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We evaluate the ability of the embedded-atom mettio8M) potentials and the tight-bindin@ B) method
to predict reliably energies and stability of nonequilibrium structures by taking Cu as a model material. Two
EAM potentials are used here. One is constructed in this work by using more fitting parameters than usual and
including ab initio energies in the fitting database. The other potential was constructed previously using a
traditional scheme. Excellent agreement is observed betaleénitio, TB, and EAM results for the energies
and stability of several nonequilibrium structures of Cu, as well as for energies along deformation paths
between different structures. We conclude that not only TB calculations but also EAM potentials can be
suitable for simulations in which correct energies and stability of different atomic configurations are essential,
at least for Cu. The bcc, simple cubic, and diamond structures of Cu were identified as elastically unstable,
while some other structurdg.g., hcp and 9Rare metastable. As an application of this analysis, nonequilib-
rium structures of epitaxial Cu films di®021)-oriented fcc or bce substrates are evaluated using a simple model
and atomistic simulations with an EAM potential. In agreement with experimental data, the structure of the
film can be either deformed fcc or deformed hcp. The bcc structure cannot be stabilized by epitaxial con-
straints.
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[. INTRODUCTION easier to comprehend since hcp is a truly metastable phase of
bulk Cu. In this and similar cases, a transformation of the
The energetics and mechanical stability of nonequilibriummetastable phase to the ground state can be prevented by
structures of metals are important in many problems, such g&onstraints imposed on the metastable layer by the substrate.
phase diagram construction, structure of grain boundaries, drhe unstable bcc structure presents a conceptually different
epitaxial thin films. The most interesting finding is that manycase. Although it cannot be excluded that a bcc structure
of such “excited” phases, although close to the ground-stat€0nsisting of just a few monolayers does not possess the
structure in energy, turn out to be unstable against homogd?Stability inherent to a bulk bce crystal, a thicker bec layer
neous shear deformation or certain phonon mddezor ex- can hardly be stabilized by any constraints and should trans-
ample, it was found byb initio calculations that the bcc and form to the ground-state fcc structure or some truly meta-
simple cubic(sg structures of many fcc metals are unstablestable phase. It has not been determined until now whether

" ; . s the 9R structure of fcc metals is metastable. If so, it can be
against tetragonal and trigonal deformations, respectively. stabilized in epitaxial films and at grain boundaries by the
Likewise, the fcc structure of bcc metals was found to be

. . . ; S same mechanism as the hcp phase.
unstable against tetragonal distortidrfsThese instabilities While the energies and stability of various crystalline

have implications for the phase diagram construction by eMgyctures of metals can be calculatedatyinitio methods,
pirical methods, in which such phases are treated as metgomputational limitations prevent such methods from being
stable(i.e., stable against any small distortjdrf*° applied to atomistic simulations of constrained structures ap-
Some of the “excited” structures were found in core re- pearing in thin films and around extended defects. Faster
gions of extended defects and in epitaxial thin films. Formethods based on fitting parameters, such as the tight-
example, a thin{ 1 nm) layer of the 9R phase was predicted binding (TB) approximation’'® and especially the
by atomistic simulations and observed by high-resolutiorembedded-atom methd&AM),° are more suitable for this
electron microscopy ab =3 [110] tilt grain boundaries purpose. However, it is currently not totally understood how
in fcc Ag and Cutt'? Other 3 =3 boundaries in Cu reliable such schemes are in representing the energies and
were predicted, and experimentally found, to form a thinstability of structures away from the ground state. It has been
layer of the bce structure:'* The experimentally observed demonstrated for a number of fcc, bee, and hep metals that
structure of Cu layers grown epitaxially ¢001) substrates the TB method can successfully reproduce the energy differ-
is often interpreted as bce;'® although other authors con- ences between the ground-state and nonequilibrium struc-
sider it as strongly deformed f&. Hcp Cu was also found tures not included in the fif The elastic instability of non-
in epitaxial films grown on WL00). The latter observation is equilibrium fcc, bcc, and sc structures is also reproduced by
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the TB method correctly? Furthermore, it has been shown mented plane wave_ APW) method®>3! The electronic ex-
that EAM potentials for Ni and Al constructed by including change and correlation was specified by the Perdew-Wang
ab initio data in the fitting database are successful in predictparametrizatioff of the local density approximatiofLDA)

ing the structural energy differences between various phas#gthin the Kohn-Sham formulation of the density functional
and the instability of the bcc and sc structu#88Such po-  theory® The core states of the Cu atom were treated fully
tentials also demonstrate good agreement wfitinitio en-  relativistically in a spherically symmetric potential. Thel 3
ergies along tetragonal and trigonal deformation paths bend 4 valence electrons were treated in the semirelativistic
tween fcc, bcec, and sc structures. However, the2Pproximatiors® i.e., without spin-orbit interactions. Bril-
transferability of TB and EAM methods to other deformation 10Uin Zone integrations were performed using a regularly

paths has not been evaluated so far, and the stability of strugPaced set ok-points which included the origin. To speed
tures other than fcc, bee, and sc has not been studied nvergence, we follow Gillali and smear out the electronic

eitherab initio. TB. or EAM methods igenvalues with a Fermi distribution dt=5 mRy.ﬁg\ég

: o . o . -« 4. carefully checked the convergence of theoint mesi>
. In th'.s paper we continue our mve_stlgatlons in this direc We also used a rather large basis set, with approximately 150
tion, using Cu as a prototype. We firfkdec. 1) generate a

datab o6 initi ) ¢ vari alli uct basis functions per atom at the equilibrium volume. We es-
atabase INIlic energies ot various crystalline SUUCIUTes ate that the energies are converged to better than 0.5
of Cu as functions of volume, together with energies alon

YmRy/atom.
several deformation paths between the structures. Part of the 'the fcc energies were also calculated in the generalized

structural energie; are used for fitting the TB parameters fo@radient approximation(GGA) of the density-functional
Cu. In Sec. lll we introduce two EAM potentials for Cu. One theory with the VASP program, which was developed at the
potential is constructed by the scheme introduced in Refs. §achnical University of Vienn&~%° The Perdew-Wang 91
and 20 based on both experimental data abdnitio struc- parametrization of the GGARef. 41 and a plane-wave basis

tural energies. We also use this potential generation as afht with a cutoff of E,=26 Ry were employed. The core
opportunity to address the long-standing problem with EAMgiates of Cu were represented with a Vanderbilt ultrasoft

potentials. Namely, such potentials are normally Optimizedpseudopotentiézf in a form supplied by G. Kresse and J.

for properties that are determined by atomic interactions afsfner43 Convergence with respect to both thepoint mesh
dlstances_ close to equmbrlum or Iarge_r. Interactions albnd the value of,, were carefully checked. For the fcc
shorter distances are obtained by an arbitrary extrapolationy cture. the equilibrium lattice periagh=3.642 A, and the
and are often less than reliable. In this work, the short-rangg | moéulusB= 1.38< 10! Pa were obtained. ,Also the

parts of the potential functions are fit to reprod@einitio  hegjve energy of the bec structure was 0.04 eV higher than
energies of the fcc phase and a diatomic molecdilen of 4 for fec. Cu dimer energies were calculated with the hy-
Cu at very short atomic separations, including repulsion engiq gensity-functional theorjthe Becke exchangand the
ergies in the keV range. The potential is expected to have afloq_yang-parr correlatidf*éfunctionals, so-called B3LYP
improved reliability in atomistic simulations involving short using the Gaussian98 suite of prograths\n all-electron
atomic separations, suc;h as surface sputtermg,.shock WaveSaussian basis s€6-311G provided converged results.
etc. The sgpondl poLentlaI was constructed prew&ﬁr%ﬁus- \Both fcc and dimer calculations extended to short inter-
ing a traditional scheme based on experimental data onlyqmic gistances corresponding to energies in the keV range.

Other EAM potentials for Cu can be found in the literature 11,6 Naval Research LaboratofjRL) TB method used
(see, e.g., Refs. 23—t is not our purpose to analyze their ;, this work is discussed in detail in Ref. 18. In this method

qualities. Rather, we choose to construct a potential based Qe TB Hamiltonian is determined by a least-squares fit to

L. 20 . 21 22
our fitting schemé*” take a traditional potenti#t® for ¢ 1o energy and the energy bands of LAPW calculations
comparison, and evaluate the capability of the EAM, repréqegerined above. In the present case the LAPW database
sented by these two potentials, to predict structural energiggc|ded the fcc, bee, and sc structures for a wide range of
and stability of “excited” phases of Cu in comparison with ,q\ymes. The energy bands were fitted with a root-mean-
such capabilities of the TB andb initio methods. The g4 are error of 5 mRy and the total energy with an accuracy
phases considered here include, besides the previously angrq 5 mRy. During the fit a block diagonilization of the TB
Iyﬁed fec, bee, and sc structureﬁ, five more | excited” Kamiltonian at high symmetry points was used to avoid the
phases. In Sec. VI we compare the energies along severghqgipijity of incorrectly assigning the symmetry and angular
deformation paths calculated b initio, TB, and EAM  \gmentum character to different states. Care was taken to
methods. Such calculations provide not only a test of thg, ) qe energies at very small atomic volunieewn to 60%
EAM potentials but also information about mechanical ot the equilibrium valug It should be stressed that no ex-
(in)stability of different phases. As an application of our joimental data was used to determine the TB parameters. As
analysis, 'Fhe structure of epitaxial _Cu films on a(m) will be discussed in subsequent sections of the article, these
substrate is evaluated in Sec. VIl using an EAM potential. Ny, 3 meters are well transferable to other structures not in-
Sec. VIII we summarize. cluded in the fif'®

The NRL-TB method is computationally very efficient.
For systems including, p, andd orbitals, TB calculations
are approximately 1000 times faster than LAPW calcula-

Most of theab initio structural energies were generatedtions. This allows for generating, for example, phonon dis-
using the first-principles general-potential linearized aug-ersion curvesdiscussed below in this paperery quickly.

Il. Ab initio AND TIGHT-BINDING CALCULATIONS
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Recently, the NRL-TB method has been used to perfornscheme, the potential is generated directly in the effective
molecular dynamic§MD) simulations for 343 atoms with pair format>® The pair interaction function is parametrized
3000 MD steps, an almost impossible task with the LAPWas
method***°In particular, such MD simulations were applied
to calculate the thermal expansion of fcc Au and the pair
correlation function of liquid Au. They were also applied to
calculate the vibrational density of statd309) of crystal- X
line Si and the electronic DOS of amorphous Si using a
1728-atom supercell. Since the emphasis of this paper is ofyhere
the EAM, these and other applications of the NRL-TB
method are not discussed here in detail, but the interested M(F:To,@)=exd —2a(r—ro)]—2exd —a(r—ro)]
reader can find further details in Refs. 49 and 50. 4

To facilitate a comparison with EAM calculations, alb  is a Morse function an¢H(x) is a unit step function. Equa-
initio structural energies were shiffedy the same amount tion (3) includes a cutoff functions(x) defined asy(x)=0
so as to make the equilibrium fcc energy coincide with theif X=0 andy(x)=x*(1+x? if x<0. The last term in Eq.
experimental cohesive energy f3.54 eV/atom. Due to this (3) is added to control the strength of pairwise repulsion
shift we can talk about structural energies rather than strudetween atoms at short distances. &j.contains 15 fitting
tural energy difference¥ Likewise, all interatomic distances ParametersE;, E,, r§”, r{?), ay, ap, 8, rc, h, and
involved in the LDA calculations were scafetb make the {r{” . Shtn-123
equilibrium lattice spacing of the fcc phase coincide with the  The electron density function is taken in the form

V(N =[E;M(r,r§Y,ap) + E;M(r, 1P, az) + 8]

r—re

3
. )—erH(rS‘)—r)Sn(r(s”)—r)“, 3

experimental value of 3.G1A . This scaling takes into ac- _ (312 (4)
) : . = — — + - -
count that LDA calculations tend to underestimate inter-  P(7) =[AEXH=Bu(r=rg)") +exp(=Bo(r =ro™))]
atomic distances in the equation of state of a crystal. Because r—re
the TB parameters are fit to the LDA energies and distances, 4 h |’ )

all TB data were subject to the same kind of shifting and - @ (@)
scaling as the LDA data. The energies of a Cu dimer werdvith 5 more fitting parameters, ry”’, ry”, B1, and Bs.

compared with EAM energies directly. The cutoff fu.nction.zp(x) guarantees that functiong(r),
p(r) and their derivatives up to the second one turn to

smoothly zero at the cutoff distance.

lll. PARAMETRIZATION AND FITTING The functionp(r) is normalized top=1 in the equilib-
OF EAM POTENTIALS rium fcc crystal,

In the embedded-atom meth&tf? the total energy of an _
elemental system is represented as pZE Nmem=1. (6)
m

1 . The functionV(r) is also required to satisfy the mechanical
Etot:§ 2 v(rij)+z F(pi)- (1) quilibrium condition of the fcc crystal at the experimental
i i lattice perioda,

Here V(r;) is a pair potential as a function of distancg 2 N.R.V =0. 7
between atoms andj, andF is the embedding energy as a oo

function of the host electron densiy induced at site by all ~ Equations(6) and (7) use the notation¥,,=V(R,,) andp,,
other atoms in the system. The latter is given by =p(Ry), whereR,, andN,, are the radius and the number of
atoms at thenth coordination shell. These equations can be
. easily solved fora andE;, respectively, which reduces the
pi=2>, p(ri)), (2)  number of free fitting parameters by 2.
17 The embedding function is represented by a polynomial

. . . . 4
wherep(r) is the electron density function. While the func-

N=FO 4+ “E@2),—-1)2 — +2
tional form of Eq. (1) is based on certain physical ideas Flp)=F"+ sF7(p Ly +n§=:1 Gn(p—1)" ®
regarding bonding in metallic systems, the potential func- __
tions V(r), p(r), andF(p) have practically lost their ties [OF p<1 and
with the original physical meaning and are treated as some 1 _ _ _
fitting functions that can be parametrized any reasonable way F(0)+§F(2)(p— 1)%2+q1(p—1)°+Q (p—1)*
with the only requirement that the potential should work. F(;)= _

. . . 3
Two EAM potentials, constructed in different ways and 1+Qy(p—1)
called here EAM1 and EAM2, will be compared in this pa- 9
per.
The potential EAM1 was generated using the scheme in
troduced in Ref. 20 and slightly modified here. In this

for ;>1. The denominator in Eq9) guarantees thaE(;)
increases no faster than linearly in the regime of very large
densities at which atomic interactions are dominated by
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strong pairwise repulsion. The coefficiet) andF(? can TABLE I. Optimized parameters of the potential EAM1.
be expressed in terms of the experimental values of the ce
hesive energf, and bulk modulus3,8%° Parameter Value Parameter Value
1 re (A) 5.50679 S, (eVIAY 1.15000< 10°
FO=E,— 5 > NV, (100 h®) 0.50037 a 3.80362
m E; (eV) 2.01458< 107 ré® (A) —2.19885
L ) E, (eV) 6.59288< 103 ré (A) —2.61984x 107
" ' () (A) 0.83591 B1 (A7) 0.17394
S NGVIRZHFOL Y NpplR| =9BQo, (11 o 1
2 % memem % mPm’m o (1D r@ (A) 4.46867 B, (A1) 5.35661x 107
: . . Al 2.97758 FO (e —2.28235
Q, being the equilibrium atomic volume. Furthermore, theZ1 EA,lg 154927 F@ Eeg 135535
. . - - 2 . .
coefficientqq, can be determined from the boundary cond|-5 A) 0.86225¢ 102 a (eV) —127775

tion F(0)=0. Then, only the coefficientg,, g3, qa4, Q f@ (&)

-~ 2.24000 (eV) —0.86074

and Q, can be used as free fitting parameters Fqp). r@ (A) 1.80000 g; eV) 1.78804

Overall, this parametrization of the potential includes 23 freerfs) A) 1.20000 s (eV) 2 97571
parameters. Note that this fitting scheme automatically guar=’ 4

antees an exact fit tay, E,, andB S (eVIAY 4.00000 Q1 0.40000

0 -0 ' S, (eV/A*)  40.00000 Q, 0.30000

The potential was optimized by minimizing the weighted
mean squared deviation of selected properties of Cu from

their target values taken from experiments or obtainedtby ilibrium bond d lenath faCu di
initio calculations. The weights served to control the relative®du!'!Prum bon energyiy) and length Ry) of a Cu dimer,
importance of different propertié<® Besidesay, E,, andB, subject to the requirement that the fcc structure be more
the experimental part of the fitting database contained thgtable than hcp and bec. . -

elastic constants;;, the phonon frequencies, (X) and Tables | and Il summarize the optimized parameters of

: the potentials, while Fig. 1 shows the potential functions.
v1(X) at the zone-boundary poirX, the relaxed vacancy :
formation (E;) and migration E,) energies, and the intrin- Note that the EAM2 potential has been transformed to the

sic stacking fault energysy. Thermal expansion factors of effective pair format for comparison. Despite the different

fcc Cu at several temperatures and the equilibrium bond er{:garametrization and fitting schemes, both Sets of potential
ergy (Eg of a Cu dimer were also included with a small functions look similar except in the sharttlarge p) range.

weight. Additionally, the fcc structural energy was requiredWh”e_the_ EAM2 potential limits atomic_intgractions to three
to follow the universal equation of state of Roseal. ** coordination shells, the EAM1 potential includes also the

around the equilibrium as accurately as possible. dhéni- fourth coordinati(_)n s_heII. The _effective _pair interaction with
tio part of the database contained the excess energies of tHae fo}fo,rth coordination shell is repulsive and very small
hcp and bee structures over fec. All othe initio data were  (~107~ eV). The potential functions in the tabulated form
deferred for testing the potential. The shopart of the po- are available via the World Wide Webor by Email from
tential was optimized separately, through parameterd€ authors.
{r’ s}._1,5andQ, to reproduce thab initio energies of
the fcc structure and a dimer under strong compressions. IV. TESTING THE EAM POTENTIALS
The potential EAM2 was constructed previously using a ) ]
more traditional schen®:?? The pair interaction was de- A. Lattice properties
scribed by a Morse function, Table Il demonstrates that both potentials provide an ac-
curate match to the experimental elastic constants and pho-
V(r)=EiM(r,ro,a) (12 non frequencies in the equilibrium fcc lattice of CiWe
note that the EAM2 potential was fit to slightly different
experimental values ot;; .?Y) The potentials show good
agreement with experimental phonon dispersion cutVes;
6 a—BF 1 59— 28" pecially the EAM1 potentia(Fig. 2). Although only the fre-
p(r)=ri(e 7+2% )- (13 quencies at the zone-boundary pokhtvere included in the
Following Foiles®® the embedding functiorlF(;) was de- fit, all othe_r _frequencies are reproduceq rather accurately.
fined by requiring that the fcc energy exactly follow the uni- S0Me deviations are observed in the high-frequency range
versal equation of state of Rose al® This scheme also (=7 TH2). An agreement with experimental phonon fre-
gives a perfect agreement with experimental valueagf
Eo, andB. To provide a smooth cutoff, the above expres- TABLE IlI. Optimized parameters of the potential EAM2
sions forV(r) and p(r) are modified to make them go to (Ref. 23
zero together with their first derivatives at-r. (see Refs. - -
21 and952 for details This scheme contains ocnly five fitting E1 (€V) ro (A) a(A)  BATY re (A)
parameters, which are optimized to the experimental valueg 7366 23250 1.9190 4.0430 4.9610
of ¢;;, the unrelaxed vacancy formation energy, and the

[see Eq.(4)], while the electron density function was taken
as the density of a hydrogenic 4rbital,
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020 +—T—T—T—T—T TABLE |lIl. Lattice properties of Cu predicted by the EAM
0.15 L i potentials in comparison with experimental data. * data not in-
cluded in the fit.
0.10 }
> 005 Experiment EAM1 EAM2
5 000 3o (A) 3.618 3.615 3.615
G -0.05 E, (eV/atom —-3.54 —-3.54 -3.54
0.10 B (10" Pa 1.38% 1.383 1.419
015 11 (101 Py 1.700 1.699 1.793
S c1, (10" P3 1.22% 1.226 1.232
“ 253.0354.0455055 6.0 Caa (10" PY 0.758 0.762 0.810
r () v (X) (TH2) 7.38 7.82 7.94
(a) v1(X) (TH2) 5.16' 5.20 5.22
v (L) (TH2) 7.44 7.78 7.93
0.16 T T T T T T EAIM'I VT(L) (THZ) 341d 332 336<
o4l 0 EAM v (K) (TH2) 5.90! 6.22 6.37
\ *
042 b s 4 5 vr (K) (TH2) 4.60 4,65 4.77
Z vr.(K) (TH2) 6.7¢" 7.17 7.30¢
bl :
C 008 4 dReference 77.
8 b
3 0.06 | CReference 79.
o Reference 80.
0.04 ] YReference 57. The results in tabulated form can be found in
0.02 . Ref. 81.
0.00 L+— = bt
2530354.04550556.0 under zero pressure. Both calculations used a cubic supercell
r(A) with 500 atoms. The EAM2 potential tends to overestimate
(b) the thermal expansion, while the EAM1 potential demon-
strates significantly better agreement with experimental data
(Fig. 3.
s _
i"; B. Equation of state
g Figure 4 presents the equation of state of fcc(Energy
> as a function of the first-neighbor distance under hydrostatic
5 strain calculated with the EAM potentials, in comparison
3
& I [q00] X K [0 I g L
g T T T T T T
o  Exper
sl EAM ]
p 7+ ’ A7
L/
(c) 6 7
FIG. 1. Potential functions for the EAM1 and EAM2 potentials: ¥ 5~ | h
(a) pair interaction function(b) electron density function, ang) c Al ]
embedding function. The arrows indicate coordination radii in fcc >
lattice. 3+ g

quencies is an important quality of potentials, and was ever 2 [

suggested as a criterion of their global reliabififyPhonon 1k ]
frequencies were also calculated by the TB method using ar L . o .
11x11x 11 supercell. Although no phonon data were in- 355025 050 0.75 100 075 060 025 000 025 050
cluded in the TB fit, the agreement with experimental data is
rather goodFig. 2).

Thermal expansion factors of fcc Cu were calculated by FiG. 2. Phonon dispersion curves calculated with the EAM1
two methods: by minimizing the free energy of the crystal aspotential and by the TB method. Experimental points)(mea-
a function of volume in the quasiharmonic approximafidn, sured by neutron diffraction at temperature 80 K are shown for
and by Metropolis Monte Carlo simulatioii$° performed  comparison(Ref. 57.

q-> <q q->
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c,I QHA T j j 0.0 LM T T T T T
25« Monte Carlo ; P
Experiment . 05 |+ I'. 5 4
g 200 a0k |
2 15} S a5t '- .
g ° @
3 = o0} i N
5 10t 2 -
5 S 25t 1 o -
05 Tlm a0l g é%’:'
»»»»»»»» B
0.0 N ST ag L i
0 200 400 600 800 1000 1200 1400 35 ———— EAM1
Temperature () b EAM2
emperature (K) -4.0 1 1 I I 1
(a) 2.0 25 3.0 3.5 4.0 4.5 5.0
o
First-neighbor distance (A)
7 e e
2.5 . aonte Carlo . 7 (a)
Experiment o
¢ 200 T T
o 20} g 1 o LDA
H : 2 GGA
215y R 1 150 —— EAMI
g . EAMZ]
§ 1.0 | . q ;
5 . 2
05 ¢ T+ & 100 4
® I .
. \l/ <
00 1 1 1 I 1 1 1 UJ
0 200 400 600 80O 1000 1200 1400 50 i
Temperature (K)
(b)
0 i . N o
FIG. 3. Linear thermal expansion of Cu calculated in the quasi- 1.5 20 25 30 35 4.0
harmonic approximatioiQHA) and by the Monte Carlo method First-neighbor distance (A)
using the EAM1(a) and EAM2 (b) potentials. Experimental data (b)

(Ref. 92 are shown for comparison. The melting point of Ciy,j
is indicated.

FIG. 4. Comparison ofab initio (O, ), TB, and EAM-

. . . . . calculated equations of state of fcc Ga) Around equilibrium.(b)
with ab initio and TB calculations. While good agreement is a¢ short distances.

observed between all calculation methods around the equi-
librium [Fig. 4(a)], discrepancies appear in the strongly com-
pressive modgFig. 4(b)]. In this mode, the energies pre-
dicted by the EAM2 potential, which exactly follow Rose’s
universal equation of stateby construction, are significantly
lower thanab initio energies. On the other hand, the TB
energies tend to overestimad® initio data in this regime.
The EAM1 potential shows very good agreement wath
initio energies because such energies were included in th
fitting database. Figure(d) demonstrates that Rose’s equa-
tion of state may not be a good guide far away from equilib-
rium, and that it is more advantageous to abeinitio ener-
gies for optimizing interatomic potentials in the strongly & 100
compressive mode. As an additional confirmation, Fig. 5
demonstrates that the EAM1 potential provides a better
agreement with the experimental pressér&sunder strong

250
200

150
)
0.
g

compressions than the EAM2 potential. 50
C. Lattice defects 0
Vacancies and interstitials in Cu were studied in a cubic

supercell withN=_864 atoms. The energy of defect forma-
tion, E¢, was determined as

EAMI ——
7YY p—

1 1.1

1.2

13 14 15 16
VgV

1.7

FIG. 5. Pressure-volume relation in CuTet0 calculated with
the EAM potentials in comparison with experimental dats, (Ref.

Ef=Eger— (N 1)Ey, (14
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whereE 4 is the energy of the relaxed supercell containing a TABLE IV. Properties of point defects in Cu predicted by the
single defect. The negative sign corresponds to a vacandyAM potentials in comparison with experimental daka. is the
while a positive sign to an interstitial. During the relaxation, Boltzmann constant; other notations are explained in Sec. IV C.
the volume of the supercell was allowed to vary in order to

ensure zero pressure conditions. From the volume change Experiment EAM1 EAM2
due to the relaxationy,, the defect formation volume was Vacancy:
determined as E (eV) 127 1.8 1272 1.258
_ Q10 0.7¢ 0.701 0.743
Q=Vi= o, (15 Si/kg 2.39 1.404 1.245
with a positive sign for a vacancy and a negative sign for ark,, (eV) 0.71° 0.689 0.690
interstitial. For an interstitial, the splf001] dumbbell con- Q,,/Q, 0.12# 0.107 0.166
figuration was found to have the lowest energy. Moreovery, (THz) 7.69 16.22
[110] and[111] dumbbells were found to be unstable againstinterstitial:
rotations around the dumbbell center of mass. E; (eV) 2.8-4.2 3.063 3.229
The entropy of defect formatioi%, was calculated in the /0, 0.55+ 0.2 0.834 1.061
harmonic approximatiotl from the change in the vibrational Si/ks 7.429 11.00
entropy of the supercell upon creation of a single defectg (e\) 017 0.098 0.083
Slmllarly to ECI(14), Q00 0.041 0.038
S=Suer— (N~ 1)Sperf/N! (16) vy (TH2) 1.20 1.36

. . . dReference 82.
where Sy and S ¢ are the vibrational entropies of the de- bReference 65.

fected and perfect supercells. When constructing the dynami:

. . “Reference 83.
cal matrix, one of the atoms in the block was treated as stati
in o_rder to eliminate the translational invariance of the po- dependence of self-diffusiorRefs. 84 and 8§ and using €,
tential energy.

Point defect migration was studied by molecular dynam—eggcgg;ge(%zf' 83.
ics. As expected, a vacancy was found to move by exchang: '

. = . . : ... Reference 87.

ing positions with a nearest-neighbor atom. An interstitial

was established to move between nearest-neighbor sites
translating the dumbbell center of mass with a simultaneou . e '
can be viewed as the activation barrier that should be over-

90° rotation in the(100) plane containing the initial dumb- oo ) . e
bell and the destination site. The defect migration energ come when an intrinsic stacking fault is created by shifting

in the supercell energgvolume at the saddle point and in &long a(111) plane. The energy response to such shifts is
the initial state. The saddle points were located by thePest represented by the surface technique introduced

nudged elastic band meth83.The attempt frequency of DY Vitek 578 Figure 6 presents the relevant section of the

point-defect migration,yy, was calculated within the har-
monic transition state theofy. TABLE V. Energies fy, in mJ/nf) of planar defects in Cu

Table IV compares EAM-predicted point defect charac-predicted by the EAM potentials in comparison with experimental
teristics with experimental data. For a vacancy, both potendata and TB calculations. SF: intrinsic stacking fault; us: unstable
tials give reasonable agreement with experiments. The largiacking fault; GB:X =5 symmetrical tilt grain boundary with filt
est discrepancy is observed for the vacancy formatioris[001 and boundary plan€210) or (310); s: surface with ori-
entropy, but it should be kept in mind that the experimentaf"2i0Ns(11D. (110, or (100; T: symmetrical twin. TB calcula-

. . . tions were performed in a 24 atom supercell.

value of S is rather approximat® Experimental data for
interstitials are missing or unreliable owing to the extremely

E’Evaluated from the experimental res@t+ Q,,~0.9Q, [pressure

kg’){grsus brittle behavior of materials proposed by Rfté.

e . . o . ) Experiment B EAM1 EAM2
low equilibrium concentration and high mobility of intersti-
tials. However, the observed agreement for the interstitialyse 452 18.2 44.4 36.2
migration energy is encouraging. Yus 162 158 161
The calculated intrinsic stacking fault aftill) twin en-  y.; (210 966 937
ergies are consistent with experimental datable V), with .. (310 915 888
slightly better agreement for the EAM1 potential. Since the,,_ (111) 1790 1889 1239 1231
stagkl_ng fgult energy d_etermlnes the width of d|§lo_cat|on dis-,_ (110 1790 2335 1475 1472
sociation in th_e fcc I_attlce,_ the correct vaIL_Jeyng isimpor- ., (100 1790 2149 1345 1330
tant for atomistic simulations of dislocations and fracture. 24 222 18.2

Note that TB calculations underestimatgg, but this quan-
tity was not included in the TB fit. The unstable stacking®Reference 88.
fault energy,y,s, is another important quantity involved in °For average orientation, Ref. 89.
such simulations. This quantity enters the criterion of ductile’lReference 90.
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TABLE VI. Equilibrium cohesive energieén eV) of selected 250 F T T =
crystalline structures of Cu predicted by the EAM potentials in
comparison with TB andb initio (LDA) calculationsz is the co- 200 1
ordination number of the structure. * data included in the fit. NE unstable SF stable SF
)
z abinito  TB EAM1  EAM2 E im0} _
>
fcc 12 —3.540 —3.540° —-3.540 —3.540 %
he 12 -3528 —-3529 -—3532 -3534 & 100 .
oR? 12 -3534 —-3535 —-3535 -—3.536 §
bed 8 —-3.496 —3.500° -—3.494 -—3.494 L ogl N
L1, 8 -3.152 -—-3.218 -—-3.124 -3.136
A15 75 —3.413 3421 —3.454 —3.447 \. . . . .
sc® 6 —-2996 —-3.00 -3.107 -—-3.123 0 0.0 05 1.0 15 20
diamond 4  —2293 —2429 -2419 -—2.420 Displacement in [211] (A)

aith ideal c/a ratio.

b ) ) FIG. 6. Sections of they surface of Cu on111) plane along
Structure unstable against shear deformation.

[511] direction calculated with EAM potentials and by the TB

surface on(111) plane, in which the energy maximum cor- method.

res_ponds to the unstable stacking fault while the minimum aI)ds, and was double-checked by calculating vibrational fre-
§[211] corresponds to the stable stacking fault. TB calculagyencies of a large perfect lattice block using the EAM po-
tions predicty,s=162 mJ/m in excellent agreement with tentials. The bcc and diamond structures were found to be
EAM calculations. This agreement was also observed fofnstable against shear deformation with<c,,. Likewise,
other fcc metal$® Both potentials give very close values of the sc structure was found to be unstable against shear de-
surface and grain-boundary energies. The surface energigsrmation withc,,<0. All other structures were found to be
may be underestimated, which is a common feature of EAMyetastable.

potentials. The surface energies obtained by TB calculations Einally, Fig. 9 shows the equation of state of a Cu dimer

are in better agreement with experiment. which formally corresponds to the casezsf 1. While both
potentials agree well witlab initio calculations around the
V. ALTERNATIVE STRUCTURES OF CU equilibrium [Fig. 9a) and Table VI], the EAM2 potential

Besides the ground-state fcc structure, the energies of tt]sehOWS a significant discrepancy at short distaiBeg 9(b) ]

f ; o h contrast, the EAM1 potential is accurately fitab initio
ollowing nonequilibrium structures of Cu were calculated energies in this range, which makes it more suitable for situ-
by ab initio (LDA), TB, and EAM methods: hcp, 9R . ol | ! h of at

(a-Sm), bee, L1, (fcc with one vacant site per cubic unit ations involving close approach of atoms.

cell), A15 (B-W), simple cubic(sc), and diamond. Theb : : : : ,
initio and TB energies were scaled as indicated in Sec. Il. 1.5 | 2T
Table VI summarizes the equilibrium cohesive energies of :
the structures, ordered with increasing coordination number
z (For A15, the average coordination number is indicated.

The observed agreement between the energies obtained by 20
three different methods of calculation suggests that not only
the TB method but also the EAM potentials considered in
this paper are transfer well to configurations far away from 25 L

the ground state.

Figure 7 compares the calculated equations of state of
four selected structures. Although discrepancies increase as
the structure departs from the ground state, the relative sta- 3.0 -
bility of the structures is represented correctly by both TB
and EAM methods. For the hcp and 9R structures, which are
only slightly less stable than fcc, the agreement is especially
good. Fig. 8 illustrates that the equations of state of the fcc
and 9R structures look nearly identical. Note that, although
the energy differences between the fcc, 9R, and hcp struc- 5 10 15 20 25 30 35
tures lie at a meV level, the trend for the cohesive energy to
increase in the row fee 9R—hcp is correctly represented
by both potential§Table VI). FIG. 7. Comparison ofab initio (LDA), TB, and EAM-

The mechanical stability of the structures was evaluate@alculated equations of state of the féd), bcc (O), sc (A), and
by calculating the elastic constants by EAM and TB meth-diamond (¢ ) structures of Cu around equilibrium.

Energy (eV)

Atomic volume (A%)
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-1.6 TABLE VII. Bond length Ry, in A) and bond strengthEj;, in
a8l eV) of a Cu dimer predicted by the EAM potentials in comparison
' with experimental data anab initio (GGA) calculations.

20t
22 Experiment ab initio EAM1 EAM2

> 24t Ry 2.2 2.32 2.18 2.24

5 26| Eq -2.08 -1.80 -1.93 -2.07

(9}

5 -28r *Reference 91.
80 deformation path going through the diamond structure, and
82 finally (iv) (111) displacive deformation path between the
34 L fcc and 9R structures. The calculations were performed un-

der a constant volume corresponding to the equilibrium dia-
3.6 . . L . .
6 8 10 12 14 16 18 20 22 mond lattice in caseiii) and equilibrium fcc lattice in all
Atomic volume (?0‘3) other cases.
FIG. 8. Comparison ofb initio (LDA) (X, O), TB, and EAM- A. Bain path

calculated equations of state of the fcc and 9R structures. In the Under the Bain deformatioh 1870 1the initial fcc lat-

range shown, the equations of state of both structures are practical{}/ce (c/a=1) is compressed alorjg01] direction and simul-
identical.

taneously expanded to an equal exten{100] and [010]
directions so as to preserve the atomic volume. cAa
=1/{/2 the lattice becomes bcc. All three calculation meth-
Energy along several deformation paths was calculated?ds employed in this work predict a maximum of the energy
(i) tetragonal deformation path along the Bain fathe- atc/a=1/y2 (Fig. 10, thus indicating that the bcc structure
tween the fcc and bcc structuregd,) trigonal deformation is unstable against tetragonal deformation. This instability is
path between the fcc, sc, and bcc structufis, tetragonal  consistent with the negative shear modul@ =(cq;
—C49)/2 found for the bcc structure. The shallow minimum
observed atc/a<1/\2 corresponds to a body-centered-

VI. DEFORMATION PATHS BETWEEN STRUCTURES

"o abiniio
af tetragonal(bct) structure which is stable against tetragonal
sl distortions but turns out to be unstable against other modes
= L of shear deformation. This structure is knd#ias A, and
3 can be truly metastable in other metals, for example in highly
2 +
s 1 compressed Sn.
g of
4t B. Trigonal deformation path
2f The trigonal deformation patii*®"1"3s simulated by ap-
Al plying to the fcc structure a tensile strain in il 1] direc-
1.0 1.5 20 25 3.0 35 4.0 45 50
i i Y. -3.38 T T T T T T
Interatomic distance (A) 5 ab initio
(a) -3.40 | 8 1
; ' ™ ab infi 342 -
I b initi |
1400 S AW g
ool 0 T EAM2 1 E 3.44 - ! i
__ 1000 8 -346 1
E 800 %’
5 =~ 348 | .
8 Y
£ 600 &
w -3.50 .
400
3.52
200
0 : o 3.54 ¢ .
05 10 15 20 25 30 05 06 07 08 09 10 1.1
Interatomic distance (A)
cla
(b)

FIG. 10. Comparison oéb initio (LDA), TB, and EAM calcu-
FIG. 9. Energy of a Cu dimer as a function of interatomic dis- lations of energy along the Bain path between fcc and bcc struc-
tance obtained byb initio (B3LYP) and EAM calculations(a) tures. Calculations were performed at a constant volume corre-
Around equilibrium.(b) At short distances. sponding to the equilibrium fcc phase.
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20 T T

o abinitio
B

-2.1
-2.2

-2.4
25

E (eV/atom)
E (eV/atom)

) 2.6

2.7

-2.8 b

. 29 1 ! ! L L
40 50 60 70 80 90 100 110 120 05 10 15 2.0 25

0 (deg) c/a

FIG. 11. Comparison o#b initio (LDA), TB, and EAM calcu- FIG. 12. Comparison oéb initio (LDA), TB, and EAM calcu-
lations of energy along the trigonal deformation path. Calculationgations of the energy of diamond Cu along the tetragonal deforma-
were performed at a constant volume corresponding to the equiliion path. Calculations were performed at a constant volume corre-
rium fcc phase. sponding to the equilibrium diamond structure.

tion with a simultaneous compression in th211] and the[211] direction, whereas the following three planes were

[011] directions in such a way that to maintain the threefoldshifted by the same amount in the opposite direclﬁ@rl_l].
rotational symmetry around tH&11] direction and preserve At £=1 we arrive at the stacking sequence ABCBCACAB
the atomic volume. The degree of deformation can be me&orresponding to the 9R structure. We refer to this transfor-
sured by the angleq, between the primitive translation vec- mation path as Path 1. Because dimensions of the supercell
tors of the lattice, with6=60° corresponding to the fcc do not change, the atomic volume is conserved. Internal
structure. Figure 11 shows the energy along this deformatiogtomic relaxations were not allowed either. In this regime,
path. Again, all three calculation methods predict a maxithe energy calculations were performed by the EAM and TB
mum at#=90° (sc structurgand a minimum a¥=109.5°  methods and yielded similar resul8ig. 13. The 9R struc-
(bce structurg This plot demonstrates that the bce structuretyre was found to be metastable, which was mentioned in
is stable €44>0) while the sc structure is unstablesf Ref. 9 as a possibility. Note the difference between this

<0) against trigonal distortions. transformation path, on one hand, and the previously consid-
ered tetragonal and trigonal deformation paths, on the other

C. Tetragonal deformation of the diamond structure hand. While the tetragonal and trigonal deformations are ho-
mogeneous and correspond to long-wavelength phonons, the

The EAM and TB calculations predict that the diamond A L.
structure of Cu is elastically unstable with,<c,,. In order  1cC—9R transformation is initiated by a transvefsg s, 3

to verify this instability byab initio calculations, the energy Phonon in the fcc structure. A similar scheme, involving
of the diamond structure was calculated as a functioo/af ~ §[211]-type displacements afL11) planes, could be devel-
along a volume-conserving tetragonal deformation path. Théped for modeling an fee-hcp transformation. Note also
occurrence of a maximum ata= 1, predicted by all calcu- that the barrier of the fce 9R transformation along this path
lation methods(Fig. 12, confirms that diamond Cu is un- IS relatively high ¢-100 meV, in general agreement with
stable against tetragonal distortions. The structures corrdreviousab initio calculations. We did not perform our own
sponding to the local minima on either side of the maximumab initio calculations for this path: because they are compu-
are unstable against other modes of deformation. Althougkgationally expensive, and because we found an easier path
they do not represent any known crystalline structures, thethat can be modeled with a 3-atom supercell.

are ||ke|y to lie in energy basins Corresponding to some For thlS path, which we call Path 2, we choose the lattice
metastable structures in the full configuration space. Thé&anslation vectors as
identification of those metastable structures was not pursued

in this work. G % 0
2 2’
D. fcc—9R transformation
q Qo
For modeling this transformation we first followed the (0,?,—7

scheme outlined in Ref. 9. As the initial configuration, we

used a 9-atomic supercell representing the stacking sequence

ABCABCABC of (111) planes characteristic of the fcc struc- (ag,ag,a9) +¢&
ture. While keeping the first threg@11) planes intact, the

next three planes were shifted by the amounta§/\/6 in  and the basis vectors as
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a8l o abinion ' ] a Cu film growing epitaxially on &001) substrate, depend-
o b EEW ) ing on the lattice period of the substrate. The calculations
T e EAM2 employ the EAM1 potential.
842 - ] In order to describe transitions among the fcc, bcc, and
S 344 hcp structures of the film, we first consider an orthorhombic
2z 346 lattice with translation vectors
)
& -3.48 (a,0,0)
-3.50
852 ¢ . (O,b,O)
sML (0,00)
02 00 02 04 06 08 10 12 )
3 and basis vectors
FIG. 13. Energy along two displacive deformation paths be- (0,0,0
tween the fcc and 9R structures described in the #x.the nor-
malized displacement along the path. a _c
.05
2772
(0,0,0
abec
o 0 ao 56’2’2
2'72
a+ ab 0
a a —+é&=, =
~ 200920 2 ge’z’ :
2 2

h h he f h where¢ is an internal parameter of the structure. We assume
Then, we have the fcc structure&t 0 and the 9R structure 4 the(001) (i.e., a—b) plane of the structure is parallel to

at§=1. Again, no relaxation was included in the calcula- o gypstrate. This general structure reduces to an fcc struc-
tion. Like Path 1 considered before, this transformation ISure with lattice perioca;, when
cc

nonhomogeneous and involves certain short-wave phonons.

For this path, calculations were performed by all three meth- a=b=c=ay., £=0, (17)
ods and gave very consistent resiifgy. 13. We note, how- . ' '

ever, that the barrier of Path 2 is only20 meV, i.e., much 0 a bcc structure with lattice pericah . when

lower than for Path 1. Lattice relaxations are likely to make

this barrier even lower. This low barrier for the fe®R a=b= 128y, C=apec, £=0, (18)
transformation correlates with the_fact that Ia_yers of the 9R 1 to an hc
structure were observed at grain boundaries on sever
occasiong}1?

p structure with lattice spaciag, in basal
?)llanes and an ideal,.,/anc, ratio when

a=\3ane, b=18/3an,, C=any,, E=*1. (19
VII. APPLICATION TO STRUCTURE OF EPITAXIAL _
FILMS Note that thec-axis[0001] and the prismatic plane (102 of
the hcp structure are parallel to the substrate, which is con-
sistent with the orientation observed experimentily.

The energy of the described orthorhombic structure is a
During a pseudomorphic film growth, the grown material function of four variables, b, ¢, and (. However, the epi-
tends to adopt the structure of the substrate, or at least taxy condition imposes constraints on possible configura-

structure that provides the best match to the uppermogions. Namely,a and b must be equal to each other and
atomic layer of the substrate. This structure can be a strainecbincide with the lattice period of the fcc substrate &
ground-state structure or some othésut usually also times the lattice period of the bcc substrate. Thus, the energy
strained nonequilibrium structure. The occurrence of a par-becomes a function of only two variablega and&. In this
ticular structure depenéfson its equilibrium energy relative constrained configuration space, we obtain an fcc structure of
to the ground state, the strain energy which accommodatehe film when

the deviation of the lattice period from its equilibrium value,

the mechanical stability of the structure, and the relevant c/la=1, £=0, (20
mtgrfamal energies. The structures of fcc metals grown DI pee structure when
taxially on (001)-oriented fcc or bcc substrates were experi-

mentally identified as strained f&c;’ bet>**"®or hep cla=112, £=0, (21)
(Ref. 16 structures. In this section we present a simple

model allowing us to predict the most favorable structure ofand a deformed hcp structure when

A. Transformations between fcc, bce, and hcp structures
under epitaxial constraints
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TABLE VIII. Lattice periods of the fc@01) and bc€001) substrates that are expected to favor the fcc,
bce, and hep structures of a pseudomorphic fity.is the equilibrium fcc lattice period of the growing

material.
Substrate structure
Film structure fcc bcc
fcc Aree=4ay apec=ao/\2~0.707,
bce = (21\3)ap~1.155, ape= \2/32,~0.817,
hcp = /3128y~ 1.22%, ape= (1/3/2)ay~0.866a,
cla=1/3, &==+1. (22 Thus, the calculations predict that, at a given film/

substrate mismatch/a,, only one structurgout of three

considereyl can be metastable: either deformed fcc or de-
Note that the hcp structure now has a nonidggl/ancpratio  formed hep, depending upaa,. The bce structure always
of /3, which is about 6% larger than the ideal ratio@?3.  remains unstable, and must spontaneously transform to either

Before any calculations, we can estimate the lattice perifcc or hcp. This transformation involves a compression of

ods of the fc€001) and bc¢00D) substrates that can be ex- the film in the direction normal to the substrate, which is
pected to favor the fcc, bee, and hep structures of an epitaxiadontrolled by parameter/a. The transformation to the hcp
film (Table VIIl). These estimates are based on the assumyhase also involves a relative displacement of sublattices in
tion that the first-neighbor distances in the bc_c structure an 110],,. direction parallel to the substrate, which is con-
in basal planes of the hcp structure of the film tend to b rolled by parameteg. The latter mode of deformation is

close to the equilibrium first-neighbor distanag,/+/2, in , )
the fcc phase, which is, of course, an approximation. Tabl@ssociated with a transverse phongu(0). These deforma-

VIII also eludes to the mechanical instability of the bcc tion modes cannot be prevented by the substrate.
structure. For example, for a §@01) substrate we have
apee/ @9~ 0.876(usingan.= 3.165 A,”” which indicates that
this substrate must strongly favor the hcp structure of Cu.
The hcp structure was indeed found experimentally in the |n order to verify the analysis of Sec. VII A, the structures
Cu/W(001) system with the orientation predicted by this of epitaxial Cu films were determined by atomistic simula-
model*® For a Pd00)) substrate we have./a;~1.076  tions using the EAML potential. A slab of fcc Cu witB0Y)
(using ar,.=3.89 A),”" a value lying between the substrate orientation was created as the initial configuration. The at-
lattice periods that favor the fcc and bcc structures of a Ciyms of the first 13002 layers were treated as “free” atoms,
film. This transient character of the situation may explain thg.e., were allowed to move, while all other atoms were fixed
Controversy_ regarding the film .StrUCture'. which was int.er-in their perfect-lattice positions. The thickness of the fixed
preted by different authors as either strained fcc or strainefhyer was at least twice the cutoff radius of atomic interac-
bee> " tion. The fixed layer simulated an infinitely thick f€@92)

To obtain more insight into transitions between differentsypstrate. Periodic boundary conditions were imposed in the
structures of a film, the energy was calculated as a functiop100] and [010] directions parallel to the slab. The initial
of c/a and & for various values oB/a,. For a/a, values |attice period was,. Before the simulation, the system was
slightly above unity, the energy has only one minimum atyniformly expanded by a making the lattice period ecaal
§=0 and some/a<<1. Note that the hcp structure remains > a,. Molecular dynamics was then run on “free” atoms at
unstable’® As a/a, increasesg/a decreases, and the system temperature 500 K for about a nanosecond, followed by
is essentially driven along the so-called epitaxial Bain gath. static relaxation. This procedure served to destroy the sym-
An example of this behavior is shown in Fig. (&%} where  metry of the initial configuration and find a minimum of the
the energy contours in the/a-§ space were calculated for potential energy.
the value ofa/ay=1.08 corresponding to Cu/FaD1)." At a As expected from the previous analysis, the film structure
critical value ofa/ay~1.112, the system reaches a bifurca-was always found to be either fcc or hep, depending on the
tion point at which the minimum at=0 andc/a~0.73 |attice mismatcta/a,. For example ad/a,=1.07, the struc-
turns into a saddle point, while two minima corresponding toture was found to be a deformed fcc withha~ 0.8 [Fig.
symmetrically equivalent strained hcp structurés-Q) ap-  15(a)] in agreement with calculations in Sec. VII A. Geo-
pear at the energy surfa¢€ig. 14b)]. As a/a, increases metrically, this structure lies between fcc and bee, which was
further, the internal parametef of the hcp structure in- recognized experimentally for Cu/@®1).571°On the other
creases and tends tol, while thec/a ratio decreases and hand, ata/a,=1.24 the structure is hdgrig. 15b)], again in
tends to the value YB predicted by Eq(22). The energy agreement with previous calculatiofSec. VII A) and ex-
contours fora/ay,=1.24[the case of CuMD01)]*® indicate  perimental observatiort§. The orientation of the hcp phase
that the deformation of the obtained hcp structure is relarelative to the substrate is also consistent with experiments
tively small[Fig. 14c)]. on Cu/W001).16

B. Atomistic simulation of epitaxial structures
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1.0 | - FIG. 15. Simulated structures of epitaxial Cu films on an
fcc(001) substrate. The filled and open circles mark atomic posi-
0.5 | . tions in alternating200 planes. The dashed line shows the inter-
face between the substrgteelow the ling and the film(above the
w00 F . line). The [010], direction is normal to the papefa) al/a,
=1.07; the film has a deformed fcc structufb) a/ay=1.24; the
05 F 4 film has an hcp structure.
10l ] VIIl. SUMMARY
Ab initio methods are recognized to be accurate for the
-1.5 L . L i i i ili
50 052 054 056 058 060 062 eva[tJ_at!on of energies and .me.chamcal ste}bmty of not only
equilibrium but also nonequilibrium crystalline structures of
cl/a 12
metals.© The recently developed total-energy TB
(c) method’*8is also suitable for nonequilibrium structure cal-

FIG. 14. Constant energy contours for an epitaxially constraine
orthorhombic Cu structure calculated with the EAM1 potental.

culations. Although this has been demonstrated in previous
work 1”18 this paper provides further proof of transferability
of TB calculations by taking Cu as a model material. Excel-
c]ent agreement is observed betwedminitio and TB data for

the energy and stability of several nonequilibrium structures

andc/a are deformation parameters of the structure. The contour€f CU, including highly nonequilibrium structures such as

are shown in every 0.002 eV betweer3.54 and—3.40 eV.(a)

diamond. This agreement also extends to various transforma-

a/aoz 108, the S|ng|e minimum Corresponds to a deformed fcct|0n pathS betWeen d|fferent structures Calculated |n thIS

structure(b) a/ay,=1.112; situation close to the bifurcation point at WOrk.

which the minimum splits(c) a/a,=1.24; the two minima repre- It was interesting to investigate how reliable the
sent an hcp structure while the saddle point corresponds to thembedded-atom method is for this purpose. We did this in-
unstable bce phase. vestigation with two potentials. One of the(BAM1) has
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been constructed in this work by using more fitting paramthe same time, the hcp, 9R, A15, and L4tructures were
eters and a larger fitting databagecluding experimental found to be metastable. These observations suggest that only
and ab initio datg than usual. The other potentieEAM2) structures obtainable from fcc by introducing point defects
was constructed previoush?? using a traditional scheme (e.g., vacancies like in L) or planar faults(e.g., stacking
based on fewer fitting parameters and experimental datfaults like in hcp and 9Rcan be metastable, while all struc-
only. The potentials have been extensively tested by calcuures that can be obtained from fcc or the metastable struc-
lating fcc lattice properties, point and extended defects, varitures by homogeneous deformation are always unstable. This
ous structural energies, and transformation paths. The EAMIUle seems to work for Cu, but further investigations are
potential appears to be somewhat more accurate than EAM2quired for its corroboration. _ _

for lattice defect simulations, and certainly more accurate for As an application of our analysis, we carried out EAM
simulations involving a close approach of atofissich as _calcula'glons of noneq_whk;num structures that can be found
sputtering simulations The latter feature of the EAM1 po- N Cu films grown epitaxially or{001)-oriented fcc or bee
tential is due to the incorporation @b initio energies cor- Substrates. We applied a simple model describing the ener-
responding to short atomic separations in its fitting databas jetics and stability of fcc, bee, and hep structures of the film

However, with respect to the energetics and stability of non- alseg ?n bul(lj<-fcrysta:j chalcul?tiort]s. The mgdel dpretdlgtz tr:ﬁt
equilibrium structures both potentials perform equally wel ON'y deformed fcc and hep structures can be adopted by the

and show excellent agreement with bath initio and TB film, depending on the _Iattlce mismatch with the substrf:\_te.

calculations. The bcc structure remains unstable anq cannot be stablllzed
This agreement allows us to conclude that EAM poten-gy thte eP"tf’*X'a_' colnst_tramts. TIPese Aa_r?]dlctlons are fOT'm."tEd

tials can bequite reliable for simulations in which correct y atomistic simufation results, which are consistent wi

energies and stability of different atomic configurations areexperlmental observatiofis'>¢
of prime importance for obtaining credible results. Such po-
tentials can be safely applied for atomistic simulations of
extended defect cores, epitaxial film structure, etc. We are The authors are grateful to the U.S. Department of Energy
not stating thaeveryEAM potential will correctly represent (US DOB), Office of Basic Energy Sciences, for financial
nonequilibrium structures. We only conclude that the two Cusupport, including Grant No. DE-FG02-99ER457@GAM. ).
potentials examined here possess this quality. Further invehe work at Los Alamos National Laboratory was carried
tigations will show how well EAM potentials perform in this out under the auspices of the US DOEontract No.
respect for other metals. The recent results for Ni and AW-7405-ENG-36. M.J.M. and D.A.P. were supported by the
EAM potentials look very encouragirfef® U.S. Office of Naval Research. The development of the

The elastic instability of the bcc and sc structures of fcctight-binding and atomistic-simulation codes and parameters
metals has been identified previodsiyby calculating te- was supported in part by the U.S. Department of Defense
tragonal and trigonal deformation paths in which these struc€Common HPC Software Support InitiativéeCHSS). The
tures produced energy maxima. This instability was con4ight-binding calculations included here were supported in
firmed in this work, but it should be recognized that thepart by a grant of HPC time from the DoD HPC Moderniza-
relevant maxima of energy are symmetry dictated, so it camion Office, for computations on the IBM SP2 and SGl Ori-
be argued that every reasonable atomic interaction modejin at the Aeronautical Systems Center, Wright-Patterson
must reproduce them as long as the structural energies iir Force Base, Dayton, OH. A.F.V. and J.D.K. thank
crease in the row feebcc—sc. It was less obvious that the Dr. C. Greeff for useful discussions regarding the equation of
diamond structure would be elastically unstable, but this facstate of copper and for providing the diamond anvil cell data
was established here fa initio, TB, and EAM methods. At  shown in Fig. 5.
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