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Mechanism of surface influence on dislocation loop yield in copper and Cu3Au
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A recently developed hybrid binary-collision/continuum model@V. G. Kapinos and D. J. Bacon, Phys. Rev.
B 52, 4029~1995!# of temperature and defect evolution in displacement cascades has been used to investigate
the influence of a nearby surface on vacancy defect formation in cascade events. The shape, vacancy, and
thermal conditions in cascade zones that melt and intersect the surface during the thermal spike phase have
been analyzed. Simplified geometries of such zones have been simulated by molecular dynamics on the basis
of these data and the mechanisms of vacancy generation in the melt zone analyzed. It has been demonstrated
that additional vacancies are formed in the resolidified zone under the surface through a combination of
thermal sputtering and viscous flow of atoms from the cascade core. Quantitative relationships between the
geometry and size of the melt zone and number of additional vacancies have been considered, and used in the
hybrid model to calculate the depth, yield, and size distribution of vacancy dislocation loops in Cu and Cu3Au
irradiated with 50-keV Ni1 ions. The results are in good agreement with experimental data obtained by
transmission electron microscopy of ion-irradiated thin foils.@S0163-1829~99!10329-1#
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I. INTRODUCTION

Zones of reduced long-range order that are produce
irradiated ordered alloys by displacement cascades ca
imaged in dark-field transmission electron microscopy
thin foils using suitable superlattice reflections.2,3 The shape
and disposition of the disordered regions with respect to
irradiated surface can also be determined if stereo techni
are used. These methods have been used to characteriz
cade damage in ordered alloys for disordered zones la
than the resolution limit involved in such microscopy. T
advantage is that, in addition to the study of irradiatio
induced disorder, vacancy dislocation loops formed by c
cade collapse can also be analyzed as a result of their s
contrast. The fraction of cascades which collapse to loop
quantity known as the ‘‘defect yield,’’ can then be dete
mined by detecting the presence of loop contrast in e
zone. Mulleret al.4 used this method recently to explore th
effect of a nearby surface on cascade development and
production in Ni3Al and Cu3Au alloys. This investigation
was the first attempt to analyze experimentally the role o
surface in the process of vacancy dislocation loop forma
in cascade damage.

The present investigation has been prompted by the
sults of recent molecular-dynamics~MD! computer simula-
tions of near-surface cascades in gold by Averback
co-workers.5–7 They observed that, in comparison with ca
cades in the bulk, damage production effects can be high
a cascade just under the surface. They interpreted this e
as due to the melting of the cascade core during the the
spike phase of cascade development and viscous flow o
resulting liquid onto the surface. The resolidified region u
der the surface contains more vacancies than the equiv
cascade core in the bulk and this increases the probabilit
vacancy clustering and loop formation. These authors c
cluded that experimental investigations of cascades u
PRB 600163-1829/99/60~6!/3829~10!/$15.00
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heavy-ion damage of thin foils cannot be extrapolated
bulk damage conditions because the mechanism of depl
zone production in the bulk and near the surface are dif
ent.

Gao and Bacon8 have also demonstrated by MD simul
tion that the number of vacancies in disordered zones is
creased in near-surface cascades and that this effect can
to enhancement of vacancy clustering. Their results
Ni3Al showed that the size of vacancy loops is directly pr
portional to the number of atoms emitted to the surfa
However, for low-energy cascades~<10 keV! almost all
adatoms at the surface were found to be generated during
collisional phase rather than the thermal spike.8 Unfortu-
nately, the number of cascades and maximum prim
knock-on atom~PKA! energy in these MD simulations wer
too small to be compared directly with experiment. Thus
role of the thermal spike in the creation of adatoms throu
the mechanism of viscous flow of liquid from the melte
core of a cascade is unclear, particularly for the high-ene
cascades observed by transmission electron microscop
thin foils. It is probable that this flow is one of several po
sible mechanisms that act simultaneously and influence
process of adatom formation in complex way. It is difficult
separate and investigate them in a systematic, statistical f
ion using only MD simulation.

To overcome this problem and study the mechanisms
quantitative way, we propose in this work an approach wh
MD is applied for simplified geometries of the thermal spik
The use of such zones allows the results from a hyb
binary-collision/continuum model of cascades to
employed.1 The hybrid model explores cascade formation
energy and statistical regimes not open to direct MD sim
lation, and will be applied for consideration of the influen
of a surface on vacancy loop production by high-energy c
cades in Cu and Cu3Au.
3829 ©1999 The American Physical Society
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II. HYBRID MODEL SIMULATION

The hybrid model developed in Ref. 1 simulates the p
cess of heat propagation in the cascade damage region
cluding absorption and creation of latent heat, melting, a
the redistribution of density within the melt under the infl
ence of the temperature gradient. The solution of the pa
differential equation of heat conduction is used to descr
the thermal spike stage. The material is described by a c
tinuum, but the initial distributions of vacancies, interstitia
and temperature at the start of the thermal spike, are ca
lated by the MARLOWE binary-collision code.9 Electron-
phonon coupling~EPC! is included in the model according t
the methods proposed in Refs. 10 and 11. The value of
EPC strength parameterae for pure copper has been es
mated in Ref. 10. An accurate value ofae is not available for
Cu3Au and so we use the value for copper. Note thatae for
copper is predicted in Ref. 10 to be relatively small and
EPC does not have a significant effect on the results.
spatial electron temperature distribution in each of the s
zones that form one cascade is defined by using spher
cylinder approximations. The radius of a subzone is de
mined from the total number of melted cells, where each
has dimensionsa0

3, a0 being the cube lattice parameter.
According to the model a vacancy loop is produced wh

a melted zone crystallizes if both the average concentra
of vacancies and their total number exceed critical valuesCv

cr

andNv
cr , respectively. The values ofCv

cr andNv
cr for copper

were extracted by comparison of hybrid-model calculatio
of vacancy loop yield and cascade efficiency with trends
experimental data obtained by transmission electron mic
copy of ion-irradiated foils.1 From this comparison it ha
been established that for nucleation of a vacancy loop in
the average vacancy concentration in the depleted zone
to achieve a level of more than 3–4 at. % and the numberNv

cr

is equal to approximately 50 to 60. The value of these
rameters was estimated from the direct MD simulation of
collapse of cascades in copper.11 The influence of a nearby
surface was not taken into consideration in these calculat
and it was assumed that the vacancy loop yield obtaine
the experiment represents the value in the bulk. That
sumption is correct only if the number of zones affected
the surface is considerably smaller then the total number
vestigated.

In Cu3Au the defect yield is defined as the fraction
disordered zones containing a loop, and has the same m
ing as in copper if there is a one-to-one correspondence
tween disordered zones and incident ions. The probab
that a disordered zone contains a loop is dependent on
depth of the zone in the foil, but in the experiment4 the
position of the foil surface was not determined precisely
cause no surface markers were present. We have use
hybrid model to calculate the distribution of molten zon
with depth in Cu and Cu3Au. For the ordered alloy, we as
sume that the disordered zone in the post-cascade state
zone that melts during the thermal spike.~It has been shown
in Ref. 12 that this provides a good fit between theory a
experiment, and recent MD simulations of cascades in Ni3Al
support the correspondence between melt zone and d
dered zone.8! The calculations allow zones to be identifie
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for which the mechanism of surface influence has to be
plied.

In the present work, approximately 100 cascades w
simulated for both Cu and Cu3Au in a foil of thickness 80a0

tilted at 45° to an incident beam of 50-keV Ni1 ions. This
geometry reproduces the experimental irradiation condit
used in Ref. 4, for which the tilt angle was selected in ord
to obtain detail on the shape of disordered zones along
ion-beam direction. The results of the calculation for the d
tribution of melted zones with depth are presented in Fi
1~a! and ~b!. The depth is defined by the position of th
center of gravity of the melted region measured along a n
mal from the surface. Figure 1~a! is for all zones and Fig.
1~b! is for those that actually reach the surface. The ma
mum number of zones crossed by the surface occurs
depth of 10– 20a0(54 – 7 nm) @Fig. 1~b!#. The calculated
@Fig. 1~a!# and experimental@Fig. 1~b!# distributions of dis-
ordered zones for Cu3Au have some differences. For ex
ample, the experimental distribution displays a maximum
a greater depth~;7.5 nm! than the calculated one~;5.6
nm!, but this difference could be explained by the error~62
nm! in the location of the surface position in the experime
A small population of zones is identified at a depth mo
than 20 nm in the theoretical histogram of Fig. 1~a!, but not
in the experimental distribution. It is possible that the thic
ness of the foil affects the contrast of disordered zones,
ducing their projected size on the image plane of
microscope.12

Now we consider some parameters that characterize
zones intersected by the surface. Figure 2 shows the di
bution of the average temperatureT̄ and vacancy concentra
tion C̄v in the melt of the 52 such zones in Cu3Au at the end
of ballistic stage. The value ofC̄v was determined accordin
to the model of density redistribution described in Ref.
The record of these parameters was taken at the mom
when the size of the melt achieved its maximum value. I
seen thatT̄ and C̄v lie in the range 5000–10 000 K an
0.4–1.1 at. %, respectively. Another important parameter
a zone crossed by the surface is the number of melted c
~of areaa0

2! at the surface. This number allows the avera
size of the melted area at the surface to be estimated and
be used later for calculation of the number of additional v
cancies in the melted and crystallized core~see next section!.
The distribution of the number of melted surface cells
Cu3Au is plotted in Fig. 3. It is seen that the average rad
R̄ of the melted ‘‘spot’’ on the surface lies in the rang
3 – 5a0 . Figure 4 shows the distribution of average depthL̄
of the liquid for molten zones crossed by the surface. T
parameter was estimated as follows. For each melted ce
the surface, the length of the continuous chain of near
neighbor melted cells along the normal to the surface w
found, and the average length of all such cells for each z
was calculated. It is seen from Fig. 4 that the average valuL̄
has a maximum located at about 6 – 8a0 .

Analysis of the shape of these zones in the layers clo
to the surface shows that it is cylindrical, on average, with
axis inclined at 45° to the surface. To demonstrate this, c
sider the ratioNin /Nout for each zone, whereNin andNout are
T̄ calculated according to the following procedure. T
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PRB 60 3831MECHANISM OF SURFACE INFLUENCE ON . . .
melted cells in the plane~001! at a particular depth are se
lected and defined to beNtot . The number of cells in the
same plane but having a direct connection along the@001#
direction through the liquid to a melted cell on the surfa
are defined to beNin . The difference (Nout2Nin) is equal to
Nout. The value ofNin /Nout averaged over all zones withR̄

FIG. 1. The number of disordered zones in Cu3Au irradiated
with 50-keV Ni1 ions at an incident angle of 45° as a function
the depth in the foil. The results obtained by the hybrid model
shown in~a! and~b! and those found by experiment~Ref. 4! are in
~c!.
equal to either 2a0 or 4a0 , as given by the data of Fig. 3, i
plotted as a function of distance from the surface in Fig.
The same ratio for the same zones but assuming that
have cylindrical shape and are crossed by the surface a
angle of 45° was also calculated, the area of cylinder be
determined from the number of cells at the surface. Th

e

FIG. 2. Distributions of~a! the initial temperatureT̄ and~b! the

vacancy concentrationC̄v averaged over 52 melted subzones
Cu3Au. The results are for zones crossed by the surface.

FIG. 3. Distribution of the number of melted cells on the surfa
for 52 melted subzones in Cu3Au. The area of each cell is equal t
a0

2, wherea0 is the lattice parameter.
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3832 PRB 60V. G. KAPINOS AND D. J. BACON
calculations are also displayed in the figure. The cylin
approximation can be applied only for the near-surface p
of zones. To estimate the depth over which this is so,
calculated the ratioL̄/2R̄ for each zone, where the averag
depth has been taken from Fig. 4, and the average size o
melted spot at the surfaceR̄ was estimated from Fig. 3. Th
results of calculation of the ratio averaged over all 52 zo
are presented in Fig. 6 as a function ofR̄. For cylindrical
zones inclined at 45° to the surface, the ratio is expecte
be close to unity. It is seen that the cylinder shape exists o
for R̄ less than 5a0 on average. The zones withR̄ more than
6a0 tend to have a shape similar to a segment of a sph
because 2R̄ is approximately three timesL̄. These results on
shape are expected to change with ion energy.

III. MD SIMULATION OF THE THERMAL SPIKE NEAR
THE SURFACE

A. Method

The real temperature distribution in a thermal spike giv
a melted region of irregular shape and it is necessary to

FIG. 4. The distribution of average depthL̄ of the liquid region
defined as in the inset figure.

FIG. 5. The ratioNin /Nout plotted as a function of a distanc
from the surface~see text!.
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much computing resource to simulate a statistically repres
tative number of configurations by MD for high-energy ca
cades. The real geometry of cascades can be simulated e
tively within the approximation of the hybrid mode
However, MD simulation can be used to introduce the n
essary relationships into the hybrid model in order to cal
late the surface influence on vacancy loop yield. To inve
gate the mechanisms in a systematic manner, simpli
geometries of the thermal spike and depleted, vacancy-
zones have been considered. Most of the results have
obtained for a thermal spike with cylindrical geometry. T
length, radius, and angle of inclination of the cylinder to t
surface~0° and 45°! are the variable parameters. A numb
of atoms Nv was randomly removed from the cylindrica
region to simulate the depleted zone to provide an aver
vacancy concentration equal to a specified quantityC̄v .

The energy dissipation process and structural evolutio
the thermal spike was simulated in an MD cell with 122 5
movable atoms in the fcc crystal structure and surface n
mal along@001#. The dimensions were 35a0335a0325a0 .
The cell had rigid boundaries along@100# and @010# and a
periodic boundary condition along@001#. The MD timestep
t0 was taken to be 4 fs. A thermal spike was introduced
zero time with an uniform temperature distribution with
the depleted zone. After a time of;0.1–0.2 ps, the thermal
ization process was almost complete and a Gaussian
temperature profile was established. The temperature in
melted part of the zone was characterized by the aver
temperatureT. As a consequence of thermal expansion, la
fluctuations of pressure and temperature appeared in the
To dampen the influence of the waves reflected from
boundaries, a special procedure was used based on free
the position of the atoms in a few layers adjoining the rig
boundaries of the cell along thex andy axes. From the hy-
brid model calculations, the initial spike temperature is in t
region of 5000–10 000 K for Cu3Au irradiated by 50-keV
Ni1 ions @see Fig. 2~a!#. Thus, for the MD calculations, we
selected three initial temperatures of 5000, 7000, and 9

FIG. 6. The ratioL̄/2R̄ plotted as a function of average radiusR

of the melted spot on the surface. The value ofR̄ has been esti-
mated from the number of cells on the surface~Fig. 3!. The average

depthL̄ has been taken from Fig. 4.
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PRB 60 3833MECHANISM OF SURFACE INFLUENCE ON . . .
K. The simulations were carried out for one model represe
ing both metals. We used the many-body interatomic pot
tial for copper derived in Ref. 13, but modified as describ
in Ref. 14 to reproduce the pressure-volume relationship
single crystals and provide better treatment of interacti
inside the normal nearest-neighbor distance between ato

The lengthL and radiusR of the cylinder used to mimic
the cascade core region were chosen to be in the ra
2 – 8a0 and 2 – 6a0 , respectively. To demonstrate the infl
ence of irregularity on the results we used various shape
the thermal spike based on the cylinder geometry, as
scribed below, and, for a few cases, spikes with spher
geometry were also considered.

B. Results

Figure 7 shows the@010# projection of atoms in the cen
tral part of the MD cell at~a! the beginning (t5100t0) and
~b! the end (t53000t0) of the thermal spike. The initial con
centration and temperature of the depleted, cylindrical z
were 1 at. % and 9000 K, respectively. The cylinder len
and the radius were 8a0 and 4a0 , respectively, and the cyl
inder axis was at 45° to the surface normal. It is seen that
spike has formed a crater, created additional atoms~‘‘ada-
toms’’! at the surface and sputtered atoms off the surfa
~The sputtered atoms are captured at the lower surface o
block, which is formed by applying the periodic bounda
condition along@001#.! The figure thereby demonstrates typ
cal mechanisms by which the surface influences vaca
loop formation. The additional number of vacanciesNadd

v

which remain in the crystal and form an extended defect
be calculated by the formula

Nadd
v 5Nsputt1Nadd

i 2Ncrat, ~1!

where Nsputt is the number of sputtered atoms,Nadd
i is the

number of adatoms formed at the surface, andNcrat is the
number of lattice sites forming the crater. The values
Nsputt, Nadd

i , andNcrat are dependent on the initial values
Cv , T, L, R, and the shape of the depleted zone. The in
ence of all of these parameters has been investigated.

When the melted zones achieve their maximum size, t
have an average concentration of vacancies in the range
1.5 at. %~Sec. II!. We have therefore investigated this p
rameter in the range 0.5–2.0 at. %, and find that the influe
of C̄v on the parameters in Eq.~1! is small. As an example
Fig. 8 demonstrates the data for the number of adatomsNadd

i

as a function ofC̄v for different radii of cylinder. These dat
were obtained forT57000 K andL58a0 , and the cylinder
axis was at 45° to@001#. Because of the small sensitivity o
Nadd

i to changes inC̄v , we used only one typical value ofC̄v
in the remaining simulations: it was chosen to be 1 at. %

The dependence ofNsputt, Nadd
i , and Ncrat on the initial

temperature of the spike is shown in Fig. 9. These calc
tions were conducted for a cylinder of length 8a0 and values
of R in the range 3 – 5a0 and inclined at 45° to the surface
The number of additional vacanciesNadd

v calculated by Eq.
~1! is also shown. It is seen that the first three parame
increase with increasing spike temperature, although no
oms were sputtered from the surface at the lowest temp
ture in these simulations. The number of additional vacan
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increases only for the smallest radius (R53a0) and is insen-
sitive to the temperature for larger radii. The nonzero va
of Nadd

v was found to occur only whenL.4a0 , and for long
enough cylinders these extra vacancies formed a disloca
loop or extended cluster under the bottom of the crater.

The mechanism of formation of these extended defect
the result of two processes. First, there is the fast evapora
of atoms from the melted atomic layers nearest to the s
face. ~Note that the data forNsputt cannot be compared di
rectly with experiment because they only apply to molt
zones that intersect the surface.! For smallR, the creation of
these sputtered atoms forms a crater on the surface wi
shape resembling a pyramid. A similar structure was noti
by Gao and Bacon8 in the direct MD simulation of a 10-keV
cascade under the surface of Ni3Al. The depth of craters is a
function of cylinder radius and initial temperature. The se

FIG. 7. Positions of atoms within a~010! cross-sectional slab
2a0 thick, at times~a! 100t0 , and~b! 3000t0 . Initially the tempera-
ture was 9000 K and was distributed within a cylinder of leng
8a0 . The cylinder radius was 4a0 and the axis was 45° away from
the normal to the surface. The sputtered atoms are captured a
under surface formed as a result of applying the periodic bound
condition along@001#.
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3834 PRB 60V. G. KAPINOS AND D. J. BACON
ond process is the liquid flow to the surface stimulated by
formation of high internal pressure in the melt. Part of t
crater is filled with atoms during this movement of liquid a
excess vacancies are created during solidification near
crater bottom, thereby forming a vacancy cluster. The fi
process dominates if the cylinder is short (L<3 – 4a0) and
has a radius less than 3 – 4a0 . In this case the final structur
consists only of a crater.

C. Investigation of zone geometry

The results above were obtained for a cylindrical geo
etry of the melted zone, as illustrated schematically in pa
of Fig. 10. On average, this geometry describes the shap
the melted zones in layers near the surface. Real zones
irregular shape and that may influence the values of the
rameters used in Eq.~1!. To estimate their sensitivity to
variations in shape of the melted zone, a few MD simulatio
were also carried out on crystals with different initial co
figurations of the thermal spike, an example of which is d
picted in part F of Fig. 10. However, these suggested that
quantitative defect data are insensitive to shape of the mo
zone in layers well below the surface and are more stron
influenced by the size of the melted spot at the surface
the depth over which the cylindrical approximation to sha
applies. Thus to investigate the influence of zone geom
in a systematic manner, the simplified zone forms sketc
in parts A–D of Fig. 10 were simulated.

Consider the configurations labeled B and C, which
zones consisting of two joined cylinders. The upper cylind
has radiusR and the lower one has radiusR1Rh ~zone B! or
R2Rh ~zone C!. The length of second cylinder is equal toh.
Figures 11~a! and~b! demonstrate the variation of number
adatomsNadd

i as a function of parameterh for configuration
B and C, respectively. In these examples, the overall dept
the molten zone and the initial temperature were 11a0 and
5000 K, respectively.

It is seen for the B configuration that if the value ofh is
small ~less than about 8a0!, the number of adatoms does n

FIG. 8. Data for the number of adatomsNadd
i as a function of

average vacancy concentrationC̄v in the melted zones with differ-
ent cylindrical radii. These data were obtained forT57000 K and
L58a0 , and the cylinder axis was at 45° to the normal to t
surface.
e
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depend onh. This means that the number of atoms cross
the surface plane depends mainly on the size 2R of the
melted spot at the surface. If that size is not influenced by
shape of the melted zone, the numberNadd

i is almost con-

FIG. 9. Data for the number of lattice sites in the craterNcrat the
number of adatomsNadd

i , the number of sputtered atomsNsputt, and
the number of additional vacanciesNadd

v as a function of the initial
temperature in the thermal spike. The cylindrical thermal spike
a lengthL58a0 and a radius of either~a! 3a0 , ~b! 4a0 , or ~c! 5a0 ,
and the cylinder was at 45° to the normal to the surface.
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PRB 60 3835MECHANISM OF SURFACE INFLUENCE ON . . .
stant. For the example of the zone geometry depicted b
the size of the melted spot at the surface can be changedh
is more than about 8a0 , and this results in an increase
Nadd

i @see Fig. 11~a!#. To analyze the results of the calcul
tions for the C configuration, we compareNadd

i with similar
data obtained for the simple cylinder geometry~zone A!,
which has the same radius and length as the upper pa
zone C. The results for these C and A geometries are
sented in Fig. 11~b! by open and filled circles, respectively.
is seen that, as for the B configuration, the number of a
toms is influenced mainly by the size of the melted area
the surface, rather than the geometric shape lower down.
interesting that the simple cylinder~open circles! reproduces
the data for the C geometry for the whole range of values
h considered.

We also investigated the validity of the cylinder appro
mation for describing the number of adatoms created b
melted spherical zone crossed by the surface~configuration
D in Fig. 10!. The number of adatoms for the sphere w
compared with the number obtained for a cylinder crossed
the surface. The radius of the cylinderR was set equal to the
radius of the circle formed by the intersection of the surfa
plane with the sphere. The lengthL of cylinder was equal to
the length of the liquid column under the cross section~see
Fig. 10!. It was found that the number of adatoms for the tw
geometries are in very good agreement. This is illustrate
Fig. 12, whereNadd

i is plotted against the height of the sphe
outside of the surface,Rsph2L/2, and the solid and dashe
lines are the dependencies for the sphere and cylinder ge
etry, respectively. The results were derived for zones w
spherical radii of either 4 or 5a0 , as indicated, and the initia
temperature was 5000 K. It is seen that the number of a
toms depends mainly on the area of liquid at the surface
the length of tube of liquid under it.

There are regions of maximum pressure in the tube
liquid far from the surface which are developed due to
change in the melted volume.6 The pressure falls to zero a
the surface and that defines the number of atoms pas

FIG. 10. Schematic illustration of the configurations of the th
mal spike investigated by MD.
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through the surface@see Eq.~2! below#. Using MD simula-
tion of a thermal spike, it has been demonstrated that
maximum pressure in the melt is uniform.17 This means that
the shape of the melted region far from the surface has m
influence on the value of the maximum pressure.

D. Comparison with the viscous flow model

Averback and Ghaly have proposed a macroscopic mo
of surface melting, according to which, for an infinite cylin
der crossed by the surface, the number of atomsQ passing
through the surface is described by the formula6

Q5~prDrDP/32mD !1/2R4, ~2!

whereR is the maximum radius of the liquid cylinder,Dr is
the difference in atomic densities in the melt and solid,DP is
the drop in pressure from the interior of the cylinder to t
free surface of the liquid,m is the viscosity of the liquid, and
D is the thermal diffusivity. It is of interest to compare ou
MD results with Eq.~2! in a qualitative way without defini-
tion of the absolute magnitudes from Eq.~2!. According to

-

FIG. 11. Variation of the number of adatoms as a function
parameterh for configurations~a! B and ~b! C of Fig. 10 by MD
simulation withL511a0 . The open circles are the results obtain
for B with Rh51a0 and C withRh52a0 . The filled circles in~b!
are the results estimated from the calculations for configuratio
of Fig. 10 with the length of cylinder equal toL-H.
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our calculations~see Fig. 9!, Eq. ~2! applies in the tempera
ture regime 5000–6000 K where the mechanism of visc
flow dominates and the number of sputtered atoms is sm
MD simulations were therefore conducted forT55000 K for
cylinders with different radii and lengths. The results a
shown in Fig. 13 as the number of adatoms versusR4 for the
cylindrical thermal spike depicted as A in Fig. 10. It is se
that Eq. ~2! does not describe all the MD results by o
curve. For cylinders withR,4.5a0 ~i.e., R4,410a0

4! andL
in the range 7 – 11a0 the model represented by Eq.~2! gives
a satisfactory description. For cylinders withL57 – 11a0 and
R.4.5a0 ~ratio R/L.0.6!, the size of the melted spot at th
surface becomes comparable with the length of the cylin
In that case, the mechanism of crater formation becom
important and that decreases the number of adatoms. It
interest that the data for short cylinders (L<5a0) are also

FIG. 12. Data showing the result of applying the cylinder a
proximation for the description of a spherical melted zone that
tersects the surface, as illustrated in configuration D of Fig. 10

FIG. 13. Variation of the number of adatoms withR4 for the
cylindrical thermal spike. The linear dependence is plotted in
range ofR where the viscous flow mechanism is dominant. A lo
linear dependence is revealed for short cylinders (L,4a0).
s
ll.

r.
es
of

described by a linear dependence but the slope of the cur
half that for long cylinders. For these cylinders, the crat
are always formed and defects of vacancy type are not
served.

IV. SIMULATION OF SURFACE INFLUENCE ON
VACANCY LOOP YIELD

The influence of the surface on vacancy clustering
near-surface cascades has been simulated in the hy
model for Cu and Cu3Au. As discussed in Sec. III B, for
cascade zones intersected by the surface, the additional n
ber of vacancies can be calculated by Eq.~1!, where param-
etersNsputt, Nadd

i , andNcrat are determined by MD modeling
~see the data forL58a0 in Fig. 9, for example!. A table was
constructed showing the results forNadd

v obtained for the
combinations ofT, L, andR used as the initial parameters
the MD simulations. At the moment in time when the melt
cascade core intersected the surface, the average tempe
and the number of melted cells at the surface were recor
Using the tabulated data, the value ofNadd

v was estimated by
interpolation and added to the number of vacancies in
melt. After that the hybrid model1 was used to simulate th
cooling of the thermal spike and the density redistributi
within it. Cascade collapse to form a vacancy loop was c
sidered to occur in zones which achieved the critical val
Cv

cr and Nv
cr discussed in Sec. II. Loops which had too fe

vacancies to achieve a size of at least 2 nm were not coun
in order to introduce a ‘‘resolution limit’’ to mimic experi-
mental conditions.

Figures 14~a! and~b! show the calculated and experime
tally measured vacancy loop yield as a function of depth
disordered zones in Cu and Cu3Au, respectively, produced
by irradiation with 50-keV Ni1 ions at 373 K. The surface
was inclined at 45° to the incident ion beam. For comparis
the results of calculation of yield without including surfac
influence (Nadd

v 50) are also presented for Cu in Fig. 14~c!.
The calculated defect yield in Cu decreases from about
near the surface to 0.6 in the bulk. The calculated and
perimental vacancy loop yield in Cu3Au are very close to
each other and decrease from about 0.7 just below the
face to 0.4 deeper in the foil. Figure 15 shows the loop s
histogram for the Cu3Au alloy.

V. DISCUSSION

In the modeling approach used here and in Ref. 1, lo
melting in the cascade core is required to form a vaca
loop by the process known as cascade collapse. If the me
core of a cascade intersects a surface, additional vacan
are generated in the core region as it recrystallizes, ther
increasing the probability of collapse and the size of the
cancy loop. The thermal spike model was used in the pre
paper to simulate the melting process beneath the surf
For an irradiated foil, the distribution with depth of cascad
that intersect the surface gives a dependence of the yiel
depth. The results of the simulations of surface influence
vacancy loop yield were obtained here for both Cu a
Cu3Au. The vacancy loop yield is predicted to be higher
the atomic layers close to the surface than in the inte
volume because of the appearance of an additional pop
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tion of loops that should be visible in conventional transm
sion electron microscopy.

The mechanism of enhanced vacancy generation in
melted and recrystallized region of a cascade near a sur
is based on combinations of two main processes. First,
evaporation of atoms occurs at the end of the collisio

FIG. 14. The vacancy loop yield calculated by the hybrid mo
as a function of depth of zones in the foil for~a! Cu and~b! Cu3Au
irradiated with 50-keV Ni1 ions at an incident angle of 45°. Fo
comparison, the results of the calculation of yield without includi
surface influence, i.e.,Nadd

v 50, are also presented for Cu in~c!.
-

e
ce
st
l

phase when the thermallization processes in the ther
spike are developed. At this stage, some atoms escape
the surface and a crater is formed. As time proceeds, liq
emerges from the deeper layers through the process of
cous flow of the melt towards the surface. Part of the liqu
can flow onto the surface forming adatoms, thereby incre
ing the number of vacancies in the solid that can conde
into a vacancy dislocation loop.

For typical temperatures in the thermal spike~5000–
10 000 K! the number of additional vacanciesNadd

v in the
recrystallized region and the size of the crater at the surf
are dependent mainly on the size of the melted spot at
surface and the shape and size of the liquid region under
was demonstrated by the hybrid model in Sec. III that
though the melted zone of cascades in Cu or Cu3Au pro-
duced by 50-keV Ni1 ions can have complicated shape
generally the melted volume close to the surface can be
proximated by a cylindrical or spherical geometry. This h
allowed the quantitative relationships between the numbe
additional vacancies and the dimensions of the melted z
to be estimated using a simplified geometry~cylinder or
sphere! of the thermal spike within the restrictions of MD
simulation.

It was shown by MD of a cylindrical thermal spike tha
Nadd

v depends on the ratio 2R̄/L, where R̄ is the average

radius of the melted spot at the surface andL̄ is the average
length of the cylinder. If the ratio 2R̄/L̄ is larger than one,
Nadd

v tends towards zero and only a crater is formed at
surface with no loop formation. The result is the outcrop
almost all the liquid at the surface. A collapsed, extend
vacancy defect in the resolidified metal was registered o
in cases when the ratio 2R̄/L̄ was less than unity and th
cylinder length was more than 4 – 5a0 .

The melted zones of cascades that intersect the surfac
Cu and Cu3Au irradiated by 50-keV Ni1 ions have an aver-
age length of melted region of about 7 – 8a0 , and MD cal-
culations were used for these zones to obtain the relat
ships used in the hybrid model to investigate the nuclea
of vacancy loops. By using this hybrid continuum/MARLOWE

model, approximately 100 cascades were simulated for e
metal and this has allowed us to derive the distribution

l

FIG. 15. Calculated size distribution of vacancy loops f
Cu3Au.
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melted zones and loops~and therefore the vacancy loo
yield! as a function of depth. In spite of the simplification
the approach used, the comparison of calculation with
periment has demonstrated a very good agreement. The
fit of the calculated and experimental defect yields can
easily understood if we take into account the physics of s
face influence which has been revealed by the MD simu
tions and incorporated into the hybrid model. The modifi
model simply increases the number of vacancies in
melted region crossed by the surface. Even if the additio
numberNadd

v is overestimated in the simplified geometry
the MD calculation, the model is insensitive to small chang
in Nadd

v and the final value of loop yield is little affected. A
error in Nadd

v would affect the size distribution of visible
loops, but unfortunately the experimental distribution of lo
size is not available for direct comparison with the calcula
one. However, the data of Fig. 15 are in a reasonable ag
ment with the distribution for nickel obtained in Ref. 15

Gao and Bacon8 and de Diego and Bacon16 have shown
by MD simulation of cascades in Ni3Al and Zr that far fewer
self-interstitials survive in cascades near a surface. Thi
due to a combination of collisional and diffusive effec
However, the model used in the present work does not
clude the mechanism of annihilation of interstitial atoms a
small glissile interstitial clusters by diffusion to the surfac
These are expected to reduce vacancy-interstitial recomb
tion in cascades near a surface and so possibly enhanc
cancy loop production. This mechanism was discussed
Muller et al.4 and invoked by them to explain their exper
mental finding of increasing vacancy loop yield for casca
lying at depths larger than 5–10 nm. They considered
the cascades at this depth have no obvious connection to
surface and cannot be influenced by it through the inters
tion with melted zones. We have demonstrated here by
hybrid model simulation that there are parts of casca
among the total population at this depth which should h
direct connection to the surface.

Gao and Bacon8 concluded that the main mechanism f
export of atoms to the surface is a collisional process, ra
than viscous flow. That conclusion was based on the M
simulation of 10 keV cascades in Ni3Al. For cascades with
A
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energy 50 keV and higher the mechanism of additional
cancy generation is more complicated and includes both
fast evaporation of atoms and viscous flow. In the timesp
of a cascade, the collisional process and fast evapora
occur almost simultaneously and it is difficult to separa
them in direct MD cascade simulations. As emphasized e
lier, the contribution of different mechanisms depends on
depth of the melted zone, the average temperature in it
the size of the melted spot at the surface.

VI. SUMMARY

A model of vacancy cluster nucleation in a displacem
cascade near a surface has been proposed. The surface
ence has been included in the model simply by the proced
of additional vacancy generation in a melted cascade c
intersected by the surface. Information concerning the ge
etry of such melted regions for Cu and Cu3Au irradiated by
50-keV Ni1 has been obtained by using a hybrid continuu
binary-collision model developed previously.1 This was then
used to formulate an MD study of the mechanisms of surf
influence on vacancy generation. The MD simulations
abled us to obtain data for the number of atoms either s
tered from, or added to, the surface intersected by a me
zone. From these data, the relationship between the num
of additional vacancies and the size and shape of a zone
determined. This number was then used in the hybrid mo
to calculate the vacancy dislocation loop yield as a funct
of depth for Cu and Cu3Au. The loop yield increases jus
below the surface, an effect due to the appearance of e
vacancies in the melted and recrystallized volume of a c
cade through the mechanisms of thermal sputtering and
cous flow of atoms from the melt. The results of the calc
lations are in good agreement with experiment.
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