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Point defect movement and annealing in collision cascades
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~Received 20 December 1996!

The effect of collision cascades on preexisting point defects in crystalline materials was studied by simu-
lating 5 keV collision cascades in gold, copper, aluminum, platinum, and silicon. The results indicate that
collision cascades do not significantly affect interstitials or vacancies outside the liquid core of the cascade,
although in the fcc metals the heating of the crystal due to the cascade causes some thermal migration of the
interstitials. Within the liquid cascade core, both interstitials and vacancies move towards the center of the
molten region when it resolidifies and recombine or cluster there. At elevated temperatures, random jumps of
interstitials during the thermal-spike phase can cause significant additional trapping of interstitials in the liquid.
In contrast to the annealing effects of preexisting damage in the fcc metals, in silicon the amount of new
damage created by a cascade is roughly independent of the number of initial point defects. The difference is
attributed to the nature of the bonding in the materials.@S0163-1829~97!05729-9#
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I. INTRODUCTION

Ion irradiation methods are of considerable interest
many research and practical applications of mater
processing.1,2 Since most damage produced in materials d
ing ion irradiation derives from a complex process occurr
in collision cascades, much research has been devote
studying these events.3,4 Experimental work has shed som
light on this problem; however, owing to the difficulty o
resolving defect structures inside materials, these stu
have had only limited success. Molecular-dynamics~MD!
computer simulation offers an alternative approach,3,4 which
has proved successful in providing both a qualitative a
quantitative description of damage production in solids~see,
e.g., Refs. 5–9!.

In most of the simulation studies performed so far, t
initial state of the lattice in which a collision cascade is in
tiated has been defect free. However, in practice most
irradiation-induced cascades are produced in regions w
have been previously damaged by implanted ions. Theref
to understand the effect of prolonged implantation on i
tially crystalline samples, it is important to know how a ca
cade affects preexisting defects.

Relatively few studies to date have focused on preda
aged sample structures. Sayedet al.10,11 have studied a few
overlapping cascades in Si at energies of the order of a
hundred eV. Gaoet al.12 very recently worked on multiple
overlapping 400 eV to 5 keV cascades ina-iron ~a bcc
metal!, and Foremanet al.13 simulated a few 1 keV cascade
in Cu with preexisting features like vacancy and interstit
loops. Kapinos and Bacon have studied the effect of h
vacancy concentrations on vacancy loop formation in Cu,
and Fe.14,15 Both Gao and Foreman report that the preex
ing features may be partly annealed when overlapped b
new cascade, a fact well known from experiment.16

There has been much speculation about the motion
point defects in the heat spike and pressure wave assoc
with cascades.17 However, no systematic investigation o
these effects has been carried out by molecular dynam
which is the focus of this work.
560163-1829/97/56~5!/2421~11!/$10.00
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We create the point defects in well-defined distributio
and follow their motion during the simulations. Although o
damage distributions are artificial, they allow us to syste
atically probe the effect of cascades on defects at differ
locations. We focus on two crystalline materials of contra
ing properties: gold, a dense material with metallic bond
and close-packed fcc crystal structure, and silicon, a
valently bonded material with the relatively loose-pack
diamond structure. We also report on simulations of casca
in copper and aluminum to determine whether the diff
ences are due to the atom mass or crystal structure, an
platinum to determine the effect of the melting point. W
believe this choice of materials sets the bounds for poss
behavior.

The paper is organized as follows. In Sec. II, we pres
our simulation procedures in detail. In Sec. III, we fir
present and discuss the results of our simulations for the
elements separately, and then compare their common
tures and differences.

II. SIMULATION AND ANALYSIS METHODS

A. General principles

In this study we were primarily interested in elucidatin
defect reactions in collision cascades. Therefore, we se
our simulation conditions in a manner which can be expec
to provide an as clear view of the processes involved
possible. The electronic stopping power is neglected, sinc
is expected to contribute only little to the slowing down of
keV self-ions in the materials treated here.18

The initial temperature of the simulation cell was 0 K in
most runs. Since the interstitial in gold migrates very eas
even at low temperatures,19,20 using a 0 K ambient cell tem-
perature is advantageous for clearly distinguishing what p
of the defect motion is due to the collision cascade. Exp
ence in the field shows that the initial state of damage p
duction in collision cascades does generally not differ mu
at temperatures roughly below 100 K, except possibly
lengths of replacement collision sequences,21 which are few
in number and not of interest here.
2421 © 1997 The American Physical Society
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2422 56K. NORDLUND AND R. S. AVERBACK
For a straightforward comparison between the differ
materials, we used similar simulation conditions for all e
ments. The computational cells had a size of roug
12031203120 Å3, and contained about 90 000 atom
which were initially arranged in the proper crystal structu
of the material. Periodic boundary conditions were used,
the temperature of the three outermost atom layers
scaled toward 0 K to dissipate excess energy. The dow
wards scaling factor of the temperature was restricted to
less than 0.1 during a single time step. A linkc
calculation22 and variable time step23 were also employed to
speed up the simulations.

The primary set of runs examined interstitial motion. F
these, either 50 interstitials and 50 vacancies or only 50
terstitials were introduced in the cell. The number of defe
chosen corresponds roughly to the number of Frenkel p
which can be expected to form from a previous 20–30 k
cascade in the same region.4 The defects were introduce
randomly using a Gaussian probability distribution cente
at the middle of the simulation cell for vacancies and c
tered on a spherical cell 35 Å from the middle for inters
tials. The width of the distributions was 18 Å.24 The runs
with these defects distributions are labeled Au 2–5, Si 2
Cu 2–3, Al 2–3, and Pt 2–3 in Table I. In other sets of ru
we packed between 20 and 200 defects as close to the
center as possible~Au 6–9!, placed 50–200 defects un
formly in the simulation cell~runs Au 10–15! or used el-
evated temperatures~Au 16–20!.

For all the defect distributions, a minimum distance of
Å between defects was used to ensure that defects do
annihilate or form clusters independent of the cascade.
runs showed this to be important. In all the events, the
fects were relaxed for 1 ps before the collision cascade
initiated. In the cases where only interstitials were introduc
into the cell, the cell size was relaxed to zero pressure u
a pressure control algorithm25 before the initiation of the
cascade.

The collision cascades were initiated by giving one of
atoms in the lattice a recoil energy of 5 keV. We chose
initial recoil atom and its recoil velocity direction so that th
center of the resulting collision cascade roughly overlap
the preexisting defect structure in the simulation cell. T
evolution of the cascades was followed for 50 ps.

B. Recognition of defects

During some of the cascade simulations for Au and S
defect analysis routine was run every 20th time step to
ognize and follow the motion of interstitials. An approa
inspired by the structure-factor analysis in Ref. 26 was u
to recognize interstitials and the liquid region. The struct
factor Pst is calculated for each atomi ,

Pst~ i !5
1

pu~ i !S (j
@u i~ j !2u i

p~ j !#2D 1/2

,

pu~ i !5S (
j

@u i
u~ j !2u i

p~ j !#2D 1/2

,

whereu i( j ) is a list of thennb(nnb21)/2 angles formed be
tween atomi and its nnb nearest neighbors. The numb
t
-
y
,

d
as
-
e

r
-
s
rs

d
-

5,
,
ell

ot
st
-

as
d
g

e
e

d
e

a
c-

d
e

nnb is determined from the ideal crystal structure, and is 4
the diamond structure~Si! and 12 for the fcc structure~Au!.
u i

p( j ) is the distribution of angles in a perfect lattice an
u i

u( j )5 j p/nnb(nnb21)/2 the uniform angular distribution
Before doing the sum over the angles theu i( j ) lists are
sorted by magnitude.26

TABLE I. Some results of the cascade events. The root-me
square~rms! distance of interstitials from the cell center~Au, Cu,
Al, and Pt! or the center of the interstitials~Si! is given for the
initial and final distributions of interstitials, based on the Wigne
Seitz cell analysis. Unless otherwise noted, the defects were
tially arranged spherically around the center of the cell, as
plained in the text.

Element Event Defects~int., vac.! rms distance~Å!

number Initial Final Initial Final

Au 1 0, 0 4, 4 - 46.9
2 50, 0 51, 1 44.7 41.3
3 50, 50 41, 41 48.7 49.8
4 50, 50 45, 45 48.7 50.3
5a 50, 50 39, 39 48.7 54.1

Aub 6 20, 0 21, 1 15.1 20.3
7 50, 0 51, 1 23.9 21.0
8 200, 0 201, 1 35.2 30.5
9 20, 20 5, 5 25.5 45.8

Auc 10 200, 0 201, 1 58.0 57.0
11 0, 200 6, 206 - 43.9
12 200, 200 168, 168 58.2 60.6
13 100, 100 93, 93 57.8 58.7
14 50, 50 60, 60 56.4 51.8
15 50, 50 52, 52 56.4 55.9

Aud 16 50, 0 52, 2 45.2 41.2
17 50, 50 27, 27 48.9 53.6
18 50, 50 25, 25 48.9 52.1

19 a 50, 50 37, 37 48.9 52.3
20 a 50, 50 39, 39 48.9 51.8

Si 1 0, 0 84, 94 - 54.1
2 50, 0 133, 87 52.7 45.1
3 50, 50 140, 143 50.0 44.0
4 50, 50 154, 160 50.0 41.7
5 50, 50 151, 161 50.0 40.3

Cu 1 0, 0 13, 13 - 38.6
2 50, 50 50, 50 43.1 44.6
3 50, 50 48, 48 43.1 41.9

Al 1 0, 0 10, 10 - 21.6
2 50, 50 41, 41 50.8 50.5
3 50, 50 43, 43 50.8 50.3

Pt 1 0, 0 6, 6 - 37.6
2 50, 50 48, 48 46.7 47.8
3 50, 50 45, 45 48.8 49.6

aEvent with no cascade at a fixed temperature.
bDefects packed around the cell center.
cDefects distributed uniformly in cell.
dHigh substrate temperature.
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By analyzing the structure factor of each atom and
neighbors, combined with a kinetic energy criterion, we w
able to recognize interstitials and the liquid region during
simulation.

The motion of interstitials throughout a simulation w
followed using an interstitial database which contains his
ries of all interstitials. When an interstitial structure is reco
nized during one time step, its position is compared to
position of all interstitial structures recognized during pre
ous time steps. In the new time step, if the new intersti
atom is closer than one lattice constant from one of the p
viously recognized interstitial structures, it is interpreted
be part of the same interstitial. Otherwise, a new intersti
database entry is created.

The position of each interstitial structure during any giv
time step is calculated as the average position of all ato
which are part of it. If an interstitial structure becomes p
of the liquid zone or has not been seen for at least th
interstitial analysis steps, it is discarded from the list of c
rent interstitial structures. Thus, after the simulation the
terstitial database will contain information on the position
lifetime, and movement of all interstitial recognized durin
the simulation.

Independently of the structure-factor analysis, we p
formed an analysis of the population of the Wigner-Seitz c
of each perfect lattice atom position for a few time steps
each simulation. Wigner-Seitz cells with more than one at
were interpreted as interstitials and empty cells as vacan
The numbers of defects obtained for any given time in
Wigner-Seitz and structure-factor methods were in go
agreement with each other.

C. Gold

For the MD simulations of gold we employed the go
embedded-atom method~EAM! potential used previously a
this laboratory in studies of collision cascades.7,20 The uni-
versal repulsive potential18 has been fitted to the potential t
realistically describe strong collisions.

The interstitials introduced into the cell were given t
~100! fcc dumbbell interstitial structure, which is the lowes
energy interstitial of fcc metals.19 This interstitial is known
to migrate very easily. Experimentally no determination
the migration energy in gold has been achieved.19 The EAM
potential predicts a migration energy of 0.06 eV,20 which is
realistic for high-temperature migration where quantum
fects are no longer important.

In the automatic interstitial recognition procedure, w
evaluated the structure factorPst for the 12 nearest neighbor
of each atom. We found that different values ofPst could be
used to distinguish between crystalline atoms, interstiti
and liquid atoms. By comparing thePst analysis to visual
inspection of moving defects, we ensured that the anal
did not lose track of moving interstitials and fine-tuned t
recognition criteria to recognize interstitials even in interm
diate configurations during migration.

We performed four simulations of 5 keV recoil events
which our interstitial analysis method was used: a refere
run in an undamaged gold crystal, two simulations with
interstitials and 50 vacancies, and one with only 50 inter
tials. Figure 1 shows the initial and final distributions
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vacancies and interstitials as a function of the distance fr
the cell center, summed over the three cascade events.

D. Silicon

For realistic MD simulation of covalently bonded mate
als like silicon, it is important to use an interatomic potent
which adequately describes the bonding interactions in
material. We used the Tersoff (C) three-body interatomic
potential which gives a good description of several prop
ties of Si, including the different bonding types and elas
moduli.27,28The potential also gives a reasonable descript
of point defect energies, although the order of the point
fect energies is not correct.28,29 Since we are primarily inter-
ested in the possibility of defect motion, the migration en
gies of point defects are more significant in any case t
their equilibrium structure. Experimental and densit
functional results suggest the vacancy migration energ
;0.3 eV.30,31 Recent tight-binding molecular-dynamics r
sults give a migration energy of 1.4 eV for the dumbb
interstitial32 ~however, in real Si the interstitial migratio
may be enhanced by defect charge state processes30!. For the
Tersoff potential, many different values for the interstiti
and vacancy migration energies have been reported in
literature, probably due to the difficulty of recognizing th
lowest-energy migration path.28,33,34 For the vacancy, the
lowest migration activation energy calculated for an act
migration path is 1.6 eV,33 and for the tetrahedral interstitia
1.1 eV.34 Thus, it appears that the Tersoff potential clea
overestimates the vacancy migration energy, but give
fairly reasonable value for interstitials.

Frequently, the high melting point predicted by the Te
soff potential is used as an argument against its suitability
collision cascade studies. However, using a new reliable
proach to calculate the melting point35 we obtained a value
of 23006100 K, which is much less than the conventiona
cited value of 3000 K~Refs. 27 and 28! and in better agree

FIG. 1. Distribution of interstitials~int.! and vacancies~vac.! as
a function of the distance from the center of the simulation c
before and after the cascade event. The numbers are the sum
the three cascade events discussed in the text. The low numb
defects is the reason for the ‘‘roughness’’ of the distributions.
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2424 56K. NORDLUND AND R. S. AVERBACK
ment with the experimental value 1685 K.36 Details of this
calculation will be given elsewhere.37

A short-range repulsive part of the potential was det
mined from density-functional theory calculations.38,39It was
smoothly fitted to the Tersoff potential using a Fermi fun
tion F(r )5(11e2bf (r 2r f ))21 with the values 12 Å21 and
1.6 Å for bf and r f , respectively.40 These values provide
smooth fit between the two potentials both between two
oms in a dimer and two nearby atoms in bulk silicon.

The point defect recognition procedure in silicon w
similar to the one used in gold. ThePst structure factor was
evaluated for the four nearest neighbors of each atom,
used to recognize both interstitials and vacancies. Liquid
oms were recognized using a combinedPst and kinetic en-
ergy criterion.

We carried out 5 simulations for silicon; one referen
run with no initial defects, one run with 50 initial interst
tials, and three with 50 initial interstitials and 50 initial va
cancies.

E. Copper, aluminum, and platinum

For copper, aluminum, and platinum we employed EA
potentials41,42 onto which the universal repulsive potential18

had been fitted to realistically describe strong collisions26

We carried out 3 simulations for these metals, 1 witho
initial defects and 2 with 50 initial interstitials and vacancie
The initial defect distributions were the same as for the g
simulations. The analysis of defects was performed with
Wigner-Seitz method for about 20 selected time steps.

III. RESULTS AND DISCUSSION

A. Gold

The gold results will be presented in four subsections. T
first deals with defects outside the liquid core of a casca
the second with defects in the core, the third with unifo
defect distributions, and the last one with high-temperat
runs.

1. Defects outside the liquid core

Results of one simulation with 50 initial vacancies a
interstitials are illustrated in Figs. 2 and 3. Figure 2 sho
snapshots of the positions of all atoms in the system p
jected onto thexy plane at 0, 1.5, and 50 ps. At 0 ps, th
initial interstitials and lattice relaxation caused by them
visible among the otherwise undisturbed fcc lattice atoms
1.5 ps, we see the liquid cascade center and the pres
wave emanating from it. Some of the interstitials can
discerned even through the pressure wave, showing that
are not destroyed by it. At 50 ps, spike effects are no lon
visible, and the lattice has relaxed back close to its ini
state. Comparison of the 0 and 50 ps figures shows that m
interstitials are positioned at roughly the same sites be
and after the cascade. In examining the figures, one sh
keep in mind that when a dumbbell interstitial is orient
along thez axis, it will not be visible when projected on th
xy plane.

Our analysis of interstitial movement enabled us to rel
initial and final interstitials to each other. In Fig. 3, th
movement of all interstitials which have existed for at le
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10 ps ~this includes all of the final interstitials! is shown.
Most of the interstitials seen in the figure actually exist
throughout the simulation. The open markers indicate
initial positions and the solid ones the final positions. T
defects move very little during the simulation, even thou
they clearly have been exposed to the pressure and
waves from the cascade. Noteworthy is that the interstit
move slightly inwards on average.

These conclusions were verified by a calculation of
total movement of interstitials with respect to the center
mass of the liquid zone throughout the simulation. The int
stitials which remained after the cascade had on aver
moved inwards 1.0, 1.5, and 1.6 Å in the three casc
events containing preexisting defects. There was, howeve
considerable spread in the distribution of the movement: T
maximum inwards movement seen in the three events wa
Å and the maximum outward movement 14 Å. On avera
the interstitials outside the liquid region performed abo
three lattice site jumps. From Fig. 1 we see that the ove
effect of the interstitial movement on the defect distributi
is quite small.

In the events with 50 initial interstitials and vacancie
about 40–45 interstitial structures remained after the casc
event. A few of the interstitials produced in our simulatio
formed small clusters, but the majority remained as sin
dumbbell interstitials. Some of the initially existing interst
tials have recombined with vacancies during the event.
cause this is more likely to occur close to the cell center,
root-mean-square distance of interstitials from the cell cen
may actually be larger for the final than the initial defe
distribution ~cf. Table I!.

Vacancies were identified geometrically using Wigne
Seitz cells; otherwise, the vacancy analysis employed
same principles as those described above for interstitials.
vacancy movement results are illustrated in Fig. 4. We
that the vacancies outside the liquid region do not move a
or move very little. The average number of lattice site jum
per vacancy was 0.2. This is readily understood in terms
their large migration energy, 0.8 eV.19

Inspection of animations of the collision cascades show
that most of the interstitial movement occurred when
liquid zone was shrinking in size or had already vanished.
understand the reason for the migration, we calculated t
perature and pressure distributions in the cell, which
shown in Figs. 5 and 6. High temperatures are present in
cell for a relatively long period of time after the collisio
cascade, suggesting this might cause thermal migration
the interstitials. The pressure decreases towards the cent
the cell before and after the cascade due to the presenc
vacancies near the cell center and the presence of interst
in the region near the borders~see Fig. 6!. We believe this
contributes to the inward motion of the interstitials.

In the event which had 50 initial interstitials and no v
cancies, a similar pressure gradient was seen, which indic
the interstitials are the predominant cause of it. In the c
cade event with no initial defects, in which only four inte
stitials existed after the cascade, no reduction of the pres
towards the center occurred.

To test whether the defect movement could be explai
as a thermal migration process, we simulated the same in
defect distribution as in the cascade events but with no c
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FIG. 2. Snapshots of a 5 keV Au cascade. All atom position in the~115 Å!3 simulation cell are included in the figure, projected on t
xy plane. The interstitials and lattice relaxation around them breaks the otherwise regular fcc structure in the 0 and 50 ps figures. T
zone in the center of the cell and the pressure wave surrounding it can be clearly seen in the 1.5 ps figure. Comparison of the n
features in the 0 and 50 ps figures shows that most interstitials have not moved much from their initial positions.
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cade initiated in the cell. In case the movement of the in
stitials is determined solely by the pressure decreasing
wards and the temperature of the cell, interstitial movem
similar to the cascade events should be seen.

A 50 ps simulation was carried out with a cell temperatu
Tm equivalent to the temperature in the cascade simulati
We assumed the thermal defect migration probability is p
portional to exp(2EA /kBT), whereEA50.06 eV.20 Thus the
average migration temperatureTm of interstitials is obtained
from the temperature of the entire simulation cell as a fu
tion of time Tcasc(t) in the cascade runs, weighted by th
migration exponential,
r-
n-
nt

e
s.
-

-

Tm5
*Tcasc~ t !e~20.06 eV!/kBT~ t !dt

*e~20.06 eV/kBT~ t !dt
. ~1!

From the average ofTm in the three interstitial cascade run
we obtainedTm5205 K.

We carried out a 50 ps run for a cell which had 50 inte
stitials and 50 vacancies distributed as in the cascade r
but now heating it to 205 K from the borders. We obtain
similar results to the cascade runs. Due to the distribution
defects in the cell, the pressure decreased inwards. The
terstitials existing after the simulation had, on avera
moved 0.6 Å inwards. As in the case of the interstitials in t



m
th
e

th
Th

t

te
s
e

is
nt of
uid
The
fect

ke

ting
ting

can
quid

ons
5in

e

or
th
re

o
ne
he

ies
her

era-
this

2426 56K. NORDLUND AND R. S. AVERBACK
cascade runs, this average movement was relatively s
compared to the random movement in the cell. Since
calculation forTm includes the liquid core temperature, th
number of jumps per interstitial~about 40! and amount of
clustering seen in the cell were clearly larger than for
defects outside the liquid core in the cascade events.
indicates that the local temperature has a large effect on
interstitial motion.

During the 50 ps run at 205 K, 11 vacancies annihila
with interstitials. Due to their high migration energy, the re
of the vacancies did not move at all from their initial lattic
positions.

FIG. 3. Movement of interstitials during one 5 keV cascade
gold, projected onto thexy andxz planes. Each marker shows th
position of one interstitial~which may contain several atoms!.
Shown in the figure are all interstitials which have existed for m
than 10 ps. Circles show interstitials whose final position is in
zone which at some point of the simulation was liquid, squa
other interstitials. The open markers denote the initial positions
the interstitials and the solid markers the final positions. The li
connect the initial and final position of each interstitial. The das
curve shows the maximum extent of the liquid region.
all
e

e
is

he

d
t

The qualitatively similar behavior of the defects in th
event and the cascade events indicates that the moveme
interstitials adjacent to a collision cascade outside the liq
core can be understood as a thermal migration process.
pressure gradient induced by the nonhomogeneous de
distribution appears to slightly bias the random-walk-li
movement of the interstitials.

In conclusion, although the pressure wave emana
from a cascade appears to have little effect on preexis
damage, the high temperatures induced by the cascade
cause some defect migration and annealing outside the li
core of the cascade.

2. Defects in the liquid core

In the cascade events with spherical defect distributi
~Au 2–4!, between 10 and 20 initial vacancies and 0 and

e
e
s
f
s
d

FIG. 4. As Fig. 3, but for vacancies. Circles show vacanc
whose final position is in the former liquid zone, squares ot
vacancies.

FIG. 5. Temperature at different times in a 5 keV gold cascade
as a function of the distance from the cascade center. The temp
ture at a certain distance is the temperature of all atoms within
distance from the center of the cell.
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56 2427POINT DEFECT MOVEMENT AND ANNEALING IN . . .
initial interstitials were within the region of the cell whic
was liquid at some point of the cascade evolution. The v
ume of the liquid core~defined as the total volume of un
cells which contained liquid atoms at any time during t
simulation! was about 4% of the total volume or 4000 atom
volumes.

As shown in Fig. 4, the vacancies within the liquid core
the cascade cluster near the center of the cell. Similar be
ior was seen in the two events where preexisting vacan
were placed near the center of the simulation cell. The c
tering in the center shows how the crystal regenerative p
cess favors the production of defect-free fcc lattice on re
lidification. Since the central region contains too few ato
to form a perfect lattice, a vacancy cluster remains in
center. This result is similar to the copper cascade result
Kapinos and Bacon, which show clustering and loop form
tion of vacancies in samples with high initial vacan
concentrations.14

In the event with no initial vacancies~Au 2!, 12 of the 50
initial interstitials got trapped in the liquid region and forme
an interstitial cluster in the center it. This shows that t
resolidification kinetics is sufficiently fast to avoid quenc
ing in defects and that the high-pressure gradient in the c
of a cascade does not push the interstitials outwards
might be expected. This is discussed further in Sec. IIIA

We also tested the behavior of interstitials near the c
cade core. We simulated three 5 keV Au cascade even
which the cell contained 20, 50, and 200 interstitials, plac
spherically around the center of the cell using the 10 Åm
mum distance between defects~runs Au 6–8 in Table I!. No
vacancies were included in the initial cell in these events

In these cascades, the final cell contained 21, 51, and
final interstitials, and a single vacancy in each case.
interstitials formed large clusters in all events, although
few isolated interstitials were seen as well. In referen
events where a 5 keV event was simulated in an undisturb
fcc lattice typically around 5 vacancies and interstitials w

FIG. 6. Pressure as a function of time in a 5 keV gold cascade a
a function of the distance from the cascade center, evaluated s
larly as the temperature. The initial very high values are cause
the strong collisions in the heart of the cascade. Near the end o
cascade the pressure decreases towards the center of the cell
the presence of vacancies near the center.
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produced in the cascade. The fact that very few vacan
were seen even in the 20 interstitial event indicates that
presence of preexisting interstitials inhibits the creation
vacancies in a collision cascade; i.e., vacancies and inte
tials cannot coexist in the liquid core. Again, interstitial clu
ters were observed in the center of the cascade.

We also simulated one event~run Au 9! in which we
placed 20 interstitials and 20 vacancies as close to the ce
of the cell as possible while retaining the 10 Å minimu
distance between them. After a 5 keV cascade event ther
were 5 interstitials and 5 vacancies left in the cell, confir
ing that damage anneals in the liquid core of the casca
The surviving interstitials were located far away from t
cascade center, whereas 4 of the vacancies were close t
center.

3. Uniform defect distributions

In the events described above, the final amount of dam
was generally reduced by a cascade, but the effect
strongly dependent on the shape of the~somewhat artificial!
initial defect distributions. To provide an estimate of wh
defect concentration is large enough to cause a reductio
the final number of defects, we simulated a number of eve
with a uniform defect concentration in the simulation c
~the defects were introduced in the cell on random at
sites!. The numbers of initial and final defects in these eve
are listed in Table I as events Au 12–15.

For 2001200 and 1001100 initial interstitials and vacan
cies the number of defects decreases as a result of a 5 keV
cascade, whereas for 50150 initial defects the number in
creases. Considering only the defect-producing and ann
ing effect of the 5 keV cascades described above, we ob
that the equilibrium number of defects is of the order
131023. This result corresponds closely to experiments
which defects were introduced randomly by proton irrad
tion and subsequently annealed by heavy ion irradiation.16

In a cascade event~run Au 10! with a large number of
randomly distributed initial interstitials, only one vacancy
created, in good agreement with our earlier observation
interstitials appear to inhibit vacancy production. On t
other hand, in run Au 11 which had a large number of init
vacancies, six interstitials were produced, indicating that
opposite is not necessarily true. This reflects the fact t
newly produced interstitials are ejected from the liquid a
avoid recombination, whereas vacancies are always
duced in the liquid.

4. Damage at 600 K

Since most practical ion irradiations are performed at te
peratures much higher than 0 K, we performed a few sim
lations at 600 K~runs Au 16–19!. The initial defect distri-
butions were the same as in runs Au 2–5. Prior to
initiation of a the cascade, the pressure in the cell was eq
brated to 0 kbar and the atoms were given realistic ther
displacements by performing a 5 ps run at 600 Kusing a
variable cell size and a pressure control algorithm.25

To check how many defects annihilate due to therm
motion alone, two 50 ps runs were performed at a fix
temperature with no cascade in the cell. Run Au 19 w
performed at 600 K and run Au 20 at 670 K@the average

i-
y

he
e to



ts

n
w

st
le
t f
a
m

an
ia

0
i

ur
2

or
o
te

re
r o

s
a

io
is
id
ial
in

r
i

e
om
he
or
in
b

so
is

re
o

m
ad
a
se
-

o
to
a

i

a
io
e

ich
ow-

age
ent

in
-
ade

ial
uch

pear

d 84
er-
lly

e of
ing
ual.
0.2
to

th
er-
d
a-

ial

re-
e
ld,
ly
tal
ion
0 of
id
s

2428 56K. NORDLUND AND R. S. AVERBACK
cascade temperature evaluated using Eq.~1!# The 600 and
670 K runs resulted in the annihilation of 13 and 11 defec
respectively.

In the two cascade events with 50 initial vacancies a
interstitials, the number of defects after the cascade
about 25 and 27, which is 15–20 less than in the 0 K events.
Inspection of animations of the cascades showed that mo
the defects vanished in the early part of the cascade, in
than 20 ps. Since thermal migration processes accoun
only around 10 recombinations of defects, there must be
other defect annealing mechanism active. Since the volu
of the liquid region was only about 30% larger at 600 K th
at 0 K, it cannot have reached very many more interstit
than in the 0 K runs.

The liquid region recrystallized much slower than in the
K runs; parts of the liquid remained even after 20 ps, and
maximum volume was slightly bigger. We know from o
earlier work that a fcc interstitial jumps about once every
ps at 600 K.43 At the elevated temperatures close to the c
of the cascade, the interstitials can be expected to make m
than 10 jumps in 20 ps. Thus, at elevated temperatures in
stitials on the periphery of the melt zone can migrate to
before it contracts on resolidification. These interstitials
combine with vacancies in the melt, reducing the numbe
defects.

In the event with 50 initial interstitials and no vacancie
22 of the interstitials got trapped in the liquid and formed
cluster in its center. Since an interstitial has a high format
energy in the crystal, but essentially none in a liquid, it
unlikely that an interstitial which has entered the liqu
leaves it again. With no vacancies in the cell, the interstit
therefore have to move with the liquid to its center, expla
ing the cluster formation.

At lower temperatures the interstitials move much mo
slowly and the melt contracts before the interstitials reach
Since the vacancies are drawn to the center of the cascad
we have shown above, interstitials and vacancies bec
well separated: Subsequent motion of the interstitials t
allows them to escape without recombination. Recent w
by Daulton et al. shows, in fact, that vacancy retention
cascades decreases rapidly with temperatures above a
300 °C.44 The authors say this cannot be explained by dis
lution of the vacancy clusters. We believe the mechan
found here can explain their result.

To conclude the gold results, we have identified th
damage annealing mechanisms by collision cascades in g
Interstitial and vacancies can recombine during thermal
gration caused by the heating of the crystal by the casc
Defects captured in the liquid formed by the cascade
likely to be forced into the liquid center during the collap
of the liquid, and recombine or~if equal numbers of vacan
cies and interstitials are not present in the liquid! form clus-
ters there. Finally, at increasing temperatures the rand
motion of interstitials makes them increasingly likely
reach the liquid because of their thermal migration, incre
ing damage annealing.

We find similar behavior for other fcc metals, presented
Sec. IIIC below. Thea-iron results of Gaoet al.12 show that
the amount of damage in multiple overlapping cascades s
rates. For high-energy cascades they offer two explanat
for this: defect loss in the cascade core and defect loss du
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increased migration induced by the heating of the cell, wh
are essentially the same mechanisms found by us for l
temperature cascades in gold. It appears that these dam
annealing mechanisms are significant in several differ
types of metals.

B. Silicon

The silicon results differed dramatically from those
gold. No statistically significant motion of interstitials or va
cancies was observed outside the liquid core of the casc
~the number of site jumps per defect was less than 0.1!. We
attribute this to the high migration energies of an interstit
and vacancy in Si. Also, the Si cascade cools down m
faster than the Au one~compare Figs. 5 and 7!. As in gold,
the heat and pressure waves from the cascade do not ap
to have any effect on the defects.

The 5 keV cascade run in an undamaged lattice create
interstitials and 90 vacancies, counted using the Wign
Seitz cell analysis; the structure factor analysis typica
gave about 10–20 % smaller numbers of defects. Som
the Wigner-Seitz cells contain more than 2 atoms, explain
why the number of interstitials and vacancies are not eq
The number of atoms with a potential energy more than
eV higher than that of undisturbed lattice atoms was found
be 910. This agrees well with the results of Dı´az de la Rubia
and Gilmer,5 who found about 800 final defect atoms wi
the same criterion in a 5 keV Si cascade using the Stilling
Weber potential.45 This indicates that the Tersoff an
Stillinger-Weber potentials yield similar results in simul
tions of collision cascades.

The number of defects produced in the runs with init
defects are shown in Table I. We see that a 5 keV cascade in
silicon creates roughly 100 interstitials and vacancies,
gardless of the initial distribution of point defects in th
simulation cell. This is in clear contrast to the results in go
in which the initial and final number of defects were slight
reduced from the initial number. It is evident that the crys
regeneration effect present in the collapse of the collis
cascade in gold is absent in silicon. Furthermore, about 1
the initial interstitials and vacancies are within the liqu
zone of the cascade~the total volume of which encompasse

FIG. 7. As Fig. 5, but for silicon.
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FIG. 8. As Fig. 2, but for Si. The cascade is clearly less dense and well defined than in gold, and much more damage remains a
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about 3% of the cell volume!. In case the liquid part of the
cascade would have an annealing effect on defects in it,
number of new defects produced in a defect cell should
smaller than for an event in a virgin cell. However, the nu
bers obtained appear to be equal or even larger.

Thus, no sign of an annealing effect in the Si cascades
be seen; instead the preexisting damage, if it has any effe
all, enhances damage production. This is in good agreem
with the experimental observation that the fraction of am
phous material can increase superlinearly with dose du
ion irradiation.5,46,47

The initial, ‘‘peak of the cascade’’ and final atom pos
tions of the event with both initial vacancies and interstiti
are shown in Fig. 8. Analysis of the damage in the eve
showed that all of the new defects are created in the liq
he
e
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nt
-
g

ts
id

zone of the cascade region. The damage takes the form
complex clusters and amorphous pockets, similar to th
seen in the work of Dı´az de la Rubia and Gilmer.5 As they
already have studied the nature of such damage in si
cascades in some detail, we do not discuss it here.

C. Copper, aluminum and platinum

Since Cu and Al have the same metallic bonding and
crystal structure as gold, but a mass closer to that of Si,
simulations of cascades in Cu and Al enabled us to de
mine whether the difference in the Si and Au results was
to the mass or crystal structure difference. Similarly, co
parison of the gold and platinum results probes the effec



th
K

u
n
d
th
s

re
re
n
M
r
e

ia
on
en
an
o
a

is
e
t

ce
r
e

he
u
o
e

a
s
a

ss.
ant

fer-
ect
teri-
er-
se-

into
ting

efect
ned
the

eri-
atu-

nd,
and
not

the
ime

de
ac-
nd
m a
ion
r, in
ause
the

nd
ion

ee
The
of
va-

ade
l-
res
ch
de-
ere
wo
nter

this
age

ge
ed in
ged
, and
as-

Pt,

5
t
t.

2430 56K. NORDLUND AND R. S. AVERBACK
the melting point, as gold and platinum have practically
same mass, but the melting points are 1480 K and 1090
the EAM formalism.20

The defect production and annealing results obtained
Cu, Al, and Pt were remarkably similar to the results in A
~see Table I!. Although the cascades in the two metals, a
particularly in Al, were clearly less dense than the casca
in Au, the effect on the number defects was roughly
same. In all runs with 50 initial interstitials and vacancie
the final number of defects varied between 40 and 50.

D. Comparison of metals and silicon

The results presented above have shown that the natu
the damage produced and the effect of a cascade on p
isting damage differ dramatically in fcc metals and in silico
The metal results were obtained with four different EA
potentials, and the amount of damage produced in ou
simulations carried out with the Tersoff potential agrees w
with results obtained using the Stillinger-Weber potent
Therefore, we do not consider it likely that the metal-silic
difference is an artifact of the simulation methods or pot
tials used. The fcc results are very similar to each other,
so the difference in the results appears to be caused by s
fundamental difference between fcc metals on the one h
and silicon on the other.

The melting point of silicon with the present potential
2300 K, and the melting points of the metals vary betwe
900 and 1500 K.20 Since silicon has a higher melting poin
than the fcc metals, this could explain part of the differen
Figure 9, however, shows that even though the numbe
liquid atoms is clearly the lowest in silicon, qualitatively th
Si and Cu/Al cooling curves are similar. Also, although t
number of liquid atoms in Pt is clearly less than that in A
due to the large difference in melting points, the number
defects produced and/or annealed in both Au and Pt is v
similar.

Damage production and annealing in all the fcc met
appears to be very similar despite their large difference
mass. On the other hand, the difference between the Si

FIG. 9. Number of liquid atoms as a function of time in five
keV cascade events. Comparison of different events showed tha
results do not differ much between events in the same elemen
e
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Al results is large despite their negligible difference in ma
This shows that mass differences are not a very signific
factor in damage production.

From the above discussion, it appears clear that dif
ences in the melting points and cooling rates do not aff
damage production and annealing behavior much in ma
als with the same crystal structure. We attribute the diff
ences to the crystal structure and bonding type. The clo
packed fcc crystal structure strongly favors regeneration
the perfect structure, making it easy to anneal preexis
point defects in the sample. The results of Foremanet al.13

show that a cascade can separate complex damage like d
loops into smaller damage structures. This effect combi
with the point defect annealing mechanisms observed in
present work can, at least qualitatively, explain the exp
mental observation that damage levels in pure metals s
rate during prolonged implantation.16

The relatively open diamond structure, on the other ha
can incorporate numerous complex defect structures,
silicon can form nontetrahedral covalent bonds which are
too much higher in energy than tetrahedral bonding.27 This
makes defect annealing significantly slower in Si than in
metals and apparently not possible during the short t
scales present in cascades.

IV. CONCLUSIONS

In this paper we have studied how a collision casca
affects preexisting damage in solids having different char
teristics. At low temperatures, we showed for both gold a
silicon that the pressure and heat waves emanating fro
collision cascade do not directly cause any significant mot
of defects outside the liquid core of the cascade. Howeve
gold the heating of the crystal due to the cascade does c
some thermal movement of interstitials existing outside
liquid core of the cascade.

In fcc metals, we demonstrated that both interstitials a
vacancies are pushed toward the center of the liquid reg
when the molten region resolidifies. We identified thr
mechanisms of damage annealing by collision cascades.
thermal movement of interstitials outside the liquid core
the cascade may cause some of them to recombine with
cancies. Defects captured in the liquid formed by the casc
are likely to be forced into the liquid center during the co
lapse of the liquid and recombine there. At high temperatu
the random motion of interstitials makes them likely to rea
the liquid zone of a cascade, increasing the number of
fects captured and recombining in the melt. In cases wh
the defect numbers in the liquid are not equal, the latter t
processes result in clustering of residual defects in the ce
of the molten region.

The damage annealing mechanisms identified in
study were used to explain experimental data on dam
produced during ion irradiation.

For silicon, we found that the amount of new dama
produced in a cascade is the same or somewhat increas
samples with preexisting point defects as in undama
samples. The damage produced was of a complex nature
produced exclusively in or adjacent to the core of the c
cade.

From a comparison of results in the fcc metals Al, Cu,

the
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and Au, and the results in the diamond-structured Si,
attributed the difference in damage production in the t
kinds of solids to be due to the nature of bonding.
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