PHYSICAL REVIEW B 68, 155413 (2003

Energetics and atomic mechanisms of dislocation nucleation in strained epitaxial layers
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We numerically study the energetics and atomic mechanisms of misfit dislocation nucleation and stress
relaxation in a two-dimensional atomistic model of strained epitaxial layers on a substrate with lattice misfit.
Relaxation processes from coherent to incoherent states for different transition paths are studied using inter-
atomic potentials of Lennard-Jones type and a systematic saddle-point and transition-path search method. The
method is based on a combination of a repulsive potential minimization and the nudged elastic band method.
For a final state with a single misfit dislocation, the minimum-energy path and the corresponding activation
barrier are obtained for different misfits and interatomic potentials. We find that the energy barrier decreases
strongly with misfit. In contrast to continuous elastic theory, a strong tensile-compressive asymmetry is ob-
served. This asymmetry can be understood as a manifestation of the asymmetry between repulsive and attrac-
tive branches of the pair potential, and it is found to depend sensitively on the form of the potential.
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[. INTRODUCTION the lowest energy barrier for the nucleation of dislocations
should correspond to a transition path that initiates from the
The emergence of misfit dislocations in heteroepitaxialfree surfacegwith or without defects Such processes have
systems is a long-standing problem in the field of thin-flmbeen considered in a number of studies using continuum
growth!=** Improving the physical properties of semicon- modelst>~*" However, it has been pointed out that surface
ductor heterostructures requires controlling the atomististeps and surface roughness that are not considered in the
processes responsible for the generation of defects. Thuspntinuum models could play an important role for disloca-
understanding the atomistic mechanisms of defect nucleatiotion nucleation'®~2°Thus, atomistic studies are important for
is crucially important for further progress in the field of het- a detailed understanding and determination of the possible
erostructure growth and structural control of nanostructuresnechanisms for defect nucleation in epitaxial films. Al-
In addition, misfit dislocations represent an important probthough the importance of kinetic factors in real experiments
lem in fundamental science. While a lot of information abouthas already been emphasiZednd also investigated in nu-
the nature of dislocations has been obtained within the tradimerical simulations of atomistic models of the growth
tional continuum elastic theory, not nearly as much is knowrproces<? a direct determination of the transition path and
about the details of the underlying atomistic mechanismsorresponding energy barrier for misfit dislocation nucleation
through which dislocation nucleation occurs. from an epitaxial film has been much less explored, and they
Energy-balance arguments for the competition betweewften require assumptions on the particular structure of the
strain energy buildup and strain relief due to dislocationintermediate configuratioft.
nucleation in mismatched epitaxial films lead to the concept The actual stress relaxation processes starting from the
of an equilibrium critical thickness. This is defined as theepitaxial coherent state can occur along many different tran-
thickness at which the energy of the epitaxial state is equal teition paths. The path with the lowest activation energy bar-
that of a state containing a single misfit dislocation. It hagier at the saddle point corresponds to the true nucleation
been argued that dislocations should appear in the film whebarrier for the generation of a misfit dislocation. For a correct
the thickness exceeds this critical valié.The predicted determination of this barrier, it is important to investigate
critical value from this consideration, however, both from different minimum- energy pathdVEP9,?? from the meta-
continuous elastic modélsand from models incorporating stable coherent state to the incoherent state, without assum-
layer discretenes®,is much smaller than the observed ex-ing a priori any particular form of the intermediate configu-
perimental value for the breakdown of the epitaxial staterations. We have recently carried out such a task which
This suggests that the defect-fremherenk state above the systematically explore the MEPs in the phase space of the
equilibrium critical thickness is metastafeand that the systend®?* based on a combination of the repulsive bias
rate of dislocation generation is controlled by kinetic consid-potentiaf® and the nudged elastic band methéti& previ-
erations instead. ous work?® we considered the case of a relatively large mis-
The idea of strain relaxation as an activated process ifit of f=*8%. We showed that there is indeed a nonzero
supported by experimental results for the temperature depeenergy barrier for defect nucleation. Most importantly, how-
dence of the critical thicknes$;2and it is the fundamental ever, we showed that both the mechanisms for the initiation
assumption in kinetic semi-empirical modéfsPhysically, of a misfit dislocation and the activation barrier exhibit a
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FIG. 1. A two-dimensional model of the epitaxial film and sub- In the previous wori it was found that some features of
strate showing the particle configurations in the coherent state. Thaislocation nucleation are sensitive to the detailed form of
two layers at the bottom are held fixed, while all others are free tq[he atomic potentials used. The results presented here are
move. Filled circles represent the epitaxial film and open circles th<?rom systematic calculationé for different values of cut-off
substrate. distances for the 5—8 potentialn& 8, n=5). The advan-
tage of this potential over the conventional 612 LJ potential
ds that it is intrinsically longer ranged. Thus, by imposing a
different cutoff radiug' ., one can study the influence of the
range of the potential on the nucleation of misfit dislocations.
fThe other difference with respect to the 612 potential is a
softer repulsive core. This will lead to a weaker anharmonic-
Ly and less asymmetry between the tensile and compressive

strong tensile-compressive asymmetmich is sensitive to
the range of the interaction potential. A tensile-compressiv
asymmetry has also been found previo&&fyin other con-
texts.

In this work, we present a detailed systematic study o
defect nucleation for the same two-dimension@D) ;
Lennard-Jones system as in Ref. 23. We consider strains ffy @10 1€SS
the rangef=*4-8 %, and intermolecular potentials with Strain situations.

different ranges.
I1l. METHOD

Il. MODEL The standard way of generating transition paths through
p-molecular dynamic$MD) simulationd’ does not work well

strate where the atomic layers are confined to a plane 4B cases where the probability for rare activated events is

illustrated in Fig. 1. Interactions between atoms in the systerﬁma”' There are now numerous methods which have been
were modelled by a generalized Lennard-Jotied pair constructed to solve this fundamental problem. The MD

potentiaf® that is modified to ensure that the potential and itst€¢due _ itself has been augmented by  various
acceleratioff and sampling schemé%3° In addition, there

first derivative go to zero at a predeterminadoff distance . :
g P is a class of methods that do not evaluate the dynamics di-

re: . ) o
¢ rectly but instead focus on a systematic search of transition
ur)=V(r), r=<ry, paths and related saddle points for many-particle
systems1—34
re—r )2 ( re—r ﬂ @ We have recently introducéda particularly simple but
- , >Tg,

We consider a 2D model of the epitaxial film and su

efficient method called the repulsive bias potentiaBP)
method for transition path searching. In the RBP method, the
where potential energy of the system is augmented with a fixed,

repulsive bias potential to make the initial configuration un-
m (ro)“ n (ro)m} @ stable, but to keep the other nearby minima unaffected:

n—mi\r n—mi\r

U(r)=V(r)[3(

le=ro fe=To

V(r)=¢

o o o Unl(FFo) =U(N) +Aexp{—[(r—ro)/al?. (@)

r is the interatomic distance,the dissociation energy amg ero 2 ° I

the equilibrium dlstgnce between the atoms. This potential Here U(r) is the original potential energy surface of the
for ms 12 andn=6 is the same that has been used by Dongsystem, which has been modified by an exponentially decay-
et al”” in a recent simulation study. The equilibrium inter- ing, spherically symmetric potential of strengthand range

atomic distance, was set to a different valugs, 1y andres — \pich is centered at,. WhenA anda have been chosen
for the substrate, film, and film substrate interactions, respec: ) o
tively. The parametery was varied to give a misfit between appropriately, forces computed from Bd) can be used to

lattice parameters as displace the system from its initial state located, @to es-
cape to a nearby minimum. This is done by applying total
f=(rg—red/lss. (3 energy minimization tdJ ;.
With the RBP method implemented, the procedure of de-
For the film-substrate interaction, we set the equilibriumtermining the transition path comprises several stages. First,
distancer, as the average of the film and substrate latticethe initial epitaxial state is prepared by minimizing the total
constants, i.e.ri=(rg+rgd/2. A positive mismatchf>0 energy of the system using MD cooling. In the MD cooling
corresponds to compressive strain and negative to tensil@ethod, the energy is gradually minimized by setting the
strain when the film is coherent with the substrate. Calculavelocities v=0 wheneverv and the forcef on a particle
tions were performed with periodic boundary conditions insatisfy the conditiorv-f<0. Positions and velocities of the

155413-2



ENERGETICS AND ATOMIC MECHANISMS @& . .. PHYSICAL REVIEW B 68, 155413(2003

particles are obtained from numerical integration of thenucleated, allowing one to overcome this energy barrier. This
equations of motion using the standard leap-frog algorithmbarrier could be finite even when the relaxed state already
Following this, the RBP is applied and the system is slightlyhas a lower energy than the epitaxial state. Thus the experi-
displaced from the initial statedandomly or in a selective mentally observed critical thickness can be much larger than
way to escape from harmonic basiand then total energy the equilibrium value depending on the kinetics of defect

minimization is applied to find a new minimum energy state.nucleation. Our preliminary resufts®* showed a large vari-

It is important to note that the RBP method can generatety of relaxation processes, including single dislocation
many different final states depending on both the initial disucleation, multiple dislocations, dislocations with different
placements and the exact form of the repulsive bias introeore structures, and dislocations nucleating on different
duced. By making the repulsive bias sufficiently localizeddepth in the film, which can be characterized by their differ-
around the initial potential minimum, the final state energyent activation energies and energies of the final incoherent
depends only on the true potential of the system and not ostates. In this work, we focus on the nucleation and MEP
the fictitious repulsive bias. In this work, we only consider leading to a final state containing only a single misfit dislo-
the final configurations corresponding to the presence of aation with core located near the film-substrate interface. To
single misfit dislocation. Rather than trying random initial simplify the discussions, we will present in this section only
displacements, some knowledge of the dislocation generatiaime results for the 5—-8 potential with a cutoff radiusref
mechanism is useful for expediting the process. =1.5, and lateral sizé =50, corresponding to 50 atoms

We also find that the proper choice of initial displace- per layer. These results allow us to arrive at a simple physical
ments depends on the sign of the misfit. In the case of conpicture for the nucleation process of the misfit dislocation.
pressive strain, to get an ideal single dislocation located imThe results with different parameters for the intermolecular
the center of our sample, the optimal initial displacementpotential and different size of the system are qualitatively
corresponds to moving one atom in the middle of the firstsimilar. They will be presented in a later section.
layer of the film from the film-substrate interface upwards by
a small distance (0.04). In case of tensile strain, the cor-
responding optimal initial displacement is a small displace- ) S ) o
ment (0.04.) downwards for an atom located in the middle ~ Relaxation of strain with dislocation nucleation is a com-
of the second layer in the film from the film-substrate inter-Pl€x process involving motion of many particles inside the
face layer. system. The transition from coherent to dislocated states con-

While the repulsive bias potential minimization can be Sidered in this paper is analogous to strain relaxation in a real
used to generate the final state configuration containing Aeteroepitaxial sample under annealing conditions. Experi-
misfit dislocation, it does not yield the precise minimum en-Ments show that heating is a essential prerequisite for such
ergy path and the lowest activation barrier value for getting@laxation to occut-**This fact shows that nucleation of the
to this final state configuration. For this purpose, we use thélislocation represents a typical activated process with a non-
nudged elastic bandNEB) method?? This is an efficient Z€ro activation bgrng:'r2.40ur calculations with the NEB con-
method for finding the MEP, given the knowledge of both firm this conclusiorf*2* For both compressive and tensile
initial and final states. The MEP is found by constructing anStrain cases, we find the presence of a finite activation barrier
initial set of configurationgimages of the system between AE a@long the MEP leading from the initial epitaxial state to
the initial and final states. This set is then allowed to relax tghe final state with a single misfit dislocation in the film
the true set representing the MEP. substrate interface. To allow for a comparison of different

An initial guess of the images in the NEB is usually ob- ¢ases and an extraction of the basic physics involved, we
the final and initial states. For the present application, howdefined as the accumulated displacement of the system along
ever, we find that this often leads to numerical instabilitiesth® MEP in the multidimensional configuration space. Math-
due to the strong hard core repulsion of the LJ potentials an8Matically, the reaction path coordinate for a given configu-
fail to converge to the true MEP. To circumvent this problem,ation (image along the MEP is defined as
we use the set of configurations generated in moving to the

A. Mechanisms of relaxation

final state in the presence of the repulsive bias as the initial M N mome1.2

input in the NEB. This leads to fast convergence in the NEB Su= mZ:l 241 (rif=ri" 7IN. (5
method without the instabilities encountered in the linear in-

terpolation scheme. Here M is the label for the configuratioimageunder con-

sideration, and i is the index for the different particles in the
system (=1 toN). In Figs. 2 and 3, we show typical snap-
shots of configurations along the corresponding MEP for
For epitaxial films above the equilibrium critical thick- compressive and tensile strain cases, respectively. In all cases
ness, the relaxed state with a nonzero density of misfit disthe initial state was an epitaxial film with a coherent inter-
locations which partially relieves the strain energy in the filmface and the final state contained a single dislocation with its
is expected to have a lower energy. However, if this configucore located in the interface layer. The final state is charac-
ration is separated from the coherent state by a finite energrized by the presence of an adatom island on the surface of
barrier AE, the film will remain coherent unless defects arethe film in the case of compressive strain and a vacancy

IV. RESULTS
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FIG. 4. Saddle-point configurations for different mechanisms of
stress relaxation(a) glide mechanism for tensile straifh) glide
FIG. 2. Minimum Energy path for compressive strain mechanism for c_omp_ressi\{e strain, afw climb mech_ani_sm _for
—+8% as a plot of energy barriexE vs reaction coordinat& compressive strain. Filled circles represent the the epitaxial film and
Snapshots configuratiori), (b), and(c) correspond to the labels in OPen circles the substrate.
the energy profilgtop right). The closed line in(c) is the Burgers
circuit around the dislocation core. The energy barrier is in units offory. Thus, by changing the initial input path, we were able to
the interatomic potential strengthand the reaction coordinagis  investigate several different mechanisms of relaxatiofi.

in units of the equilibrium distance,. These mechanisms differ from each other mainly by the level
of collectiveness in the displacement of the particles from the
coherent state position. For each given set of parameters, we

cies in the island exactly corresponds to the number of |ay_identify the lowest activation barrier. The particular kind of

ers in the film. Such a form of the final state is determined bynechanism leading to the lowest activation barrier depends

the geometry of the misfit dislocation, as the one extra aton?" the parameters of modghisfit, cutoff radius of the po-
is added or removed froror inside each layer to relax the tential, etc). We find that for all the systems we have studied,
strain. the mechanisms leading to the lowest activation barrier be-

An important property of the NEB method is that it usu- long to one of the two categories described below.

ally converges to the MEP nearest to the initial trial trajec-, 1€ first mechanism describing the transition from the
initial coherent state to the final state with a misfit disloca-

tion at the film substrate interface corresponds to a succes-

IaNaNaVNalalalallealis

island in the tensile case. The number of adat¢onsracan-

b sive sliding along the edges of a triangle. The saddle point

Jeeeseee0aed 0 a configurations corresponding to this mechanism for the ten-
AR A sile and compressive strain cases are shown in Figsa#d

AMAAARAAL AR " 2 4(b) respectively. We see that in this case the displacements

000000000 < of the atoms have a collective behavior, with two edges of a
A A s 4 c triangle successively sliding up or dowone by ong Even-

)00000000C . tually, an adatom island or a vacancy island is created on the

Y 0.1 0.2 surface of the film. The highest saddle point can correspond

either to the sliding of the first or the second edge. We refer
to this as the glide mechanism since the motion of the dislo-
cation after it is nucleated follows the path referred in the

o0 go0000ab oo ®0(C ; . . . . . .
'oo.o: OO0 n.o.O.O.O.O.O.O.O.o literature as dislocation glidéFor the tensile strained film,
oo 0 0% oo ! the glide mechanism always yield the lowest activation bar-
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rier. While for the compressively strained film, the mecha-
nism leading to the the lowest activation barrier depends
actually on the magnitude of the misfit. For small misfit (

=8%), theglide mechanism is again the one leading to the

FIG. 3. Minimum Energy path for tensile strafr- —8% as a lowest activation barrier. This is drastically different from the

plot of energy barrieA E vs reaction coordinaté Snapshots con- Climb mechanism reported earfférfor a misfit of 8% in a
figurations(a), (b), and (c) correspond to the labels in the energy compressively strained film.

profile (top right. The closed line in(c) is the Burgers circuit The second mechanism correspond to successive relax-
around the dislocation core. The energy barrier is in units of theation of layers. This is the preferred mechanism for a com-
interatomic strengthe and the reaction coordinat® in units of  pressively strained film with large misfitsf£8%). The
equilibrium distance . saddle point configuration corresponding to this mechanism
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h (|ayers) and 6-12(circley potentials(cutoff 1.5 ). Solid and dotted lines

correspond to compressiie>0 and tensilef <O strains, respec-

FIG. 5. Energy barrieAE (in units of €) as a function of film  tively. Here the system size Is= 20.
thickness(number of layers for different misfit values. Squares

symbols correspond tb= 4%, stars tof = £5%, triangles tof  han the corresponding tensile strain case with the same mag-
=+6%, and circles t¢==8%. Solid and dotted lines correspond iy, qe of misfit. Again, there is a strong decreasé B with
to compressivé >0 and tensilef <0 strains, respectively. the increasing magnitude of the misfit. In contrast to the
for the compressive strain of 8% misfit is shown in Figc)4  tensile strain case, the activation barrier tends to level off
In this case, the core of the dislocation first appears at eithewith increasing film thickness. The other striking difference
the second or third layer of the film and then successivelfrom the tensile strain case is that the mechanism corre-
moves down from layer to layer to the film-substrate inter-sponding to the movement along the MEP in this case can
face. The displacement of the particles have a very localizedither be the glide mechanism as in the tensile strain case, or
character in this kind of mechanism. We refer to this as thehe qualitatively totally different climb mechanism involving
climb mechanism since the motion of the dislocation after itlayer by layer distortion as discussed in Sec. IV. This new
is first nucleated in this case corresponds to what is known iglimb mechanism occurs for large misfits=8%).
the literature as dislocation clinfbFor intermediate values
of the compressive strain, the situation is more complicated,
as the two mechanisms are compefitive in energy Costs. Thg qyip) £ pHysICAL PICTURE FOR THE NUCLEATION
actual MEP in this case is better described by a mixture of PROCESS
the climb and glide mechanisms.
As shown in Sec. IV, the mechanism leading to the nucle-
B. Activation energy of dislocation nucleation ation of a misfit dislocation starting from the epitaxial coher-

The most important characteristic of a particular relax-€nt state and the subsequent motion along the MEP to the
ation process through nucleation of a misfit dislocation is itsfinal state is fairly complicated, and depends sensitively on
activation energ\AE. The activation barrier is calculated as the sign and magnitude of the misfiensile or compressive
the difference between the total energy of the initial state angtrain, and thickness of the film. With this rich set of data, it
that of the saddle point configuration. As can be seen in Figis important to have some simple qualitative understanding
2, corresponding to the compressive strain case, there may the results.
exist many saddle points along a given MEP. The activation First of all, it is easy to understand the origin of the dif-
barrier is determined by the highest energy saddle point. Théerence between the tensile and compressive strain cases. In
results forAE vs the number of layers in the film are pre- a harmonic elasticity theory, the activation barrier would de-
sented in Fig. 5. pend only on the magnitude and not the sign of the strain.

For the tensile strain case, we find that the process leadinfhe tensile-compressive asymmetry thus originates from the
to the nucleation of misfit dislocation and subsequent motiorstrong anharmonicity of the interaction potential, particularly
along the MEP is always through the glide mechanism. Thén the steeply rising repulsive core. This is confirmed by our
activation barrier decreases with the increasing magnitude gesults shown in Fig. 5 showing that the difference\& for
the misfit. Also, at large misfits, the activation barrier de-the tensile and compressive cases grows monotonically as
creases significantly as the film thickness increases, leadirifie misfit increases in magnitude. This is also confirmed in
to an essentially negligible activation barrier. This was veri-our similar studies using the conventional 6—-12 LJ potential,
fied directly through an independent MD simulation at finiteas shown in Fig. 6. Since the 6—12 potential is considerably
temperatures where the misfit dislocation is easily generatesteeper in the core region, the anharmonicity is stronger and
spontaneously. the resulting tensile-compressive asymmetry is even more

For the compressive strain case, except at 4% misfit angronounced.
small thicknesgless than six layejsthe barriers are higher The other general trend is the strong decrease of the acti-
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vation barrier with increasing misfit. This is true for both the 5 a
tensile and compressive cagé€sg. 5. It remains true even
when the mechanism leading to the nucleation has changed 4%
character from a glide nature to a climb nature as in the case ol
of large compressive strain. In our previous wétkye ana-

lyzed the contribution to the activation barrier from the in-

tralayer and interlayer bond distributions at the saddle point. % "
Here we will introduce the same physical arguments in terms

of the conceptually simpler quantity of reaction coordinate 8%
defined earlier in Eq(5). Let Srepresent the dimensionless
reaction coordinate along the MEP leading from the initial
coherent state through the saddle point to the final state con- 0.0 0.2 0.4
taining the misfit dislocation. For the initial stages of small s

displacement witt5<<1, the simplest leading representation

of the MEP can be expressed in the form b

a
E=_-%2— -S8. (6)
2 3 4%

In the equation above, the first term gives the energy rise ol
towards the saddle point from the initial displacements from
the coherent state necessary to nucleate the dislocation. It £%
originates mainly from the stressing of the interlayer bonds
which are fully relaxed in the initial coherent epitaxial state.
Because of this initial relaxation, there is relatively little de- -5 8%
pendence of the coefficieaton the misfit. The second term o0 o1 02
represents the release of the intralayer strain energy from the
displacements of the atoms. Clearly, the coefficibnis S

strongly dependent on the magnitude of the misfit. Whether g, 7. Energy profile of the minimum-energy path fay com-

it is tensile or compressive, the higher the magnitude of th@ressive andb) tensile strains and for different misfits. Energy in
strain, the larger the lowering of the strain energy. Hence th@nits of e and Sin units of the equilibrium distance.

coefficientb should be a monotonically increasing function

AE

of the magnitude of the misfit. It follows simply from E¢§) The dependence of the activation barrier on the film thick-
that the activation barrieAE is given by the expression ness is more complicated and is rather different for the ten-
sile and compressive strains. For the large compressive strain
1 a’ case where the MEP corresponds to the climb mechanism,
AE= 6 @ (7) the behavior is fairly easy to understand as the saddle point

involves a rather localized dislocation in the surface layers,

Thus, the activation barrier always decreases with increasingo obviously the activation barrier would have a very weak
magnitude of the strain, whatever the actual initial strain redependence on the film thickness as observed in our numeri-
lease mechanism and nature of the saddle-point configur@al study. For the glide mechanism, both the initial rise in
tion. Furthermore, the expression in E) predicts that the energy and the release of the strain energy leading to the
saddle point should occur at the reaction coording§e saddle-point configuration are dependent on the film thick-
=a/b which again decreases monotonically as the misfiness, and, according to E¢p), it is hard to predict any
magnitude increases. This is supported by our results, asniversal dependence of the activation barrier on the film
shown in Fig. 7. thickness. Indeed, both a leveling ¢for compressive strajn

In general, the initial cost of energy in creating the distor-and a strong decrease in the activation barrier as a function
tion for the dislocation in the glide mechanism is lower for of the film thickness have been observed.
tensile than compressive strain. This is due to the fact that for
the compressively strain_ed film, the initia! distortion requirgd VI. SIZE AND POTENTIAL DEPENDENCE
for creating the dislocation core always involves a breaking
of bonds to lower the coordination number. On the other The results presented in the previous sections are all for a
hand, for the tensile strained film, no breaking of bonds is5—8 short ranged LJ potential with a cutoff set atr l;5The
necessary in the glide mechanism for the nucleation of thsize of the system was set lat=50 particles per layer. We
dislocation. Thus the glide mechanism is always preferredhave also performed similar calculations for different set of
for the tensile strained film. For the large compressive strainparameters in the potential as well as for different sizes to
the energy cost involved in nucleating a dislocation core ignvestigate the size and potential dependence of our results.
comparable for the glide and climb mechanism, and the twdVe find that the results with different interatomic potentials
processes are competitive. and sizes of the system are qualitatively similar, although
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thickness(number of layersfor a smaller sample size (20 atoms thickness(number of layersfor different misfit values for a long

per layej and different misfit values for the 5—8 potentidk= ranged 5-8 potentigkutoff 2.IrgJ: f=*=4%(squarel f=*x5%

+5% (starg andf==8% (circles. Solid and dotted lines corre- (stars, f=*6% (triangles, andf=+8% (circles. Solid and dot-

spond to compressiveE>0 and tensilef <O strains, respectively.  ted lines correspond to compressife 0 and tensilef <0 strains,
respectively.

differing in details. We present some of these results in this , . . .
section. atomic mechanisms of stress relaxation using a two-

. R — . dimensional model. This approach requiresariori as-
In Fig. 8, the activation energy barrier is plotted against ; - .
' . . - sumptions about the nature of the transition path or the final
trgﬁgflelglnptgtlgmzlszisf?r: Sres\X(S)tuesmsesgiinbsf_fozrotvsg?/a?uch())rft th ?§tates. A nonzero activation barrier for dislocation nucleation
magnitudes of misfit atf|=5% and 8%. The results are s found in the minimum energy path from coherent to inco-

verv similar to that presented in Fia. 5. The onlv limitation herent states. We find that the energy barrier decreases
y P 9. . y strongly with the misfit. The nucleation mechanism from a

Sty the cases of amatler i a5 he addlfon or removal et SUTace depends crucilly on whether we start flom a
y ensile or compressive initial state of the film. This asymme-

a single atom from a layer would overshoot the strain releaS{—:-ry originates from the anharmonicity of the interaction po-

mechanism. ; . o . o
X o . _tentials which leads to qualitatively different transition path
In Fig. 9, we show the results of activation energy barrier, entars cadstoq ely d on paths

! . : for the two types of strains. The present method can also be
VS film thickness fOF system _3|zle: S0 and a 5_8. LJ poten- extended to three-dimensional models with more realistic in-
tial as before but this time with a longer range with cutoff set

. o . teraction potentials. Preliminary calculations for a three-
at 2.I . Again, the results are qualitatively similar to that b y

ted in Fia. 5. The tensil d . tdimensional Lennard-Jones system and the Pd/Cu and Cu/Pd
presented in Fig. 5. The tensiie and COmpressive asymme rég/stemé5 with the embedded atom model potentialson-

s stronger fqr this '°”9ef ranged potential, particularly at thefirm the effectiveness of the method in three dimensions.
smaller misfit values. This could also be related to the stron-

ger size effects for the longer ranged potential. ACKNOWLEDGMENTS
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