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We demonstrate an approach to the development of many-body interatomic potentials for monoatomic
metals with improved accuracy and reliability. The functional form of the potentials is that of the embedded-
atom method, but the interesting features are as follddjsThe database used for the development of a
potential includes both experimental data and a large set of energies of different alternative crystalline struc-
tures of the material generated ély initio calculations. We introduce a rescaling of interatomic distances in an
attempt to improve the compatibility between experimental amdhitio data.(2) The optimum parametriza-
tion of the potential for the given database is obtained by alternating the fitting and testing steps. The testing
step includes a comparison between aheinitio structural energies and those predicted by the potential. This
strategy allows us to achieve the best accuracy of fitting within the intrinsic limitations of the potential model.
Using this approach we develop reliable interatomic potentials for Al and Ni. The potentials accurately repro-
duce basic equilibrium properties of these metals, the elastic constants, the phonon-dispersion curves, the
vacancy formation and migration energies, the stacking fault energies, and the surface energies. They also
predict the right relative stability of different alternative structures with coordination numbers ranging from 12
to 4. The potentials are expected to be easily transferable to different local environments encountered in
atomistic simulations of lattice defec{s50163-18209)05005-5

[. INTRODUCTION mental data andb initio structural energies in one database.
We also introduce a strategy of parametrization and optimi-
In spite of greatly increased computer speeds, the applization of interatomic potentials based on the separation of
cation of ab initio methods for an atomistic simulation of the fitting and testing steps. Section Il describes our data-
materials is still limited to relatively small ensembles of at-base and further details of the parametrization, fitting, and
oms and, in molecular dynamics, relatively short simulationt€sting procedures. In Sec. IV we present the results of fitting
times. In contrast, the use of empirical or semiempirical in-2nd testing the potentials for Al and Ni. In Sec. V we sum-
teratomic potentials makes it possible to simulate mucHNarize our results and discuss possible applications of the
larger systemgup to 10 —10® atoms for much longer times, ~ Potentials.
and thus to tackle such problems as plastic deformation, frac-
ture, or atomic diffusion. For this reason there is and will Il. GENERAL APPROACH
probably always be a demand for realistic interatomic poten-
tials, as there will always be a tendency to simulate as Iarg?
systems as possible. or
In this paper we propose an approach to the developme
of reliable interatomic potentials for monoatomic metals
based on a large set of experimental abdnitio data. As an
application we develop accurate many-body potentials for Al Eo= %2 V(rij)+ E F(pi). D
and Ni, which are intended for atomistic simulations of in- I ‘
ternal defects in these metals, such as point defects, pla”ﬁfereV(rij) is a pair potential as a function of the distamge

faults, grain boundaries, and dislocations. The potentials cafetween atomsandj, andF is the “embedding energy” as
also be used for fracture simulations and, with some cautiory fnction of the host “density’p; induced at sité by all

simulations of surface phenomena. The choice of Al and Niyther atoms in the system. The latter is given by

is dictated by the desire to test our approach for both simple

(Al and transition(Ni) metals. Furthermore, this work is a _

part of our current effort to develop reliable interatomic po- Pi:; p(rij), 2

tentials for ordered intermetallic compounds of the Ni-Al .

system. The present potentials for Al and Ni will be incor- p(rj;) being the “atomic density” function. The second term

porated into the potentials for the compounds. in Eq. (1) is volume dependent and represents, in an approxi-
In Sec. Il of the paper we introduce our general approachmate manner, many-body interactions in the system. EAM

to the development of interatomic potentials. We discuss th@otentials, together with some other similar potentidisre

advantages and problems associated with using both expenften referred to collectively as “glue model” potentials. All

The potentials developed in this work are based on the
malism of the embedded-atom meth@gAM).>? In this
method the total energy of a monoatomic system is repre-
sented as
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glue model potentials share the same general form given bymate the equilibrium lattice parameters of crystals in
Egs. (1) and (2), and only differ in the functional forms of comparison with experimental data. This tendency to under-
V(r), p(r), andF(p). In this work we use very general estimate interatomic distances introduces some degree of in-
forms of the potential functions with no reference to theircompatibility between theb initio structural energies and
original physical meaning. Thus, while we often use the terthe experimental quantities, and makes one-to-one fitting to
minology of the EAM, our potentials could as well be clas-the structural energies problematic. This applies equally to
sified as glue model potentials. the force-matching methddavhere, again, thab initio forces

Once the general form of the potential is chosen, the imean be affected by the previous tendency. In the present pa-
portant issues become how to choose the database for fittiqger we shall address this problem by introducing a rescaling
and how to parametrize and optimize the potential functionsof interatomic distances during the fitting and testing of the
We shall discuss these issues in order. potentials.

B. Optimization of the fitting procedure
A. Importance of ab initio data in the development of

: . , In some earlier studies the parametrization of the potential
interatomic potentials

functions was based on simple functional forms reflecting, to
Empirical potentials for monoatomic metals are typically some extent, their original physical meanfft For ex-
fitted to the experimental values of the equilibrium latticeample,V(r) was represented by a Morse function ai(d)
parametera,, the cohesive energi,, three elastic con- by a combination of power and exponential functions. An
stants, and the vacancy formation eneEj,y (For a noncu- alternative approach, taken in the glue mddeland fol-
bic material this data set includes additional elastic constant®wed in this work, is to use a basis set of cubic splines
and the equilibriunt/a ratio.) This basic set of properties is which, although having no physical foundation, offer plenty
often complemented with planar fault energies, low-indexof parameters for fitting.
surface energies, phonon frequencies, and/or other data. Un- For the development of an accurate potential it is impor-
fortunately, reliable experimental information on metal prop-tant to have amptimumnumber of fitting parameters for the
erties that can be directly linked to atomic interactions ischosen database. While the lack of fitting parameters, and
very limited. Furthermore, most experimental properties repthus flexibility, may affect the accuracy of the potential, it is
resent the behavior of the material in very small regions ohot good to have too many fitting parameters eiftf@rAs
configuration space. For example, the elastic constants andith any model potential, the general form of Eq%) and
phonon frequencies are determined by small atomic displac€2) has certain physical limitations which cannot be over-
ments from the equilibrium lattice configuration. In contrast,come by including more parameters. Of course, having a
in atomistic simulations the system is free to explore differ-sufficient number of parameters, one can fit all points in the
ent atomic configurations that can be quite far away from thelata set exactly, but the potential thus obtained will perform
regions represented by the experimental data. The questidradly on configurations other than those represented by the
which then arises is the following: How accurately will the data set. Robertson, Heine, and P&yrezently proposed a
potential represent the energies of such “abnormal” con-strategy which avoids the overfitting of the database. They
figurations? The accuracy of the potential over a range o$uggested splitting the database into two parts and using one
configurations, i.e., itéransferability, obviously depends on part for fitting and the other for testing the potential. If the
whether the data points used for fitting span a wide enoughoot-mean-squarérms) deviation between the desired and
region of configuration space. predicted properties observed at the testing stage is consid-
A possible way to expand the database is to include a sedrably larger than the rms deviation achieved at the fitting
of atomic configurations calculated by initio methods. For  step, the database is probably overfitted and the number of
example, Ercolessi and Adarneecently proposed develop- parameters should be reduced. Robertsbal® and Payne
ing glue model potentials by fitting to both experimental dataet al'° demonstrated that the rms deviation obtained while
andab initio atomic forces calculated for a large set of con-fitting gives no indication of the accuracy of the potential;
figurations including crystals, liquids, surfaces, and isolatednstead, it is the rms deviation obtained at the testing stage
clusters(force-matching methgd Another possibility of in-  that gives the most meaningful measure of the quality of the
corporatingab initio data is to calculate a set structural  potential.
energiesi.e., energies of various crystalline structures of the The separation of the fitting and testing steps suggests an
same material with different lattice parameters. Such a setlgorithm for finding the optimum number of parameters.
may include not only three-dimensional crystals but alsoThus one can start with a small number of fitting parameters
slabs, layers, or even atomic chaftfsin either case the in- and increase it gradually as long as both rms deviations de-
corporation ofab initio data can improve the accuracy and crease. Eventually, however, the rms deviation observed at
transferability of the potential dramatically by sampling re-the testing stage will stop decreasing and reach saturation,
gions of configuration space that are not accessible experalthough the fitting rms deviation may continue to decrease.
mentally. At this point the process can be stopped because the intro-
This recently emerged approach is very promising, andiuction of new parameters will not lead to any further im-
may serve to bridge the existing gap betwesdninitio and  provement of the potential. The occurrence of saturation in-
empirical methods in materials simulations. It should bedicates that we have approached the limit of accuracy
mentioned, however, that the simultaneous use of experdictated by the intrinsic shortcomings of the adopted poten-
mental andhb initio data in one database entails some prob+ial model. Robertson, Heine, and Pa§ridustrated this
lems. In particular, mangb initio methods tend to underes- strategy by fitting different glue model potentials for Al to a
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large set of structural energies generate@bynitio pseudo- agy, Eq, and the bulk moduluB=(c,,+2c4,)/3 as physical
potential calculations. In the present work we apply a similaiparameters.
strategy to establish the optimum number of fitting param-

eters for our database. 2. Ab initio data
Ab initio structural energies were generated using the
. PARAMETRIZATION AND FITTING PROCEDURES first-principles linearized augmented plane-waiteAPW)
N _ methodi®*! including all electrons and allowing for a gen-
A. Database for fitting and testing eral potential. The electronic exchange and correlation was
1. Experimental data specified by the Perdew-Wang parametrizdtiai the local-

. _ spin-density (LSD) approximation within the Kohn-Sham
The experimental part of our database includes the folormylation of density-functional theoA.Brillouin-zone in-

lowing phyS|caIlpr0pert|es of Al and N'igthe equilibrium lat- o4 rations were performed using the “speci&tpoint set of
tice parametet; the coheillve energ," the elastic €on- Monkhorst and Pack modified™ to sample correctly the
stants i1y Ciz, and cy4,”" and the vacancy formation gyijiouin zone of lower-symmetry lattices. To speed conver-
energy”*® (see Tables | and JI These experimental values gence, we follow Gillaf® and smear out the electronic ei-
coincide with those employed by Voter and Chén the  genvalues with a Fermi distribution &= 2 m Ry. We use a
develo_pment of their EAM potentl_als for these elements. Thgiher large basis set akdpoint mesh, so that energies are
potentials of Voter and Chen, which we refer to hereafter a%onverged to better than 0.5 m Ry/atom. Aluminum-only cal-
VC potentials, have been widely used in atomistic simula-|ations were carried out in spin-restricted mode, allowing
tions, although other EAM potentials for Al and Ni are also o magnetic moment. Calculations involving Ni were carried
available (see, e.g., Refs. 8 and 1792We use the VC 4t ysing the spin-polarized LSD by artificially inducing a
potentials as a reference for comparison _W|th our potentlallgn(,jlgneﬁC moment on the nickel ions in the starting charge
throughout the paper. It should be mentioned that the V(yensity and iterating to self-consistency. The comparison of

potentials were obtained as a part of the development o ap initio structural energies with those predicted by the
EAM potentials forL1, NizAl, and were later incorporated gam potential was performed as follows.

- : N[ 28-30
in EAM potentials forB2 NiAL“*~*"We can thus conve- First, because the two types of calculation use different
niently extend the comparison with VC potentials to our cur-reference levels of energy, only energy differences between
rent work on Ni-Al intermetallics. different structures could be compared with one another. In

Additionally, our database includes the experimental valorger 1o make this comparison more illustrative, we_simply
ues of the vacancy migration ener@y',™>" the intrinsic  gpifted all ab initio energies by the amount dEo— Eo,
stacking fault energyysg,”™ and the experimentally mea- \here £, is the experimental cohesive energy of the fcc

sured phonon-dispersion relatiotis>® The saddle-point phase and, is theab initio energy per atom of an equilib
configuration arising during a vacancy jump represents afl 0 . . L ! )
9 g 9 y jump rep rium fcc crystal. Due to this shift thab initio calculations

important region of configuration space which is not repre- . ; ) -
sented by any other properties. The local density at the jumpfgr(adICt the right cohesive energy of the fcc phase by defini-

ing atom in the saddle-point configuration is usually lowertion. If E(R) is theab initio energy per atom of any other
than that at a regular lattice atom, while the distances to thérystalline structure with a first-neighbor distarethen it
nearest neighbors are considerably smafiéfherefore the is the quantityE,— Eo+ E(R) that should be compared with
energy of this configuration, and thus]', measure the the respective structural energyR) predicted by the EAM
strength of pairwise repulsion between atoms at short dispotential:
tances. The atomic interaction in this regime is not fitted
properly in the traditional EAM scheme, with the conse- E(R)~Ey—E,+E(R). 3)
quence that EAM potentials typically underestim&® .3
vse represents the relative stability of the hcp phase, and Second, because of the LSD approximation our LAPW
determines the width of the dislocation dissociation on thecalculations tend to underestimate the interatomic distances
(111) plane. Realistic values ofg are thus critically impor-  in the crystal energy versuR dependence. This tendency
tant in simulations of plastic deformation and fracture. Themanifests itself, in particular, in the underestimation of the
agreement with experimental phonon frequencies is also egquilibrium lattice parameter. Thus, for fcc Al and Ni our
sential, and, moreover, is considered as a criterion of globdlAPW calculations predict,=3.988 and 3.428 A, respec-
reliability of an empirical potential’ tively (using the approximation by Birc6§EOS). Both val-
Two more experimental properties included in the dataues are on the lower side of the experimental lattice param-
base were the surface energy and the equation of state etersa,=4.050 and 3.520 A, respectively. The ratiof the
(EOS, i.e., the crystal energy as a function of the latticerespective lattice parameters, or the equilibrium first-
parametera. We did not fit the potentials exactly to the en- neighbor distanceRy=a,/v2, equalsa=0.985 for Al and
ergies of low-index plane&100), (110, and(111) because 0.974 for Ni.
their experimental values are not very reliable. Instead, we This difference in interatomic distances makes one-to-one
only required thaty,(110)> y,(100)> y,(111), and that all comparison ofab initio and EAM-predicted structural ener-
three energies be close to the surface energy of an “avegies, as suggested by E@®), essentially inaccurate. In par-
age” orientation[980 mJ/n for Al and 2280 mJ/rhfor Ni ticular, for an equilibrium fcc crystalR=R,) we have the
(Refs. 32 and 38. The EOS was taken in the form of the true cohesive energl, in the left-hand side of Eq3) (be-
universal empirical EOS of Roset al,*® which uses only cause the EAM potential is fit exactly &y; see belowand
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TABLE |. Properties of Al predicted by EAM potentials in com- TABLE II. Properties of Ni predicted by EAM potentials in
parison with experimental andb initio data. *Fitted with high ~ comparison with experimental amd initio data.* Fitted with high

weight! Fitted with low weight. weight. Fitted with low weight.

Experiment PresentVoter and Chen Experiment Present Voter and Chen

or ab initio  work (Ref. 9 or ab initio  work (Ref. 9
Lattice properties: Lattice properties:
ag(A)* 4.08 4.05 4.05 ag(A)* 3.52 3.52 3.52
E, (eV/atom)t -336  —3.36 -3.36 Eo (eV/atom)t —4.48  —4.45 —4.45
B (10" Pay 0.7¢ 0.79 0.79 B (10 Pay 1.81° 1.81 1.81
cq1 (10 Pay 1.14 1.14 1.07 Cq1 (10 Pay 2.4F 2.47 2.44
1, (10" Pay 0.61¢ 0.616 0.652 1, (10 Pay 1.4F 1.48 1.49
Cas (101 Pa) 0.316 0.316 0.322 C44 (10" Pa)* 1.25 1.25 1.26
Phonon frequencies: Phonon frequencies:
v (X) (TH2)" 9.64 9.31 8.55 v (X) (TH2)' 8.55' 8.71 10.03
vr(X) (THz)* 5.8(f 5.98 5.20 vr(X) (THz)" 6.27 6.38 6.68
v (L) (THZ) 9.64 9.64 8.86 v (L) (THz) 8.8¢' 8.53 10.04
vr(L) (THz) 4.19 4.30 3.70 vr(L) (TH2) 4.24 4.31 4.37
v (K) (THz) 7.59 7.30 6.87 v (K) (TH2) 7.3¢ 6.98 8.08
vr,(K) (TH2) 5.64 5.42 4.80 vr,(K) (TH2) 5.7¢8 5.68 6.04
vr,(K) (THz) 8.69 8.28 7.76 v1,(K) (TH2) 793 8.04 9.23
Other structures: Other structures:
E(hcp (eV/atom)* -33%  -3.33 -3.34 E(hcp) (eV/atom* —44F7  -4.43 —4.44
E(bcg (eV/atom* -325  -324  -3.28 E(bco) (eV/atom* —4.3C  —4.30 —-4.35
E(diamond (eV/atom)' 03¢ 233 206 E(diamond (eV/atom)' —-25F° -250 —2.61
Vacancy: Vacancy:
Ef (ev)* 0.68 0.68 0.63 E, (eV)* 1.6d 1.60 1.56
E™ (eV)* 0.65 0.64 0.30 ED (eV)* 1.3d 129 0.98
Interstitial: Interstitial:
Ef (Oy) (eV) 2.79 2.10 E{ (Op) (eV) 5.86 4.91
E ([111-dumbbel) (eV) 3.00 251 E (117-dumbbel (eV) 5.23 5.37
Elf ([110-dumbbel) (eV) 2.91 224 E|f ([110]-dumbbel) (eV) 5.80 5.03
Elf ([100]-dumbbel) (eV) 259 2.06 E, ([100-dumbbel) (eV) 4,91 4.64

Planar defects: Planar defects:

yer (M) * 166", 120-144 146 76 Ysr(MINF)* 128 125 58
Yus(MI/NF) 168 93 Yus(MI/nT) 366 225
¥ (MIIN) 75h 76 42 y1 (MJinf) 43 63 30
Y210 (M) 495 366 Ygb(210) (MJ/nT) 1572 1282
Y310 (MI) 467 320 Ygb(310 (MJ/nT) 1469 1222
Surfaces: Surfaces:

¥5(110) (mJ/mM) 980 1006 959 v5(110) (MI/mA) " 2280" 2049 1977
¥5(100) (MJ/m)T 980 943 855 ¥s(100) (MJ/m) T 2280 1878 1754
y<(111) (mI/md) T 980 870 823 ys(111) (mI/m) 2280" 1629 1621
%Reference 11. “Reference 11.

PReference 12. bReference 13.

‘Reference 14. ‘Reference 14.

YReference 33. The results in tabulated form can be found ifReference 34.

Ref. 35. Calculated in this work assuming the same nearest-neighbor dis-
Calculated in this work assuming the same nearest-neighbor distance as in the equilibrium fcc phase.

tance as in the equilibrium fcc phase. 'Reference 16.

Reference 15. YReference 32.

9Reference 31. PFor average orientation, see Refs. 32 and 38.

"Reference 32.

'References 51, 52.

IFor average orientation, Ref. 32. Other estimates give 1140 mJ/m
(Ref. 38.
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the energy of a uniformly expanded crystal on the right-handand p(r) tend to zero as—r.. In this work we choseg
side.(For example, for Ni the excess energy associated with=2 A~* andn=4, while r, was treated as a fitting param-
this expansion is about 0.04 eV/atom, which is larger thareter. Function®/,(r) andpg(r) in Egs.(5) and(6) are cubic
the energy difference between the fcc and hcp phases. splines through given sets of poirts ,V;} (i=1,...N;) and
order to remove this inconsistency in a first approximation{r;,p;} (i=1,... N,) with natural boundary conditions.
we modified Eq.(3) by rescaling all distances in the right- The last point in each set is, of course,,0). The two
hand side by a factor ot: functionsV(r) andp(r) are thus parametrized by a total of
o N;+N,—1 parameters, namely(V;} (i=1,... N;—1),
E(R)~Ey—Eg+E(aR). 4  {p} (i=1,...N,—1), andr,.

. . . . . . Likewise, the embedding functioR(p) was represented
This relation becomes an identity when applied to the equip. 2 cubic spline through a set of poin;,F} (i
librium fcc phase, and is expected to be more accurate thagy Na). This set includes the poin(8,0 and ICI’TOIFo)

Eqg. (3) when applied to other structures aRdvalues. Al- P . . ’ 00 0%
though based on heuristic arguments rather than solid phys\ll\-/herepo Is the density corresponding to the equilibrium fcc

cal grounds, this rescaling offers a first step in improving thecrystal andFo=F (po) is the equilibrium embedding energy.

one-to-one comparison scherfigq. (3)] used in previous Given the functiond/(r) andp(r), the values opy andFy,
studies—7 ' as well as the derivativeB; and Fj at equilibrium, can be

Cdetermined uniquely from the experimental valuesagf

It should be mentioned that the rescaling of interatomi L
o, andB. Indeed, considering the crystal energy per atom,

distances can influence some properties of the material pr% . ; : 27
dicted byab initio calculations, in particular the elastic con- — a'nd introducing the summation over coordination shells
stants. It was therefore interesting to evaluate how the relithin the cutoff sphere, Eqsl) and(2) give
scaling changes such properties in comparison with experi-
mental data. In cases 'Where thi; compe}rispn was possible, 20=> NP, (7)
the effect of the rescaling was either insignificant or favor- m
able. For example, the elastic constants for Al predicted by
our LAPW calculations aree;;=128+8, c;,=64+5, and N
C44=39%5 GPa. These values are systematically higher than Fo=Eo— fzm: NimVin - ®
the experimental values listed in Table I. Because the elastic
constants are proportional to the second spatial derivatives ¢fereV,,=V(R,), pm=p(Ry), Ry is the radius of thenth
energy, the rescaling according to E4) results in multiply-  coordination shell at equilibrium, and,, is the number of
ing them by factora®. This slightly reduces the elastic con- atoms at themth coordination shell. Furthermore, by calcu-
stants (c1;=124, c1,=62, and c,=38GPa, and makes lating the first and second derivativesifvith respect to the
them closer to the experimental values. Although the effecfirst-neighbor distance, we obtain, respectively,
is not very large, it can be taken as confirmation of the rea-
sonable character of E¢). N , , ,

In accordance with Eq4), we used two type of structural 5% NmVmRm+ Fo; NmpmRm=0, ©)
energies for fitting to or testing against each oth@éy: Ab
initio energies for a set of different structures with a fixed
flrst-ne|ghb9r. (_jlstancét, which constitutes a_certaln fracfuon %E NmV;;]RZm_F F()E NmpﬁqRﬁq
f of the ab initio value of Ry. (2) EAM-predicted energies m m
for the same set of structures with a fixeequal to the same
fractionf of the experimental value &,. Our ab initio data +F}
set included the fcc, hep, bec, simple hexagdséal, simple
cubic (so, L1, (fcc with one vacancy per simple cubic unit

cell), and diamond structures. The hexagonal structural enelQ,,0 being the e.qumbrl_um.atomlc VOlumN’f_“’ Vi, Pm» a_nd .
gies were taken with the idea/a ratio. For Al we also  Pm the respective derivatives of the functions at coordination

included theB—W (A15) structure, and for Ni this structure shells. Equation(9) expresses the condition of mechanical

was not calculated because of computational limitations. Th&auilibrium of the crystal, while Eq(10) relates the second

energy of each structure was calculated with three values dferivative O,fE to th? bulk modulusB. We can thus deter-
R 0.9y, Ry, and 1.R,. mine Fy, Fy, andFg from Egs.(8), (9), and(10), respec-

tively. Given these values, poinp§,F;,) of the spline turns
out to be fixed, whileF; and F§ uniquely determine the
boundary conditions of the spline. The number of fitting pa-

2
2, Nmp;an) =9BQ,, (10)

B. Parametrization of potential functions

FunctionsV(r) andp(r) were represented as rameters associated with the embedding function is therefore
N3;— 2. Note that this scheme of parametrization provides an
V(r)=V(r)=Vg(re)(r—re), (5 exact fit of the potential ta,, Ey, andB.
The basic equationd) and(2) are known to be invariant
p(r)=ps(r)—pg(ro)h(r—re). (6)  under the transformations

Herer. is a common cutoff radius of both functions, and
P(x)=x/(1+ B"x") is a cutoff function which serves to
guarantee that both the first and second derivativeg(oj and

p(r)—sp(r), F(p)—F(pls) (11)
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F(p)—F(p)—gp, V(r)—=V(r)+2gp(r), (12 0.20
wheres andg are arbitrary constants. Of special interest is 015 ]
the choice ofg=F/, called the effective pair scherf&ijn 010 | _

this caseF(p) has a minimum ap,, which greatly simpli- 0.05 -
fies all expressions for the elastic moduli and lattice force % ‘
constants. In any case the invariance of the EAM model, = 0.00
expressed by Eq$11) and(12), reduces the number of free <

fitting parameters by two. This reduction can be imple-
mented by fixing one node point in each of the spline func- -0.10

tionsV4(r) andpg(r) at some arbitrary values. Thus the total

-0.05

- L vC i
number of free fitting parameters in our parametrization 015
scheme equalll,=N;+N,+N3—5. -0-202 ; ' : ;
3 4 5 6 7
C. Fitting procedure (a) r((;-\)
We used a computer code designed for fitting the poten- 03 —
tial functions toay, Eq, B, ¢q;, andc,,; phonon frequencies
at the zone edge poit; unrelaxed values dffj, E), vsr 02 1
v5(100), y4(110), andys(111); an empirical EOS for any 01 | |
given set of lattice parameters; and the energies of severa '
alternative structures with the same first-neighbor distance as & g | _
that in the equilibrium fcc phaseRg). In this work the po- %
tentials were fitted to thab initio energies of the hcp, bcc, < 01} 1
and diamond structures using E@) for comparison; all
other structural energies were left for the testing stage. 0z r 1
As mentioned above, our parametrization scheme guaran- 03| 4
tees an exact fit tay, Eg, andB. For all other properties we
minimized the sum of relative squared deviations from the 0.4 ' . . . : . '
desired values with a certain weight assigned to each prop- 20 25 30 35 ‘:'0 45 50 55 60
erty. The minimization was performed using the simplex al- (b) r(A)

gorithm of Nelder and Medd with many different starting

conditions. The weights were used as a tool to control the FIG. 1. EAM potentials for Al(a) and Ni (b) in the effective

priority of certain properties over others according to thePair format.

reliability of the data points, the intended application of the

potential, and the intrinsic shortcomings of the EAM model. Because the program operated only with unrelaxed quan-

Thus the highest priority was given to the elastic constantsities, the fitting to the relaxed values &, EI", and ys¢

EL , EI", and ysr and the energies of the hcp and bec struc-was performed by trial and error. In this procedure one gains

tures. The phonon frequencies, the energy of the diamond good feeling for the relaxation energies after just a few

structure and especially the surface energies were includdfials, and can achieve fairly good accuracy of fitting in a

with the lowest weights. The diamond structure has the lowreasonable number of iterations.

est coordination numberzE& 4) and shows the largest devia- ~ The optimum number of fitting parameters for our data-

tion from the ground-state fcc structure in comparison withbase was established by alternating fitting and testing as dis-

all other structures considered in this work. Although we didcussed in Sec. II. To implement this strategy we had to gen-

find it necessary to sample this region of configuration space€rate a large set of potentials with different numbes)(of

the diamond structure was assigned a low weight for twditting parameters. Each potential was tested for the rms de-

reasons(1) Equation(4) is unlikely to be reliable at such Viation between EAM-predicted arab initio values of the

extreme deviations from the fcc structu¢@) The occurrence  structural energies other than those included in the fitting

of such low coordinations is less probable in simulations ofdatabase. While the rms deviation of fitting decreased with

internal defects in metals. Np, the rms deviation observed at the testing stage first de-
The empirical EOS of Roset al3%was fitted at 24 lattice creased, then reached a saturation, and finally increased. The

parameters in the range from @gto 1.4,, but again with  potential corresponding approximately to the onset of the

a relatively small weight. We did not expect this universalsaturation was identified as the optimum potential.

EOS to be very accurate when applied to the specific metals

in st.udy, particularly far from equilibrium. However, the ex- IV. INTERATOMIC POTENTIALS FOR Al AND Ni

clusion of the empirical EOS from the data set resulted in

drastic overfitting of the database, and the EOS predicted by The optimum potentials were found to be those with

the potential attained additional inflection points or even lo-=9, N,=7, andN3;=6 (thus N,=17) for Al, and N;=09,

cal minima. It was therefore helpful to keep the empiricalN,=7, andN;=>5 (thusN,=16) for Ni. They are shown in

EOS in the database, even though with a small weight, so abe effective pair format in Fig. 1. In this format both poten-

to avoid the overfitting and suppress the unphysical featureals have two local minima and are, in this respect, similar to

in the predicted EOS. the Al potential of Ercolessi and Adamhe cutoff radii are
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TABLE lll. Tabulated potential functions for Al and Ni. See H4) in the text for notation.

Al Ni Al Ni
r () V (eV) p r (A) V (eV) p o F (eV) o F (eV)
2.000 1.3467 0.0808 2.0000 0.7597 0.0671 0.000 0.0000  0.0000 0.0000

2.1786 0.8365 0.0835 2.1585 0.1812 0.0727 0.0560.6192 0.050 -0.2164
2.3573 0.4096 0.0852 2.3170-0.1391 0.0761 0.100 —1.0792 0.100 -—-0.5094
2.5359 0.1386 0.0847 2.4755—-0.2214 0.0755 0.150 —1.4100 0.150 —0.8488
2.7145 0.0062 0.0808 2.6340 —0.2153 0.0691 0.200 —1.6414 0.200 —1.2042
2.8932 —0.0488 0.0724 2.7924 —0.1766 0.0579 0.250 —1.8033 0.250 —1.5453
3.0718 —-0.0665 0.0602 2.9509 —-0.1291 0.0440 0.300 —1.9255 0.300 -—-1.8419
3.2504 —-0.0662 0.0463 3.1094 —0.0909 0.0301 0.350 —2.0330 0.350 -—2.0714
3.4291 -0.0605 0.0328 3.2679 —0.0643 0.0193 0.400 —-2.1313 0.400 -—2.2426
3.6077 —0.0529 0.0220 3.4264 —0.0423 0.0123 0.450 —2.2209 0.450 -—-2.3721
3.7863 —0.0503 0.0145 3.5849 -0.0252 0.0081 0.500 —2.3024 0.500 -—-2.4766
3.9650 —0.0537 0.0096 3.7434 —0.0139 0.0057 0.550 —2.3764 0.550 —2.5698
4.1436 —-0.0554 0.0066 3.9019 —0.0089 0.0043 0.600 —2.4434 0.600 —2.6542
43222 —-0.0535 0.0048 4.0604 —0.0084 0.0031 0.650 —2.5038 0.650 —2.7296
45009 -0.0485 0.0036 4.2189 —-0.0078 0.0021 0.700 —2.5574 0.700 —2.7958
46795 -—0.0400 0.0029 4.3773 —0.0043 0.0014 0.750 —2.6039 0.750 —2.8525
48581 —0.0279 0.0025 4.5358 0.0006 0.0008 0.800-2.6428 0.800 —2.8995
5.0368 —0.0149 0.0022 4.6943 0.0044 0.0004 0.850-2.6737 0.850 —2.9364
5.2154 —0.0041 0.0018 4.8528 0.0052 0.0002 0.900-2.6963 0.900 -—2.9631
5.3940 0.0025 0.0015 5.0113 0.0037 0.0001 0.9562.7101 0.950 —2.9793
5.5727 0.0048 0.0011 5.1698 0.0022 0.0000 0.9752.7136 0.975 —2.9834
5.7513 0.0034 0.0006 5.3283 0.0024 0.0000 1.0062.7148 1.000 —2.9848
5.9299 0.0006 0.0001 5.4868 0.0020 0.0000 1.0252.7137 1.025 —2.9840
6.1086 —0.0001 0.0000 5.6453 0.0004 0.0000 1.050-2.7108 1.050 —2.9838
6.2872 0.0000 0.0000 5.8037 0.0000 0.0000 1.1062.7016 1.100 —2.9990

r.=6.287 A for Al and 5.804 A for Ni. While the VC po- =166 mJ/n} (Ref. 32 was later re-interpreted as about 120
tentials limit the interactions to three coordination shells, ourmJ/n? (Refs. 51 and 52 we thus chose to fityse to an
potentials include also the fourth, and the potential for Niintermediate value of 146 mJfmFor both Al and Ni, the
even includes the fifth, coordination shell. The effective pairexperimentalysg values are significantly higher than those
interaction with these coordination shells is repulsive and, opredicted by the VC potentials. It should be mentioned that
course, very weak. The obtained potential functions are tabusome of the most recent potentials developed by other groups
lated in Table Il with 25 points per function. By applying also predict rather high values ofse, particularly 104
some interpolation between the tabulated points the readenj/nt (Ref. 5 and 126 mJ/rh(Ref. 25 for Al.

can reproduce the functions and use them for approximate To provide an additional confirmation that the higheg
calculations. For more accurate calculations, like those reyajues represent the right trend, we have evalugtgdn Al

ported in this paper, the potentials were tabulated with 300@y ap initio calculations. We used a five-layer supercell
points per function and the intermediate values were detefyhich realized the stacking sequence

mined by means of cubic-spline interpolation. These poten-

tial files are available via the World Wide W&bor via

e-mail at mishin@vt.edu. ...BCABJBCABUBCABC..,
In Tables | and Il we list the data included in the fitting

databases in comparison with the values predicted by th\?/ith stacking faults separated by just fivgl1) layers. The
potentials. It is observed that the experimental values of thﬁnrelaxed stgacking fauFI)t energy )(/jtleduced from iucﬁ calcula-

equilibrium properties, elastic constants, vacancy formationtions was 136 16 mJ/inf, which is comparable with the
and migration energies, and stacking fault energies are reproy; '

duced perfectly. The riaht val 4E™ ? alue of 157 mJ/rhobtained for the same supercell using our
uced perfectly. The right values Bf andE}" are important potential. In contrast, the VC potential predicts a relatively

for thg gimulation of diffusio_n kinetiqs, radiation darr_lage, low ysr value of 87 md/f for this geometry.
and similar phenomena. While for Ni most of th?n existing  an important success of our potentials is that they show
potentials predict reasonable values of biﬁﬂ“’md_ E, for  g00d agreement with experimental phonon-dispersion curves
Al the agreement is usually poorer, especially with respect tQrijg. 2). Although only the phonon frequencies at pokit
E;'. Taking the most recent Al potentii$? for example,  were included in the fitting database, all other frequencies are
the Ercolessi-Adams potential predi&$=0.61€V, ingood  also reproduced with fairly good accuracy. The somewhat
agreement with the experimental d4ta65 eV}, while the  larger discrepancy observed for Al may have two sources.
potential of Rohrer gives an underestimated valueE{f (1) Al is more difficult for the EAM model than many
=0.481eV. noble and transition metals. This may be due to the unusually
For Al, the earlier experimental value ofyge  high electron density and thus extreme importance of many-
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FIG. 2. Comparison of phonon-dispersion curves for@land 100 - .
Ni (b) predicted by the present EAM potentials, with the experi-
mental values measured by neutron diffraction at 8&\K and 298 0 0.0 05 10 15 2'0
K (Ni) (Ref. 33 for Al and Ref. 34 for Ni The phonon frequencies ) ’ : 0' )
at pointX were included in the fitting database with low weight. (b) Displacement in [211] (A)

body interactions, which are accounted for in the EAM FIG. 3. Calculated sections of thesurface of Al(a) and Ni(b)

model in an oversimplified manner. on (111 plane alond211] direction. The positions of the stable and
(2) Some mismatch between the slopes of the experimerinstable stacking faults are indicated.

tal and calculated dispersion curves in the long-wavelength .

regions(especially for the transverse branches gu0] di- of the planar faul'g energy as a function of the fault vector

rection; see Fig. @) indicates that there is some disagree_paraIIeI to a certain crystalline plane. In our case, one half of

ment between the elastic constants that can be deduced fraff¢ fcc crystal above &11) plane was shifted rigidly with

the experimental phonon-dispersion curves, on the one hantgspect to the other half in tji@11] direction. The shift was

and those obtained by ultrasonic measurements and used ifplemented by small steps, and after each step the energy

our database, on the other hand. of the system was minimized with respect to atomic dis-

The latter type of discrepancy has nothing in commonplacements normal to thel11) plane. Such displacements
with the intrinsic limitations of the EAM model. The Al included both relative rigid-body translations of the two half-
potential of Ercolessi and Adarmslso gives a good agree- Crystals and local atomic displacements in fa1] direc-
ment with the experimental phonon frequencies. For all othefion. The excess energy associated with the planar fault
Ni and Al potentials that could be tested in this work, theshows two local minimaFig. 3): one at the perfect lattice
agreement was considerably poorer. position (y=0) and the other at the shift vecte211]

For self-interstitials, both our potentials and those ofcorresponding to the formation of an intrinsic stacking fault
Voter and Chen predict tHd00] dumbbell to be the lowest- (y= ygg. The local maximum between the two minima rep-
energy configuration, in agreement with experimental dfta. resents an unstable configuration which is referred to as an
The non-split self-interstitial configuration in the octahedral“unstable stacking fault.” The unstable stacking fault en-
position Oy) turns out to be less favorable than 0]  ergy y,s determines the activation barrier for dislocation
dumbbell. nucleation, and plays an important role in plastic deforma-

For large-angle grain boundaries our potentials prediction and fracture of metaf®. The values ofy, predicted by
higher energies in comparison with the VC potentials. Thisour potentials are notably higher than those predicted by the
trend is illustrated in Tables | and Il for tHd11) twin and  VC potentials, and are expected to be more realistic. Quali-
3, =5 (210 and (310 [001] tilt boundaries. Another impor- tatively, however, the behavior af along the shift direction
tant quantity listed in the tables is the unstable stacking fault211] is similar for all potentials considered here.
energyyys. The meaning of this quantity is illustrated in Fig. ~ The surface energies predicted by our potentials came out
3, where we shoW211] sections of so-calleg surface3*>®  to be higher than those predicted by the VC potentials. Both
of Al and Ni on the(111) plane. Ay surface represents a plot predictions, however, are generally on the lower side of the
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. : ' ' ' : ' ' ' ] show a significant deviation from the empirical EOS toward
- oA e higher energies in the expansion region. A remarkable fea-
0.5 ture of our potential for Ni is that it does predict a very
£ -10 similar deviation in the same region, and is in much better
S s agreement with thab initio values than the empirical EOS.
3 This discrepancy is not very surprising, as the parameters for
% 2.0 Rose’s EOS were derived mainly from experimental data
EJ‘E 25 rather thanab initio calculations. Some results ab initio
30 ab initio calculations were used by Roseal. for comparison. While
present work these usually do follow a universal behavior, e initio
35 r Rose etal. ——--- ] values ofE,, Ry, and B often differ from the respective
4.0 L L L L L L L L experimental data. We, therefore, need not expectadur

45 50 55 60 65 7.0 75 80 initio data to follow Roseet al's universal EOS exactly.
(@ a (°A) In Table IV we compare thab initio structural energies
of Al and Ni with those predicted by our potentials. This
table represents thab initio data set used at the testing
stage, except for the values marked by the asterisk. The rms
deviation obtained at the testing stage was 0.06 eV for Al
and 0.15 eV for Ni. These values correspond to the satura-
tion limit discussed in Sec. IV; they measure the limits of
accuracy achievable in predicting the structural energies of
Al and Ni in the framework of the EAM model. It should be
emphasized, however, that these rms deviations were ob-
tained by averaging over not only different structures but
T also different first-neighbor distances. More importantly, the
accuracy in predicting the structural energies depends dra-
matically on the departure of the structures from equilibrium.
Indeed, Table IV shows that for the first-neighbor dis-
tance fixed atR, the agreement between tlad initio and
EAM-predicted energies is very good. In this case the poten-
tials successfully represent the right dependence of the en-
ergy on the local coordination in a wide range of different
environments. The agreement also remains reasonably good
under strong compression (OR§ and even stronger expan-
sion (1.R,), but the discrepancies increase drastically. The
experimental valué8 and the results odb initio calculations ~ variation of Ry is a very important test of the potentials,
(see, e.g., Ref. 57 As an additional check of this trend, we because the local atomic configurations arising in the core
have evaluated here an unrelaxed valueygfl11) for Al  regions of crystalline defects may feature not only different
using an eight-layer supercell consisting of fild 1) atomic ~ “abnormal” coordinations but also distorted interatomic dis-
layers and thre€l11) layers of vacuum. While the result of tances. It is noted that for Ni the strain gives rise to a larger
LAPW calculations wasy(111)=974 mJ/m, our potential ~ discrepancy betweeab initio and EAM-predicted energies
and that of Voter and Chen gave 865 and 835 rﬁ,]rm;pec- than it does for Al. The latter feature is quite understandable:
tively. due to the higher bulk modulus of Ni, the same strain results
Historically, EAM potentials have been much more suc-in a larger increase in all structural energies of Ni in com-
cessful in accounting for the observed surface energies arphrison with those of Al. Figure 5 illustrates all these fea-
surface relaxations and reconstructions than the previousliyres; it also demonstrates that the scatter of the data points is
used pair potentials. Nevertheless, EAM potentials are welbasically random, i.e., there is no noticeable systematic de-
known to underestimate surface energies consistently, théation between the structural energies predicted by the po-
reasons probably being related to the large electron-densitgntials and those obtained lap initio calculations.
gradients occurring at the surface. The recognition of this Table V summarizes the equilibrium first-neighbor dis-
fact was the reason why we assigned surface energies a Id@nces and cohesive energies calculated for different alterna-
weight, and focused the attention on the properties of intertive crystalline structures of Al and Ni using our potentials.
nal defects. They were obtained by minimizing the crystal energies with
In Fig. 4 we show the equations of state of Al and Ni, respect to a hydrostatic strain. The energies of noncubic
calculated with our potentials, in comparison with the resultsstructures were also minimized with respect to ¢ha ratio.
of ab initio calculations and the empirical EOS of Rose It should be emphasized that such constrained energy mini-
et al3 The originalab initio energies were recalculated ac- mization does not guarantee that the structures obtained are
cording to Eq.(4). For Al, the EAM-predicted EOS is very truly stable or metastable. The calculation of the elastic con-
close to that of Roset al,*° it is also consistent with theb  stants of the structures reveals that some of them are elasti-
initio data, with some small deviations in the region of largecally unstable. In Table V, the number of nearest neighbors
expansions. For Ni, however, theb initio energy values in each structurez, is also indicated(Since theA15 struc-

E(a).(eV/atom)

ab initio
present work
Rose etal. --------

30 35 40 45 50 55 60 65 70
[+]
(b) a (A)

FIG. 4. Energy per atom of fcc A{@ and fcc Ni(b) as a
function of the lattice parameter. Tlad initio values shown in this
plot were subject to transformation according to E). The em-
pirical EOS of Roseet al. (Ref. 39 is shown for comparison.
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TABLE IV. Energies per atontin eV) of different crystalline structures of Al and Ni calculated by the
LAPW method and by the present EAM potentials. Each structural energy is given for three first-neighbor
distances: 0.9%,, Ry, and 1.R,, whereR, is the equilibrium first-neighbor distance in the fcc phase. The
energies marked by the asterisk were fitted during the development of the EAM potentials, all other EAM-
generated energies are predicted by the potenti&is to theab initio energy as part of the development of
the potential.

0.9, Ro 1.1R,
Element Structure ab initio EAM ab initio EAM ab initio EAM
Al fcc -3.25 -3.26 —-3.36 —-3.36 -3.10 -3.07
hep? -3.21 -3.24 -3.33 —-3.3% -3.09 -3.09
bcc -3.23 -3.24 -3.25 —-3.2& —2.93 —2.89
si? -3.11 -3.04 -3.12 -3.10 —-2.75 —-2.84
L1, -3.13 -3.05 -3.11 -3.02 —2.70 —2.66
Al5 -3.18 -3.19 —-2.97 —-2.89 —-2.43 -2.33
sc —2.98 —2.96 —2.90 —2.92 —2.48 —2.58
diamond —2.52 —2.44 —2.36 —-2.3% —1.88 —1.96
Ni fcc —4.23 —4.28 —4.45 —4.45 —-3.95 —3.99
he? -3.20 -3.29 —4.42 —4.43 -3.94 —-4.00
bcc —4.23 —-4.32 —-4.30 —4.30¢ -3.61 -3.74
si? —-3.99 -3.91 -3.90 -3.87 -3.20 -3.36
L1, -3.84 -3.76 -3.75 -3.78 -3.01 -3.28
sc —3.66 -3.61 —-3.44 -3.47 —2.66 —-2.93
diamond —-2.85 —2.56 —-2.51 —2.50° -1.73 —-1.99

a\ith ideal c/a ratio.

ture includes two nonequivalent types of site, we give acohesive energies obtained with the VC potential show con-
value ofz averaged over such sitg#s usual with the EAM  siderable deviations from both previous data sets, with a no-
model, the structures with lower coordination tend to beticeable tendency to overbinding. The “exotic” structures
more compactsmallerR,) and less stablélargerEy). The  A12, A13, andA15 fall out of this trend, in that they show
A15 structure, however, demonstrates an exception to thisnomalously large stability. This behavior is consistent with
rule, in that it turns out to be anomalously stable and has athe known fact that the number of first-neighbor “bondsg,”
unusually smalR,. For Al, theA15 structure is predicted to is not always an adequate measure of compactness and sta-
have the next-lowest energy after the fcc phase, and to bility of crystals, and that further neighbors should be also
almost as stable as the hcp phase. For Ni/th® structure is  taken into account.
slightly less stable than the hcp and bcc structures, but again As a further test of transferability of our potentials to
considerably more stable than all other structures listed in thether, particularly noncubic, environments it was interesting
Table V. For Al, we have additionally calculated the energieso study the energy behavior along strong deformation paths.
of the A15 structure at ten different lattice parameters aroundn Fig. 6 we show the energies of Al and Ni under a volume-
the equilibrium by the LAPW method. The valud®, conserving tetragonal strain along the so-called Bain path.
=2.540A andE,=—3.28eV/atom evaluated from these In the ab initio and EAM calculations the atomic volume
data are in good agreement with our EAM predictions, andvas fixed at the equilibrium valu@, predicted for the fcc
confirm the remarkable stability of this structure. phase byab initio and EAM calculations, respectively. The

It is interesting to compare our cohesive energies of dif-minimum atc/a=1 reflects the stability of the fcc phase,
ferent structures of Ni with the results of recent total-energywhile the maximum observed ata=1#2 corresponds to a
tight-binding calculations® In Table VI we make this com- nonequilibrium bce phase. Although our potentials and those
parison for those structures for which tight-binding cohesiveof Voter and Chen predict qualitatively the same behavior of
energies are available. In addition to the structures considhe energy, our potentials demonstrate much better agree-
ered previously, Table VI includeA12 (a-Mn), Al13 (8- ment withab initio results.
Mn), andDO5 (Fe;Al structure where Fe sites are occupied  Figure 7 shows the calculated energy contour plot for Al
by Ni atoms while Al sites are vacgnfor relatively simple  along the Bain path, including both hydrostatic and tetrago-
structures, i.e., structures other thah?, A13, andA15, both  nal distortions. The bcc structure, relaxed with respect to its
types of calculation are consistent with the usual trend tatomic volume(), corresponds to the saddle point in this
greater stabilityi.e., smallelEy) of more compact structures plot. The elastic constants calculated for this structure satisfy
(i.e., those with a larger coordination numi®y as well as the instability criteriorc,;<c;,. These observations indicate
with the bond order concepgsmaller energy per bond in that the bcc structure of Al is elastically unstable and, if
more compact structurgsThere is good agreement between allowed to evolve under the internal forces, it either returns
our energies and the tight-binding energies, although the lato the ground-state fcc structure or develops some further
ter show a tendency to some underbinding. In contrast, thietragonal distortion and turns to a metastable body-centered
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T T T T T T TABLE V. Cohesive energies and equilibrium first-neighbor

18 Al e | distances in different crystalline structures of Al and Ni, as pre-
20t - dicted by the present EAM potentials.
22 f - Al Ni
g 2.4 ; - Structure z Ry (A) E, (eViatom) Ry (A) E, (eV/atom
g
3 26 . fcc 12 2.864 -3.36 2.489 —4.45
s Lgl o | hcp 12 2.839 -3.33 2.46Y —4.43
i o bec 8 2802 -325 2413  —4.34
-3.0 1 8° 1 sh 8 2.852 -3.10 2.341 —3.94
e _ _
30l ggv R, o ) L1, 8 2.755 3.06 2.429 3.80
. 095R, © Al5 75 2573 —-3.35 2.256 —-4.30
Bar St 110Ry = sc 6 2741 296 2347 362
L L L L L L L L L diamond 4 2.616 —2.47 2.372 —2.56
-3.4-32-3.0-28-26-24-22-20-1.8
(a) ab initio (eV/atom) ZC/ a=1.756.
c/a=1.617.
T T T T T lv CC/a: 102
dc/a=0.97.
2.0 Ni b
strain, again with the atomic volume fixed at the respective
25 | s b equilibrium values for the fcc phase. In this case the primi-
€ \ tive translation vectors of the structure are
e} S oo
§ 30t v .
G a=(a,b.b),
=3 | o |
x 35 iy a,=(b,a,b),
v,.a%'
-40 B o RO o T a.3: (bybya)l
& 0.95R; © o
45l * 110R, v | where the angl# between the vectors is given by
45 -40 -85 -30 -25 -20 (2a+hb)b
CoSH= ————5.
(b) ab initio (eV/atom) a+2b

FIG. 5. Comparison ofb initio and EAM-predicted structural We thus obtain a fcc lattice whefh=60°, a sc lattice when
energies of Al(a) and Ni(b) for three fixed first-neighbor distances 6=90°, and a bcc lattice whefi=109.471°. As in the pre-
(see Table 1V. The filled circles indicate the energies fitted as partvious case, the energies obtained with our potential are in
of the development of the potentials; all other energies are predicteglery good quantitative agreement wib initio energies. In
by the potentials. The line of perfect agreemedotted ling is  contrast, the VC potential shows strong deviations from the
shown as a guide to the eye. ab initio data, especially for the angles around #uestruc-

ture. The fact that the energy attains a local maximurg at
tetragonal(bct) structure. With reference to a bce structure, =90° reflect the elastic shear instability of tke structure
the equilibriumc/a ratio of the bct structure equals 0.775, with ¢4,<0. In the contour plot of the energy versdsand
with a first-neighbor distanc®,=2.774 A and a cohesive (/) ,, which is not shown here, this structure corresponds
energy Eq= —3.30eV/atom. Similar features are also ob-to a saddle point.
served for Ni, with the bcc structure being unstable and the Returning to Fig. 1, it is seen that the potentials show
bet structure withR,=2.426 A, Eq=—4.34eV/atom, and some wiggles, particularly in their tails. Moreover, the sec-
c/a=0.905 being metastable. In view of the good agreemengnd derivatives of the potential functions, although continu-
observed in Fig. 6, we can conclude that our predictions wittpus, show rapid changes around some points. These features
regard to the instability of the bcc structures and metastabiltypically accompany cubic-spline fitting, and generally may
ity of the bct structures of Al and Ni are confirmed by ti#¢  |ead to unphysical anomalies of some properties. Although
initio calculations. It is interesting to note that the equilib- no anomalous behavior was ever found by the authors in any
rium c/a ratios predicted for Al and Ni are close to and lie calculations reported here, the reader should be warned that
on the either side of the ideal ratida= \2/3~0.816 corre- further tests might, in principle, reveal some anomalies. The
sponding to am\, (or, which is equivalentA6) crystalline latter seems to be almost improbable while dealing with mo-
structure withz=10. The two known prototypes of this lecular static simulations, but the risk increases as one goes
structure, a-Pa (c/a~0.82) and 8-Hg (c/a~0.71), also to quasiharmonic calculations at high temperatures or any
show deviations from the ideala ratio. other methods that rely on smooth behavior of higher deriva-

For Al, we also calculated the energy under a trigonaltives.
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TABLE VI. Cohesive energieg, (in eV/aton of different crystalline structures of Ni predicted by
total-energy tight-binding calculatiori$B) (Ref. 58, by the present EAM potentidEAM), and by the EAM
potential of Voter and ChefVC) (Ref. 9.

Structure

Method fcc hcp bcc L1, D03 sc diamond A12 Al3 Al5

B —-445 -441 -434 -379 -367 -342 -251 —-435 -439 -4.25
EAM —445 -443 —-434 -—-380 -3.74 -362 —-256 —-431 -434 -430
VvC —4.45 -444 -437 -394 -388 —-391 -297 —435 -436 -4.32

8Fitted to reproduce the results ab initio calculations.

V. DISCUSSION AND SUMMARY pounds. Although the quality of such potentials varies

. . . . : widely, a typical potential reproduces some basic physical
therSn;N?/verlnetgtISirrLel?Ialtg gfcé L:nlgéerrr]%tl(;g]:;‘ apg;r;tgs r(;f;eerrﬁroperties of the materigbuch as the lattice parameter, co-

y way 9 P esive energy, elastic constants, and vacancy formation en-

While the first atomistic simulations of this kind were basedergw’ but often fails to reproduce many other, also important

on pair potentials, by the late 1980s they were almost Combroperties, such as the vacancy migration energy, the stack-

pletezl?é replaced by many_—quy_ potentials - of thg EAM ing fault energy and so on. It should be clearly realized that
type.*~The successes and limitations of such potentials havﬁwe drawbacks of EAM potentials have two different sources
been recently discussed in Refs. 60 and 61. At present, there (1) The intrinsic shortcomings of the EAM model. Al- '

areé a great.number of EAM-type Interatomic potenhgls aVa'l'though very successful in accounting for the nature of me-
able for different metals, alloys, and intermetallic com-

tallic bonding, this simple model is based on certain approxi-
mations, which make it insufficient in many situatidfi$?

-8.22 ' BICC ' ' ' i (2) The drawbacks of the traditional procedures for devel-
324 1 l Al | oping EAM potentials. Many such potentials are based on a
. small database of experimental properties and/or a small
-3.26 T number of fitting parameters, not to mention the failure to
T 3208l ] use modern algorithms for multidimensional parametriza-
S ’ tion.
(3] | .
% -3.30 1 For the second reason, many EAM potentials are less ac-
o 342k i curate than they could be within the intrinsic limitations of
' the EAM model. The abundance of such potentials and their
-3.34 ab initio - use in many atomistic simulations has resulted in some un-
336 | Presentwork e 1 derappreciation of the EAM as such, and the appearance of
' VC - the view that EAM potentials are only good for studying
-3.38 L . ' ' ' . ' trends, but not for producing quantitative data.
05 06 07 08 09 10 141
11 _ 1 1 J 1 1 1 1 |
(a) c/a ’
-4.28 T T T T T T 1.0 - * -
-4.30 | - fec
432 | 1 0.9 + -
L
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g 436 .
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(b) c/a

FIG. 7. The energy contours along the Bain path, calculated

FIG. 6. Comparison o&b initio and EAM-predicted values of using our EAM potential for Al. The contours are shown in every
energy along the Bain path between the fcc and bcc structures of A.012 eV/atom. The saddle poifit) corresponds to the bcc struc-
(a) and Ni(b). The calculations were performed with a fixed atomic ture, while the local minima®) correspond to the stable fcc and
volume corresponding to the equilibrium fcc phase. metastable bct structures.
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The chief objective of this paper was to demonstrate that 26 F T T T T T ]
one can increase the accuracy and reliability of EAM poten- 271 prese?ﬁ wg;ﬁ * Al
tials dramatically by improving the procedures mentioned in VC - l sC
point (2) above. In fact, due to such improvements one can 2.8 7
eliminate almost all sources or error other than those dictated TCE: 29+ .
by the intrinsic limitations of the model. It then turns out that &

EAM potentials, at least for monoatomic metals, can repro- ?o, 80 |
w  -3.1F 4

duce many essential properties at a fairly good quantitative
level. Moreover, within the region of configuration space 32 L
sampled by the fitting database, EAM potentials are capable

of predicting the energies of different configurations with an 83 i
accuracy comparable with that of tight-binding or ewan -3.4

initio calculations. The importance of such potentials cannot 40 50 60 70O 80 90 100 110 120
be overestimated. When an EAM potential is used in atom- 8 ()

istic simulations, the computation time does not depend on

the quality of the potential or the procedures by which it was FIG. 8. Comparison ofb initio and EAM-predicted values of

generated. It therefore makes perfect sense t0 apply MOffe energy per atom of Al under a trigonal strain. The trigonal
elaborate fitting schemes and develop potentials that reprengiesg corresponding to the fec, bee, and sc structures are indi-
sent physical properties of the material more accurately anghted. The calculation was performed with a fixed atomic volume

over a larger range of configuration_s. _ corresponding to the equilibrium fcc phase.
The development of such potentials requires the use of a

large data set including both experimental atinitio data.
Along with the traditional experimental quantities, the data

set should include the vacancy migration energy, the stack-

ing fault energy, a few short-wavelength phonon frequenciesting database, while all other structural energies were used

and/or any other quantities for which reliable experimentaf©" testing the potentials. The potentials thus obtained repre-

information is available. It is suggested that the initio ~ S€nt the experimental values of the equilibrium and defect

information be included in the form of the energies of dif- Properties of Al and Ni with very good accura¢yables |
ferent alternative crystalline structures, since such energieand ), and even correctly reproduce the experimental pho-
are very illustrative and can be conveniently generated usingon dispersion curve§ig. 2). Moreover, the potentials also
the supercell approach. The mismatch betweerathénitio ~ reproduce the right energies of different crystalline structures
and experimental lattice periods can be taken care of by rén a wide range of coordination numbefBable IlI, Fig. 5.
scaling interatomic distances according to B}, but better  For Ni, our potential predicts almost the same cohesive en-
approximations can also be developed in the future. Thergies of different crystalline structures as the recent total-
structural energies improve the transferability of the potentiaknergy tight-binding calculatiorfs (Table VI). The energy
by sampling a large region of configuration space that is obehavior under tetragonal and trigonal strains, obtained by
interest in atomistic simulations but is not accessible by exab initio calculations, is also nicely reproduced by our po-
perimental measurements. tentials(Figs. 6 and 8 All these observations can be taken
Another important improvement is the strategy of param-as a proof of good transferability of our potentials to various
etrization based on the alternation of fitting and testinglocal environments encountered in atomistic simulations of
steps!® The potential can be parametrized by fitting to thelattice defects. Overall, it can be concluded that the poten-
experimental data and part of the structural energies, whil@als show excellent performance and predictive capacity at a
the other structural energies can be used for testing the papantitativelevel.
tential. The rms deviation observed at the testing stage is the Different weights put on different properties take into ac-
most meaningful criterion of quality of the potential. The count the strong and weak sides of the EAM! and make
optimum number of fitting parameter&l) for the chosen our fitting scheme more flexible in constructing the best po-
database can be found by starting with a siNgland adding  tential for a chosen spectrum of applications. The lowest
more parameters until the rms deviation of testing stops taveights are assigned to properties for which the experimen-
decrease and reaches a saturation. The onset of the saturattahdata are less reliable and/or which are represented by an
indicates that the accuracy of the potential has approachddAM model less accurately due to its “intrinsic shortcom-
the upper limit determined by the physical shortcomings ofings.” In developing our potentials we gave a priority to
the EAM model. The potential corresponding to the onset obulk properties in contrast to surface energies. Because the
saturation is identified as the best potential for the giverEAM model is less accurate for the calculation of surface
database. energies than for bulk properties, it is not very clear whether
As a demonstration of this approach we have constructedne potential can perform equally well for both. While this
EAM potentials for Al and Ni. Theab initio part of the question calls for further studies, we chose here to construct
database included the energies of 6—7 different crystallineur potentials with an emphasis on bulk properties and inter-
structures, each with three different nearest-neighbor disaal defects. In particular, since the potentials accurately re-
tances, generated by LAPW calculations. The hcp, bcc, angroduce the vacancy formation and migration energies, they
diamond structural energies with the nearest-neighbor diszan be good for simulations of diffusion phenomena. They
tance of the equilibrium fcc phase were included in the fit-also reproduce the experimental values of intrinsic stacking
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fault energies and predict realistic unstable stacking fault enstructure, intergranular fracture, grain boundary sliding,
ergies, meaning that they are suitable for simulations of plasgrain boundary diffusion, and radiation damage of metals.
tic deformation and fracture of Al and Ni. A prospective
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