of vacancy diffusion Q), (111) stacking fault energyHs;), was optimized so that th€l00), (110, and (111) surface
structural energy differencedEscc_.nce: AEiccncp)s ther-  energies, vacancy formation energy, and activation energy of
mal expansion coefficientk], and examining the occurrence vacancy diffusion are reproduced equally well. This proce-
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TABLE IV. Calculated and experimental elastic constantsvidual elements in order to evaluate the reliability of them.

(10'dyn/cnt). Experimental data are from Ref. 16. The calculations were performed on bulk propertielsstic
constants, structural energy differenggmint defect proper-
Cu Ci Caa ties (vacancy and interstitial formation energy and formation

MEAM Expt. MEAM Expt. MEAM  Expt. volume, activation energy of vacancy diffusjoplanar de-
fect propertiegstacking fault energy, surface energy, surface
Cu 1762 1762 1249 1249 0818 0.818 relaxation and reconstructipmnd thermal propertiegher-

Ag 1315 1315 0973 0973 0511  0.511 mal expansion coefficients, specific heat, melting point, heat
Au 2015 2016 1.697 1697 0.454 0454 of melting). In this section, some comparisons between the
Ni 2612 2612 1508 1508 1.317 1.317 present calculation and experimental data or high level cal-
Pd 2.342 2.341 1.761 1.761 0.712 0.712 culation will be presented.

Pt 3581 3580 2535 2536 0775 0.774 Table IV shows the calculated and experimental elastic
Al 1143 1.143 0619 0619 0.316 0.316 constantsC;4, Cq,, andC,,) for individual elements. The
Pb 0.556 0.555 0.454 0.454 0.194 0.194 elastic constants were given highest weight during the fitting
procedure and could be reproduced almost exactly.

The calculated structural energy difference and volume of
dure was repeated changi@y,;, value fitting the thermal various crystal structures are listed in Table V. Though the
expansion coefficient. energy differences between fcc and bakE;.. . and

Using the above procedure, it was usually possible to exbetween fcc and hcpAEscc.ncp) Were included in the fit-
actly reproduce the target value of each specific propertyting procedure, no actual action was made to fit these values.
However, it was generally impossible to reproduce targett was only checked that the predicted values are not far from
values of all properties, simultaneously. Among all propertieghe target values. The experimental data being compared to
considered, it was believed that the elastic constants are computed\E¢cc .pcc aNdAEqcc .hcp are thermodynami-
those most accurately measured. Therefore, the determinaally assessed values using the calphad methtids shown
tion of parameters was done so that the elastic constants atfeat the R structure which is reported to occur during the
exactly reproduced and so that the other property values atecc — fcc transition of Cu precipitates in the bcc Fe
reasonably reproduced considering their accuracy. In the prenatrix®=2%is the next stable structure of the fcc elements
vious study for bce elementsA andt® values were deter- considered.
mined mainly fitting the structural energy difference between The next property looked at was point defects. Besides the
fcc and bce and between fcc and hep structures, respectivelyacancy formation energy and the activation energy of va-
This was possible because at that time unexpected surfacancy diffusion(vacancy formation energy- vacancy mi-
reconstructions were not a problem and fh&l) stacking gration energy, which were used for fitting, the formation
fault energy was not considered. In the present study, thenergy and structure of a self-interstitial and the volume
structural energy differences were not the main target of fitchange due to the formation of a vacancy or self-interstitial
ting. Instead, it was only checked during the optimizationwere calculated and are compared with available experimen-
procedure that the predicted values are not far from the targeal information in Table VI. According to the present calcu-
values. lation, the most stable form of a self-interstitial is a dumbbell
along [100] direction, in agreement with experimental
information?!

The surface propertigsurface energy and its anisotropy,

The potentials determined by the above procedure wilkelaxation, and reconstructipmre important for an atomic
now be used to compute various physical properties of indiscale simulation on thin-film processes and also a good test-

IV. CALCULATION OF PHYSICAL PROPERTIES

TABLE V. Calculated structural energy differenc&(eV) and atomic volumes/n(A3). The energy differences are relative to fcc. The
atomic volume of fcc and experimental data for the-fdocc and fce-hcp energy differences are also presented for comparison.

fcc bcc hcp R Simple cubic Diamond

v/n AEfCCHbCC EXpt.a v/n AEfCCHth EXpt.a c/a v/n AEfCCHQR v/n AEfCCHSC v/n AEfCCHdia v/n

Cu 11.79 0.08 0.04 11.59 0.007 0.006 1.64 1181 0.005 11.80 0.41 13.03 0.90 18.58
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 26.96
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 26.05
Ni  10.92 0.16 0.09 10.91 0.02 0.01 165 10.93 0.014 10.93 0.66 13.06 1.42 20.03
Pd 1471 0.17 0.11 14.10 0.02 0.02 1.65 14.73 0.013 14.72 0.41 16.78 1.11 24.89
Pt 15.03 0.28 0.16 14.72 0.02 0.03 1.65 15.05 0.015 15.04 0.76 17.55 171 25.97
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 31.24
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 44.28

&Thermodynamically assessed valiesom-temperature datéRef. 17).
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TABLE VI. Calculated point defect properties. Values listed are the relaxed vacancy formation energy
Ef)(eV), activation energy of vacancy diffusid@@(eV), vacancy formation volumsvz, and relaxed for-
mation energ)Ef(eV), structure, and formation vqum}eVIf of the most stable interstitial. The experimental
information on the vacancy formation energies, activation energies of diffusion and on the vacancy or
interstitial formation volume are also presented for comparison. Beig the equilibrium atomic volume.

Ef Q AVIIQ Interstitial AVIIQ

MEAM Expt. MEAM Expt. MEAM Expt. Elf Structure MEAM Expt.
Cu 111 1.0%1.19°1.30° 219 209 -0.25 —0.22% 3.05 [100] dumbbell 1.72 1.48
Ag 0.94 1.1° 186 177 —0.26 —0.06" 2.86 [100] dumbbell  1.87
Au 0.90 0.9° 1.75 1.70 —0.36 —0.55" 2.93 [100] dumbbell  1.77
Ni 1.51 1.69 298 287 —-0.14 -0.3" 488 [100] dumbbell  1.90 1.76
Pd 1.50 1.41.7 271 276 —-0.27 4.68 [100] dumbbell 1.89
Pt 1.50 1.35,1.5C 270 264 —-0.34 6.64 [100] dumbbell 1.94
Al 0.68 0.68¢ 1.33 128 -0.28 2.49 [100] dumbbell 1.70
Pb 0.58 0.58 1.16 1.182 —0.29 1.54 [100] dumbbell 1.70
%Reference 22. YReference 28
bReference 23. "Reference 29.
‘Reference 24. 'Reference 30.
YReference 25. IReference 31.
“Reference 26. KReference 32.

‘Reference 27.

bed where the reliability of an empirical potential can bepredicted to be stable. Further, theX(2) missing row sur-
evaluated. Actually the surface properties, especially the reface reconstruction is incorrectly predicted to be stable on
construction of thg100) or (110 surface, were one of the (110) surfaces of Ni and Al. It should be noted here that the
main reasons of the present study for a redetermination g&sults in Table VIl do not mean that the MEAM formalism
MEAM parameters for the fcc elements, because the originadescribes th¢100) surface properties better thhl0) sur-
INN MEAM parameters resulted in unexpected surface reface properties for fcc elements. For example, for Ni, it was
constructions as mentioned earlier. The surface energies ap@ssible to adjust the parameters so {140) surface recon-
the surface relaxations of the three low-index surfa(®),  struction is correctly described, losing a correct description
(110, and(111) as well as the relaxe@l1]) stacking fault  of the (100 surface reconstruction. During the present work,
energy are presented in Table VII, in comparison with ex-it was found that th€100) surface reconstruction is obtained
perimental information. The experimental surface energyeasily by MD runs at finite temperatures, while ttL0)
vaIuesESﬁ’; are for polycrystalline solids. All these are ex- missing row reconstruction is not. The unexpedte0) sur-
trapolated values from high-temperature experimental datéace reconstruction had to be avoided in order to apply the
through some modeling approaches on the temperature d®4EAM potential to any atomistic simulation on thin-film
pendences of the surface enetgy? The calculated stacking processes on thel00) surfaces. For this practical purpose,
fault energies using the present MEAM potentials are reasorwhen the surface reconstructions(@00) and(110) surfaces
able while the calculated surface energies are generally lowetre not correctly reproduced simultaneously, the adjustment
than experimental data. In the case of surface relaxation, thef the parameters was made in a way to describe(106€)
scattering in experimental data is generally large, and theurface reconstruction correctly.
present calculation shows reasonable values within experi- Finally, the properties calculated using the present
mental uncertainties. MEAM potential are the thermal properties such as thermal
In Table VI, the relative stabilities of the quasihexagonalexpansion coefficient, specific heat, melting point, heat of
reconstruction of thé100) surface and the (X2) missing melting, and volume change on melting. The results are com-
row reconstruction of th¢110) surface to corresponding (1 pared with available experimental data in Table VIII. The
X 1) unreconstructed surfaces are also given by “O” andcalculated thermal expansion coefficients are in excellent
“X.” *O” means that the relevant reconstructed surface is agreement with experimental data because these values were
more stable than the (41) unreconstructed surface. Experi- included in the fitting procedure. The melting points are
mentally, it is reported that the quasihexagofidllO) surface  those calculated using a interface velocity method. The heat
reconstruction and (X 2) missing row(110) surface recon- of melting is the value obtained at the calculated melting
struction occur only on Au and Pt surfaces among the fcgoint of each element. The calculated heat of melting and
elements considered. The present potential correctly predicimlume change of melting are generally larger than the rel-
that such reconstructions are stable on Ha®0) and (110 evant experimental data.
surfaces of Pt. However, for Au, both reconstructions are not As can be seen in Tables IV-VIII, the present MEAM
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TABLE VII. Calculated stacking fault energieB,; (erg/cnf), surface energieg s, (erglcnt), and relaxations\d;, (%) of the
low-index surfaces. Relative stabilities of hexagofl0 and (1X2) missing row(110 reconstructions to relevant unreconstructed (1
X 1) surfaces are also given by “O” or “X,” where “O” means that the corresponding reconstruction is energetically favardpjeneans
the change of interlayer spacing between the first and second surface layers, relative to corresponding bulk spacing. The experimental surface
energy vaIueEg)c‘,F; are for polycrystalline solids and are those extrapolated from high-temperature experimental data. Values in the second
row for each element are experimental or high-level calculation data for corresponding stacking fault energy, surface relaxation, and surface
reconstruction. Experimental data for surface relaxations are from compilation byW#nRef. 33 if not specifically designated.

(100 (110 (111
Eq Epshy  E(100) Ady, Recon. E(j1g Ady, Recon. Eji1 Ady,
Cu 42 177G 1382 -25 X 1451 -9.3 X 1185 -3.1
<78Pb ~1.1+0.4,-2.1 X —5.3+2.4,-10.0+2.5 X >0, -0.7x0.5
Ag 21 13207 983 -24 X 1010 -104 X 842 -21
<22°b 0+1.5,—1.9f X ~7.8+25,-11.0,—7.09 X 0.0+2
Au 40 15407 1138 —4.3 X 1179 —17.5 X 928 -2.7
<55P —-1.0f o) -9.89 o}
Ni 125 22407 1943 -1.3 X 2057 -6.0 O 1606 -1.4
125°¢ 1.1+1.1, -3.2+05 X —4.8+1.7,-9.8+1.8 X —1.2+1.2
Pd 100 2043 1743 -0.8 X 1786 —11.2 X 1435 -0.3
100°¢ 0.3+2.6," —0.8f X —6.0+2.0 X 0.0-4.4," —0.9=x1.3"
Pt 110 269 2288 -0.8 O 2328 —-16.0 O 1710 +2.6
110°¢ 0.0+5.1,"0.0 o) —141 o} 1.1+4.4,"15+1.0
Al 141 1085° 848 +1.8 X 948 -8.9 o) 629 +1.0
<166° ¢ +1.8 X -8.5+1.0 X 0.9+0.5, 2.2
Pb 9 534 426 —4.2 X 440 —13.2 X 375 —4.6
- —8.0x1.2 X —15.8+2.5 X
8Reference 34. ‘Reference 14.
bReferences 35-37. 9Reference 41.
°Reference 37. "Reference 42.
dReference 38. 'Reference 43

®References 39, 40.

potentials reproduce the physical properties of the fcc elesurface relaxation is thought to be reasonable when com-
ments fairly well. Generally, the calculated bulk propertiespared to experimental information with large scattering. The
(elastic properties and structural energnd the point defect potential problem is that the quasihexagofB00) recon-
properties are quite good. Though the calculated surface estruction and the (X2) missing row(110) reconstruction
ergies are slightly lower than experimental data, the order irmre incorrectly predicted for some elemepAsl in the case
size of surface energy among elements is kept in agreemeof (100 and Au, Ni, and Al in the case of th&10) surfacé.

with experimental information. The calculated amount ofThis should be the subject of future study for further devel-

TABLE VIII. Calculated thermal properties. Values listed are the thermal expansion coeffic{@of 8/K), specific heaC,(J/mol K),
melting point (K), heat of meltingAH ,(kJ/mol), and volume change on meltidgV,,/Vg,iq (%). The experimental data for thermal
expansion coefficient, specific heat, and volume change are from Ref. 26 and others are from Ref. 17.

€ (0-100°C) C, (0-100°C) Melting point AHp, AV 'V golig
MEAM Expt. MEAM Expt. MEAM Expt. MEAM Expt. MEAM Expt.
Cu 17.0 17.0 24.9 245 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 24.6 175 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 22.0 235 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

144112-8



SEMIEMPIRICAL ATOMIC POTENTIALS FOR THE fc . . . PHYSICAL REVIEW B 68, 144112(2003

opment of the MEAM formalism. The reason for the calcu- X2) missing row reconstruction on ti{@10) surface is too
lation of thermal properties is two. One is of course to seanuch stable compared to unreconstructed surface. This could
whether the present potentials result in melting behavior obe improved a little by increasing th& parameter value.
the elements correctly. The other is to confirm that the fcdHowever, the incorrect110 reconstruction could not be
structure is the most stable structure up to the melting temeompletely removed by adjusting parameter values within
perature for all elements considered. Important here is thahe framework of current formalism of the MEAM. It should
the problems in the original LNN MEAM descriptions of the be mentioned here that an attempt to improve the reconstruc-
fcc elements—the instability of fcc structure and incorrecttion properties by changing the®), B?), and g values
occurrence of surface reconstructions or structural transitionsas been also made during the present work. However, this
during MD runs as well as the low thermal expansionattempt was not successful. For Pb, the energy difference
coefficient—are mostly solved. between the reconstructed and unreconstru¢ié) sur-

All the present calculations are performed using a radiataces according to the original INN MEAM was small. The
cutoff distance for each element. These are 4.0 A for Ni and100) reconstruction could be made less stable than the cor-
Cu, 5.5 A for Pb, and 4.5 A for the others. The results of theresponding unreconstructed surface structure easily by ad-

present calculations are independent from radial cutoff d'sj'usting the parameter values other than ghparameter. The

tances, as far as they are larger than the second neareglzin gifference between the 1NN MEAM and the present

neighbor distance by more than about 0.2 A. This is becaus : : _
of the many-body screening. The recommended value is tthN MEAM potential for Pbis that th€p, parameter was

: ; iven a value of 0.81 in the present potential instead of the
(rjritgtz;r:]g/eil‘tte between the second and third nearest-nelghb%NN value 2.0. With _the 1NN_ I_\/IEA_M potential the calcu-
During the present study, great effort has been made tk’;lted thermal expansion coefﬂc:}ent T the temperature range
solve the already-mentioned problems of the 1NN MEAMOf 0-100°C was about 310_6 K According to the
potentials on the fcc elements. Using the INN MEAM pa-Present description it is 3010 ® K==. The corresponding
rameters as a starting set, the effects of individual parametefPerimental data is 2010 ° K™~ . .
on the various properties were carefully examined. The in- N the present study, for Ni and Al the™ and 8 pa-
stability of fcc structure that occurred for INN MEAM Al rameters were given different values from the initial 1NN
and the structural transitions that occurred for most of the fcd/EAM value of 2.2. By this the surface relaxations could be
elements considered during MD runs over thin films withPredicted in better agreement with experimental information.
(110 and/or (111) surfaces at finite temperatures could be However, this adjustment was not extended to other elements
solved by giving lower values t6,,;, than the 1NN MEAM bec_ause the agreements were already good or the experimen-
value 2.0. However, the occurrence of the already-mentionefl information was not decisive and also because such an
unexpected surface reconstructions (@00 and (111) sur- ~ €xténsion was not helpful to improve the surface reconstruc-
faces could not be avoided by simply lowering thg,,  ton properties. It should be mentioned here that recently Van
value. These surface reconstructions, especially thBeurden and Kramét presented new INN MEAM param-
hexagonal-typé100) surface reconstructiofFig. 1) that oc- ~ eter sets f°3r Rh, Pd, Ir, and Pt. They utilized all t5€",
curred for all elements considered, could only be removed by~ andB'®) parameters as adjustable parameters instead of

changing the value oA significantly from the initial INN ~ 9iving them fixed values as in the original MEAKRef. 3
MEAM values. and in the present work. Using the new parameter sets, they

For Cu, Ag, Ni, and Pd, thé value had to be lowered could describe the surface relaxation and reconstruction

compared to corresponding INN MEAM values. This madeoroperttes correctly even though the description of elestic
the (110) reconstruction more stable for Ni even though theProperties Cq;, Cy,, and C4,) was not very good. This
energy difference is small. According to the original 1NN Means that the possibility of giving nonfixed values3d’,
MEAM of Ni, the reconstructed110) surface was less stable 8, and 8 should not be closed in a future study espe-
than the unreconstructed surface. Instead, the reconstructét@lly to improve the surface reconstruction properties.

(100) surface was much more stable than the unreconstructed AS already mentioned, the flexibility of the present
surface. With the present description of Ni, the situation isMEAM formalism is that there exist no clear boundary be-
the opposite. The selection of a lowvalue for Ni in the ~tween the INN MEAM and the 2NN MEAM. The 2NN
present Study iS Only due to a practica' reason as a|readVEAM forma“sm becomes eXaCtIy the same as that of 1NN
mentioned—that is, in order to make t{#00) reconstruction MEAM if the C;, parameter is adjusted so that only first
that occurs easily during MD runs at finite temperatures les§earest-neighbor interactions are involved in the calcylation
stable than the corresponding unreconstructed surface struot background electron density for a reference strucpfre
ture. For Au and Pt, thél00 reconstructions were the ex- and pair potentiap(R). The boundary value o€, that
pected ones. However, for these elements (i) recon-  categorizes the formalism into 1NN or 2NN MEAM is about
struction mentioned in the previous section became 4.0 in the case of fcc reference structure. Therefore, one can
problem. TheA parameter values had to be lowered in ordersay that in the present study Ni, Al, and Pb were described
to remove the unexpectddl1l) surface reconstructions. For by the 2NN MEAM while the other elements were described
Au, more attention was paid to avoid the unexpedtetl) by the 1NN MEAM. The main difference between the
surface reconstruction rather than to reproduce(1) re-  present potentials and the originally published 1NN MEAM
construction. In the case of Al, the problem was that the (Ipotential for the fcc elements is not that the 2NN MEAM
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formalism is adapted in the present study. A more importanshown, though the need for including second neighbors in
finding in the present study is that the degree of many-bodynodeling fcc elements was investigated in this paper, the
screening should be a material property, giving different val-outcome is not conclusive. The reason for this is that all
ues toC,i, of individual elements. Actually, a similar treat- screening factors for second neighbors are 0.025 or smaller.
ment has been done in the previous study on bcc transitioAn alternative first-neighbors-only description with different
metals® For a bee structure, the formalism becomes 2NN if aparameters may be equally well possible. The current results
value lower than 2.01NN MEAM value) is given toC,,;,,  constitute just one of the possibilities at the indicated level of
and such low values were indeed given for all the bcc eleecompatibility with the fitted experimental data.
ments considered. At that time, it was thought that consider- Finally it should be mentioned that the structural stability
ing second nearest-neighbor interactions is important beproblem in the INN MEAM for hcp elemerftéound by Mae
cause the second nearest-neighbor distance in the betal’ may be solved by similar treatments to the present
structure is greater than that of the first nearest-neighbor distudy. The present authors could confirm that the structural
tance by only 15%. In the present case for fcc elements, evenstability’ of hcp Ti according to the 1NN MEAMRef. 4
though the 2NN MEAM is applied to some elements, thecould be solved by simply lowering th@,,;,, value from 2.0
portion of second nearest-neighbor interactions that is into 0.81. An extensive study to improve the MEAM for hcp
cluded in the energy calculation is less than a few percentlements will be performed near future.
Actually, the S value in Egs.(12)—(15) is only about 0.025
for Al, the element with the lowest,,;, value. The calcu-
lated O K bulk properties and point defect properties are not
affected by theC,,, parameter if this value is greater than  The problems caused by the original first nearest-neighbor
1.0. The fact that lower values &, than 2.0 but larger MEAM potentials for fcc elements, the structural instability,
than 1.0 were needed for many fcc elements even thougthe phase transitions, or incorrect surface reconstructions on
they would not give significant effect onerd K bulk prop-  thin films with (100), (110, and/or(111) surfaces and the too
erties indicates that generally many-body screening gives ddew thermal expansion coefficients have now been mostly
cisive effects on the surface and thermal properties where theolved. The MEAM parameter values for Cu, Ag, Au, Ni, Pd,
degree of defect is relatively severe. For a better descriptioRt, Al, and Pb were redetermined, adapting a recently devel-
of surface and thermal properties, the future study on th@ped second nearest-neighbor MEAM formalism as well as
MEAM formalism should be concentrated on the functionalthe original first nearest-neighbor MEAM. The new MEAM
form of many-body screening which was actually developedpotentials yield the bulk properties, point defect properties,
in an ad hoc manner It should be mentioned here that a planar defect properties, and thermal properties of the fcc
different forn? of Eq. (4) has been also tested during the elements considered in good agreement with experimental
present study and was found to yield a marginal but a certainformation. The present study shows that in the MEAM the
difference. The present study also shows the importance afegree of many-body screening should be a material prop-
thermal propertiegincluding structural stabilityas a mem- erty, giving different values t&,,;, of individual elements,
ber of test bed for semiempirical potentials. and that thermal properties, especially the structural stability,
Further, it should be noted here that the process of findinghould be included as a checkpoint during the development
the fitting parameters was kept relatively simple in theof semiempirical potentials.
present study, because a more extensive methaimulta-
neous fit, one involving all parametérgould be computa-
tionally very costly. As a result, the agreement of calculated
material properties with experimental material properties, This work has been financially supported by the Ministry
both fitted and unfitted, was not necessarily optimal. Condiof Science and Technology of Korea through the National
tions relatively far away from equilibrium were not tested R&D Project for Nano Science and Technolo@yrant No.
extensively, so that applying the potentials in such cased1-0213-04-0002 and by the U.S. Department of Energy,
should be done only with extreme caution. Also, as alreadyffice of Basic Energy SciencéM.|.B.).

V. CONCLUSIONS
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