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The effects of many-body interactions on point-defect generation * 
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Point-defect generation by energetic displacement events is known to take place when a Iattice atom acquires an energy 
several times its lattice binding value. In this energy range, many-body effects are important and interatomic pair potentials 

generally give poor representations of atomic interactions. By applying our newly developed molecular-dynamics code, 
CASC-MD, we investigate the influence of many-body interatomic interactions on the generation characteristics of point 

defects. We use a composite interatomic potential that assumes the pair-potential nature at high energies and the many-body 

nature, based on the embedded-atom formalism, at low energies. It is shown that many-body effects lead to lower directional 

sensitivity of the displacement threshold surface. For a 60 eV collision cascade in Cu, it is shown that the length of the 

replacement collision sequence decreases from 6 lattice constants at low temperature (near 0 K) to 1.5 lattice constants near 
the melting point. 

1. Introduction 

The generation of point defects has been studied 
theoretically by using both the Monte Carlo and the 
molecular dynamics (MD) methods with pair potentials 
for high energies [l-143. Theoretical and experimental 
results both indicate that atomic displacements occur 
with a threshold energy on the order of a few times the 
lattice binding energy. Because pair potentials are gen- 
erally inaccurate near the displacement threshold en- 
ergy, the use of pair potentials to study this energy 
range is questionable. Daw and Baskes [l&16], using the 
embedded atom method (EAM), formulated the basis 
for a many-body potential by incorporating the embed- 
ding-function contribution to the atomic pair interac- 
tion. With a Taylor-series expansion about the equi- 
librium local electron density, Foiles 1171 derived a 
many-body-type potential which accounts for the con- 
tribution of volume-dependent electron interactions. The 
EAM potential derived in this way is a good representa- 
tion of atomic interactions in the sub- and low-eV 
energy range. Therefore, the cascade interaction is ex- 
pected to be more precisely described by using a pure 
pair potential at high energies and the EAM many-body 
potential in the sub- and low-eV range. 

In this work, the incorporation of both pair and 
many-body potentials into MD simulations is realized 
through the use of a composite spline technique. A brief 
discussion of the main features of a newly developed 
MD code, CASC-MD, is given. The collision-cascade 
interaction dynamics and calculations of the displace- 
ment threshold surface in copper are studied by using 
the Born-Mayer pair potential and comparing the re- 
sults to the newly developed composite potential. Com- 
parisons with earlier computer simulations by King and 
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Benedek [12-141 are then made. The effects of tempera- 
ture on the length of the replacement collision sequence 
are also studied. 

2. .Development of CASC-MD 

2.1. Spline potential 

A molecular dynamics code, CASC-MD, has been 
developed to study low-energy collision cascades. The 
unique features of this code are the use of a more 
realistic potential for the description of atomic interac- 
tions and the incorporation of viscoelastic boundary 
conditions. A cubic-spline scheme is used to bridge the 
gap between the low-energy EAM many-body potential 
and the high-energy pair potential. The low-energy 
many-body potential for a solid at or near equilibrium 
is derived from the total energy of a system of atoms by 
using the EAM that is based on local density approxi- 
mation. This many-body potential is derived by Daw et 
al. [15-171 and has the form 

+EAM = CP,~( Ri,) + Zv&j( Rji) 

+~(,cRij)]‘, 

where i and j are indices of interacting atoms, 7 is the 
local average background electron density on atom i, 

$(I&,) is the local average electron density contribu- 
tion from atom j to atom i at a separation distance of 
R,,, and +ij is the core-core repulsive potential be- 
tween atoms i and j. The range of this potential ex- 
tends to the third nearest neighbors. 

The high-energy pair-interaction potential is well 
represented by the Ziegler potential 1181. The transition 
from high- to low-energy interactions is represented by 
a cubic-spline potential function which is adjusted to 
guarantee continuity of potential and force at two spline 
points, rl and r2, located along the interatomic sep 
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Fig. 1. Dependence of the composite potential on the inter- 
atomic separation distance and the local electron density. 

aration distance. Details of the method are given in ref. 
[19]. Fig. 1 shows a 3D plot of the composite potential 
as a function of the distance between interacting atoms 
and the total local electron density for copper atoms. 
The transition region is taken to be from 1.5 to 2.0 A. It 
is worth mentioning that the selection of r, and r, is 
achieved by requiring smooth force variation over the 
transition region. Improper choices of spline boundaries 
can artificially introduce high potential minima and 

maxima that locally trap recoils. 

2.2. Moleculgr dynamics scheme and boundary conditions 

In MD simulations, the motion of a system of par- 
ticles can be fully described by the solutions of a system 
of Newtonian equations of motion (EOMs). EOMs are 
integrated using an explicit leapfrog technique (see ref. 

[191). 
In equilibrium MD simulations, it has been estab- 

lished that the dynamic behavior of a small number of 
atoms can be a valid statistical representation of the 
solid’as long as periodic boundary conditions and veloc- 
ity renormalization are used [20]. In equilibrium phase- 
transition problems, sample sizes of up to 250000 atoms 
have been used. However, in our cascade simulations, 
we are not interested in simulating a global phenome- 
non (e.g., phase transitions) for which an increase in the 
size of the computational box is likely to give more 
accurate results. Rather, the size of the computational 
box is determined solely by the energy dissipation rate 
at the boundary. Ideally, and in an infinite solid, the 
excess kinetic energy of the primary knock-on atom 

(PKA) must eventually be dissipated to the outside 
world or else it will lead to a uniform temperature rise. 
Practically, however, we are more interested in the 

study of energy dissipation in the generation of point 
defects. We introduce an arbitrary cutoff kinetic energy 
per atom (say, 1 ev), below which cascade simulation 

for the purpose of point-defect generation is no longer 
suitable. The number of atoms for a particular cascade 
simulation is chosen to guarantee that no energy reflec- 

tion occurs at the boundary in a way that alters atomic 
rearrangements inside the computational box. We also 
introduce two atomic planes of special “boundary 
atoms” which have viscoelastic EOMs in order to simu- 

late cascade energy dissipation into the surrounding 
solid. Details are given in ref. [19]. 

3. Low-energy collision-cascade simulations 

The dynamics of a collision cascade by a 60 eV 
(speed = 135 A/ps) Cu PKA initially along the [lOOI 
direction on a (001) plane in Cu at 300 K is illustrated 
in fig. 2. The X-axis is the particle ID number. It is 
arranged so that the particle ID number increases along 
the X-direction in the computational cell (boundary 
atoms are not included). It is clearly shown that the 
collision cascade subsides quickly in less than 0.15 ps, 
which is the collisional phase of the cascade evolution. 
None of the atoms has energy greater than 1 eV (17 
A/ps) at the end of this phase. It is observed that the 
energy propagation speed is greater than the speed of 
recoils and far exceeds the speed of sound. This is 
because the collective interaction is the dominant mode 
of energy transfer. Fig. 3 shows a linear replacement- 

Fig. 2. Cascade dynamics of a 60 eV Cu PKA incident along 
the [lOO] direction in a (001) plane. The particle (recoil) ID 

number increases along the X-axis. 
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Fig. 3. Cascade trajectories for a 60 eV Cu PKA incident along 
the [lOOI direction in a (001) plane at 300 K. A linear RCS with 

a length of 5.5 lattice constants is produced. 

collision sequence (RCS) generated by the same 60 eV 
Cu PKA in a layer, which has a thickness of 0.5 lattice 
constant, with the major interaction plane (001) in the 
middle. The linear RCS has a length of 5.5 lattice 
constants. The energy dissipation is preferred along 
special crystallographic directions (e.g., [lOO] and [IlO]). 
This is clearly shown by the larger-than-thermal vibra- 
tion movement of the lattice atoms along these direc- 

tions. Fig. 4 shows the effect of temperature on the RCS 
length by the same 60 eV PKA along the [lOO] direction. 

Cascade defocusing at high temperatures is clearly 
caused by variations of the impact parameter along the 
primary focusing direction which results in a shortening 
of the RCS length. In some cases, no displacement is 
generated at all. This suggests that the directional dis- 
placement threshold energy varies depending on the 
irradiation temperature. Fig. 5 shows CASC-MD calcu- 
lations of the threshold displacement energy along 
selected crystallographic directions compared with the 
numerical results of Ring and Benedek [14]. For their 
numerical calculations, Ring and Benedek used the 
Born-Mayer pair potential. It appears that the use of 
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Fig. 4. The dependence of the linear RCS length on 
temperature. 
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Fig. 5. A comparison between the displacement threshold 
energies along selected crystallographic directions evaluated by 

CASC-MD simulations and those of King and Benedek [14]. 

the present composite potential results in less sensitive 
directional variations of the displacement threshold 

when compared with the results of a pure pair potential. 
However, our computational results are more consistent 

with their experimental data on Cu [12-141. 

4. Conclusions and future directions 

In this work, a molecular dynamics code, CASC-MD, 
is developed. A composite potential (comprising pair- 
and many-body interaction types for high and low 
energies, respectively) is used and yields good agree- 
ments with experimental values for the displacement- 
threshold energy surface. Our results clearly show the 
influence of temperature on the dynamics of collision 
cascades and displacement generation. It is also shown 
that many-body effects are important to consider in the 
sub- and low-eV energy ranges. 

Because of the complicated EAM potential at low 
energy and its long-range interactions, our analyses 
have been limited to small computational cells and 
sub-keV collision cascades. The computational over- 
head is a major concern for the use of such potentials: 
15 min of CRAY-2 time for simulations of a computa- 
tional cell size of 1271 particles with a duration of 1 ps. 
To extend our calculations to higher cascade energies 
and larger computational cells requires further develop- 
ment of the present code. 
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