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Anisotropy of momentum distributions in atomic-collision cascades generated in fcc materials
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The distributions of particle momentum directions in atomic-collision cascades are studied by
means of computer simulation with the MARLowE program. In contrast to the random model, the
atomic-collision cascade development in single crystals is found to be complex and governed by the
lattice crystallography. In addition to the well-known one-dimensional focusing effects, two-
dimensional transient focusing is found to play an important role in the cascade development. Un-
stable one-dimensional focusing of trajectory segments also makes a large contribution to the
momentum direction distributions at various stages of the cascade generation. Large thermal dis-

placements of lattice atoms are not found to randomize the cascades. They may, however, induce
anisotropy characteristics in momentum direction distributions different from those calculated for a
static lattice.

I. INTRODUCTION

Several analytical theories make use of a random cas-
cade model. ' Despite strong assumptions inherent to
this model, it allows useful predictions for dense materi-
als, e.g. , on the basis of linearized transport equations in a
Boltzmann gas. "

One of the basic assumptions is that of the material is
isotropic with the consequence that at each collision step
all possible collision impacts are equally probable. It is
then assumed that atoms are randomly distributed in the
material, and that the scattering probability conforms to
Poisson statistics. The assumption of target isotropy is
still used in quite recent work. The development of
collision cascades in single crystals or polycrystals, how-
ever, is a frequent experimental situation. The influence
of the crystal lattice on the atomic motion has given rise
to the study of several processes: channeling of the pri-
mary ions when incident in suitable directions, '
influence of channeling on sputtering yields, " focused
collision sequences in collision cascades, ' " and also
possible channeling of secondary recoils' and its
influence on subcascade formation. ' Since the length of
focusing chains is usually rather short, they have been
considered to have no major effect on many collision cas-
cade characteristics. One exception is the angular distri-
bution of atoms sputtered from single crystals, which is
known to be anisotropic. ' This has generally been attri-
buted to atomic ejection in low-index crystallographic
directions by nascent focusing' or stably focused col-
lision chains. ' The relative contribution of such corre-
lated events to sputtering in preferential directions was
recently discussed in the binary-collision approxima-
tion

Computer simulation methods allows one to avoid
several assumptions required to develop an analytical

theory and have already been used to study sputtering
from single crystals and the spatial configuration of
atomic displacements. ' ' ' Aspects of momentum dis-
tributions in collision cascades recently were emphasized
which do not account for the effects of the lattice order-
ing. ' A first study of these effects on momentum
fluxes is presented in Ref. 27.

The purpose of the present work is to investigate the
strong anisotropy of momentum distributions in single-
crystal structures as well as their dependence on the ki-
netic energy of the cascade atoms. This is done by com-
puter simulation. It is shown that the lattice structure of
the solid acts as a constraint that governs the anisotropy
of momentum distributions, which is complex in detail.
This represents a major difference between the evolution
of collision cascades in single crystals and polycrystals on
the one hand and random materials on the other.

In addition to the focusing processes quoted above,
various kinds of unstable and hence transient focusing
processes take place. Their description will demonstrate
the basic role of the crystal lattice and will show how
they may dominate the cascade development.

The discussion is based on the case study of low-energy
irradiation of gold (111)surfaces with heavy atoms. Elas-
tic energy transfer thus represents the dominant energy-
loss mechanism. Results similar to those discussed below
were obtained with copper targets as well as with (100)
and (110) surfaces and with difFerent projectile masses
and energies. In the case of higher-energy beams, short
collision sequences are generally enough to reach energies
per moving atom of the order of those considered here,
suggesting that the present case study is representative of
many practical situations. The discussion is intentionally
limited to the major characteristics of the cascade devel-
opment, although complexity in closer details is shown.
Its approach requires another investigation method.
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II. THE SIMULATION MODEL

The calculations were made with the MARLOWE com-
puter simulation code. We had already used it for
sputtering calculations, ' and comparison with experi-
ment had allowed us to adjust the model parameters
reasonably well. The same parameters are used in the
present calculations. The discussion is based on the ex-
ample of cascades generated in gold single crystals by in-

cident high-energy xenon atoms.
The MARLOWE code is based on the binary-collision

approximation. The atomic collisions are governed by
the pairwise Moliere potential with the screening length
for gold suggested by Robinson. Firsov screening dis-
tances ' are assumed to be valid for rare-gas atoms, and
those for heteronuclear pairs (Xe-Au} are estimated as
harmonic means of the screening lengths for the homonu-
clear pairs.

Between collisions, particles are assumed to move
along their asymptotic trajectories. Provision is made for
an approximate treatment of quasisimultaneous col-
lisions. The binding energy of the gold atoms to their lat-
tice sites is taken as zero. A small binding energy, how-
ever, is assumed for replacement collisions (0.2 eV) in or-
der to correct for the many-body nature of such events as
discussed in detail on the basis of comparison with classi-
cal dynamics calculations. The choice of 0.2 eV is
somewhat arbitrary. As shown in Ref. 22, the mean ener-

gy loss along replacement sequences is systematically un-
derestimated because of the approximate treatment of
quasisimultaneous events in the binary-collision approxi-
mation. To our knowledge, no information about the
magnitude of this underestimate is available in the case of
gold. The energy dissipation due to binary collisions
proceeds until the kinetic energy of the moving particles
drops below a preset cutoff value, which is also used as an
energy displacement threshold (3.78 eV). Only the con-
tributions of collisions with an impact parameter smaller
than 0.62 ao (where ao is the length of a lattice cell edge)
are considered. Inelastic energy loss is assumed to be
equally shared between local and nonlocal electron exci-
tation according to Oen and Robinson and Lindhard,
respectively.

Time is not a currently available cascade characteristic
in the present version of the code (version 12). Temporal
aspects of collision cascades are given in. Real time is
also used in simulating sputtering of silver by bismuth
atoms and of carbon by very large argon clusters. It
was also introduced in MARLOWE for the study of Auger
emission as a descriptive parameter whose range of ap-
plication is limited to the high-energy part of the cas-
cades. In the present version of the MARLOWE code, the
fastest atom after each collision step is selected as the
next projectile to be followed, until all cascade particles
have their kinetic energy below the cutoff value. Some
minor atom permutations may occur that are typical of
hashing algorithms as used here in order to speed up the
cascade calculations.

The present work focuses on the dependence of the an-
gular distribution of the atomic motion on the kinetic en-
ergy of the moving atoms. Such angular distributions are

recorded for all particles entering a prespecified kinetic
energy interval. In such a way, the atomic motion can be
analyzed within specified energy intervals, irrespective of
the time evolution. Consecutive energy intervals are tak-
en as (Eo/2", Eo/2"+'}, where Eo is the primary energy
for increasing integer values of n until the cutoff energy is
reached. The number of cascades that had to be generat-
ed in order to obtain relevant statistics in the momentum
direction distributions within a resolution of 0.42X10
sr was typically of the order of a hundred thousand.

III. ANGULAR DISTRIBUTION
OF THE ATOMIC MOTION

A. Scattering probability distributions

Statistical independence of collision events in a col-
lision cascade is only possible if the path length between
successive collisions is large with respect to the collision
radius. This is generally not the case in solids and the
question is to identify how large the deviations from the
random cascade model are.

A first approach may be made on the basis of scatter-
ing probability distributions. As far as simulated cas-
cades are concerned, such distributions are easily ob-
tained by scoring the collision frequencies as a function of
the impact parameter squared. This is shown in Fig. 1,
were the cases of amorphous, polycrystalline, and crystal-
line gold targets are compared with the uniform distribu-
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FIG. 1. Impact parameter squared distributions for collision
cascades generated by 2.5 keV neon atoms at normal incidence
on a gold target. The results obtained by simulation in the case
of a single crystal with a j 111I surface, of a polycrystal and of
an amorphous target are compared with the uniform distribu-
tion associated with a random target mode1. The arrows indi-
cate the impact parameter squared for the simultaneous interac-
tion between a projectile and a ring of lattice atoms in j Ill ),
j 110I, and j 100) planes, when the trajectories pass through the
center. All collisions are considered in this distribution, involv-
ing impact parameters smaller than 0.6 ao, where ao is the
length of the lattice cell edge unit. The j 110I ring appears at an
impact parameter squared b'=0. 375 ao.
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tion of a random cascade model. The computer results
indicate that structures occur in the impact parameter
distributions that correspond to head-on collisions as in
focusing chains and the associated interaction with rings
of atoms in the [111), I 100), and I110I planes. The
structures are identical in the single-crystal and polycrys-
tal cases, showing that the influence of the incidence con-
ditions on the collision probability distribution in a cas-
cade is small. It should be noted that the short-range
structure in the amorphous model material has a
significant influence on the collision statistics. The sharp
peaks observed for polycrystals and single crystals at
close-to-zero impact parameters and associated to [110)
rings reflect the efFiciency of assisted focusing in the
( 110) directions.

These impact parameter distributions may be energy
dependent. On the other hand, since the impact parame-
ter at a given energy is directly related to the scattering
angle, the energy dependence of collision statistics and its
dependence on energy can also be viewed in terms of
momentum distributions. These allow a description of
the cascade development, as shown in the next sections.
Greater detail is provided in Ref. 38.

B. The energy dependence
of angular distributions in the bulk

The angular distributions are constructed in a two-
dimensional representation. One axis is the azimuthal
angle p with respect to a (110) surface direction and the
other is the cosine of the angle P between the momentum
direction and the inward surface normal. In such a rep-
resentation, the direction distributions are constructed at
a constant solid angle. The crystallographic directions

required for the discussion below as well as the loci of the
directions parallel to the major crystallographic planes
are represented in Fig. 2.

The distributions are represented in the form of con-
tour line plots of equal intensities. The number of con-
tour lines is limited to 20. Their equidistance corre-
sponds to 5% of the maximal intensity. They were con-
structed from direction distributions of moving atoms in
all cascades. The contour lines are determined by means
of an interpolation technique such that they would join
boxes in the direction distributions with an equal number
of counts. The data are presented for collision cascades
generated in gold by 2.5-keV incident xenon projectiles.

Figure 3 shows the angular distribution of moving
atoms whose kinetic energy drops below Eo/2=1250 eV
and is in the energy interval 1250 eV to 625 eV. The dis-
tribution is highly anisotropic and, in addition to the pro-
jectile flux peaking in the forward direction, it is charac-
terized by six major spots and minor additional struc-
tures dominated by the contribution of primary and
secondary recoils. The latter are of increasing complexi-
ty as the energy gets lower and will not be analyzed in de-
tail. According to Fig. 2, the major spots are easily
identified as being associated with (100) (cosP=0.58)
and (111)(cosP=1, cosP=0.33) directions. (111)spots
of lower intensity also appear in the backward direction
(cosP= —0.33), showing the momentum reversal. The
energies involved in Fig. 3 are above known values for
focusing thresholds and, consequently, these spots can-
not be attributed to focusing chains. They are better ex-
plained by a lens effect similar to that discussed in the
early comments on low-energy channeling ' as well as in
the description of surface reflection from semichannels.
Indeed, an atom recoiling from a fcc lattice site, except in
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This family of planes plays a major role in the cascade de-
velopment, which will be further emphasized. At the
present stage, let us note that the major beam and steer-
ing directions found in Fig. 4 are all included in I 110}
planes. On the other hand, owing to the nature of the
[110}planes stacking in fcc lattices (ABAB ) parti-
cles moving in or close to their direction are subjected to
opposite transverse forces which tend to feed their trajec-
tories inside the planes, as in a potential well. In princi-
ple, the same is true of I 100} planes, but their equidis-
tance is too large to assure a similar two-dimensional
focusing effect.

The transition toward one-dimensional focused (110)
beams seen by comparing Figs. 4(a) and 4(b) can be
identified as a consequence of two distinct processes: for-
mation of replacement sequences and the low-energy
channeling in the (110) open directions. Figures 4(c)
and 4(d) represent the same direction distributions as
Figs. 4(a) and 4(b) respectively, the only difference being
that replacement sequences are suppressed. In Fig. 4(c),
the (110) beams are found to be split into two parts
aligning with the I 1 10} planes. When replacement se-
quences are also represented, the same spots [Fig. 4(a)]
are peaked in the (110) direction (cosP=O), showing
that they are therefore responsible. Low-energy channe1-
ing was observed both experimentally ' and by computer
simulation although, at these low energies, channeling
cannot be described as a sequence of independent interac-
tions with strings of atoms. ' In the present study, evi-
dence of low-energy channeling is found in Fig. 4(d) in
which, despite the truncation of replacement sequences,
the (110) beams intensities are found to be quite pro-
nounced.

When the kinetic energy of the moving cascade atoms
decreases, the direction distributions still remain highly
anisotropic despite the fact that, as can be seen from Fig.
5, the low-energy (110) channeling is unstable and part-
ly vanishes as a result of a two-dimensional process, giv-
ing rise to a sequence of transient structures.

Figures 5(a) —5(d) represent a sequence of direction dis-
tributions in different energy intervals, the highest of
them being 78 to 39 eV in Fig. 5(a) and the last of them
9.8 to 4.9 eV. The energy cutoff in the cascade develop-
ment is 3.78 eV. The divergence of the very strongly fo-
cused (110) beams in Fig. 5(a) is clearly observed at
lower energies. The loci of the directions parallel to the
major plane directions is shown in Fig. 5(c) to emphasize
the two-dimensional nature of the process, inside [110}
planes. The configuration of the major beams at the
lowest energies considered [Fig. 5(d)] corresponds to
low-index crystallographic directions which are identified
by comparison with Fig. 2 as (110), (111),(112), and
(221). Figure 5(e) represents the same distribution as
Fig. 5(c) without the contribution of replacement se-
quences. It shows that the (low-energy) channeled frac-
tion of the (110) beams splits into two parts, one
remaining stable and the other being deflected from the
(110) toward the {221) neighboring directions along
the [110}planes. This suggests a distinction between the
best confined, and thus stable, channeled trajectories and
those with larger oscillations which diverge although
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FIG. 5. Contour line plots representing the angular distribu-
tions of atoms moving in the cascades whose energy falls into
the interval 78 to 39 eV: 5(a); 39 to 19.5 eV: 5(b); 19.5 to 9.75
eV: 5(c); 9.75 to 4.9 eV: 5(d). Figure 5(e) is the same as Fig.
5(c), in which the contribution of replacement sequences is om-
itted. In Fig. 5(c) the loci of the directions parallel to the main
crystallographic planes (see Fig. 2) are represented in order to
guide the eye in identifying the two-dimensional processes. The
equidistance of the 20 adjacent contour lines is 5%%uo of the max-
imum intensity.

remaining constrained inside I 1 10} planes. There is no
reason for the (221) and the (112) beams shown in Fig.
5(d) to be stable, but further energy dissipation was not
investigated. On the other hand, the energy range con-
sidered here 9.8 to 4.9 eV, is typical of about half the
atoms which contribute to sputtering. These directions
will be shown to be of major importance in the interpre-
tation of sputtering patterns in a forthcoming paper. It
is seen in Fig. 5(d) that even those cascades not contribut-
ing to the major beams display momentum aligning with

I 110} planes and leaving the other directions in the dis-
tribution depleted. This illustrates the two-dimensional
nature of the cascade development in fcc static single
crystals.

Such peculiar behavior is a consequence of the special
geometrical properties of the I 110}planes. On one hand,
they are not quite compact, thus allowing rather long
atomic flights in them without small-impact scattering
and, on the other, the equidistance is quite small (0.35 lat-
tice units) and pairs of surrounding planes exert sym-
metric repulsive forces on the moving atoms. Strictly
speaking however, this symmetry only occurs in a static
undistorted lattice and breaks down because of thermal
displacernents. Their effect is moderated by correlations
in the thermal motion of the lattice. However, the fate of
the strong lattice constraint on the cascade development
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in a static crystal can be influenced by thermal disorder
and is analyzed in the next section.

C. Thermal displacement effects
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The question of course arises whether thermal vibra-
tions can lead to randomization of the cascade. As will
be shown, the answer is negative, but the nature of the
lattice constraint is greatly modified. The one- and two-
dimensional focusing still remains the dominant charac-
teristic feature of the cascades. In order to show this, the
simulations were repeated, with a temperature of 600 K
and uncorrelated thermal displacements, according to the
Debye-Wailer model. Since thermal vibrations are
known to be correlated, the procedure is expected to pro-
vide an overestimate of the thermal effect on the cascade
development.

The results are illustrated in Fig. 6, showing the distri-
butions obtained in various energy intervals. The con-
trast between the two families of anisotropies obtained
with the static lattice model and with thermal displace-
ments included is seen by, for example, comparing Fig.
6(c) and Fig. 5(a) and between Fig. 6(e) and Fig. 5(b). Fig-
ure 6(a) (625 to 312 eV) is a typical direction distribution
of the high-energy cascade atoms. The same lens effect as
in the static lattice case is found to focus the trajectories

into ( 100) beams. As can be expected from the thermal
disorder, focusing is less intense. The major difference
with the high-energy distributions in a static lattice is
that thermal displacements completely destroy the (111)
spots. This is a consequence of the fact that the [111I

rings are so compact that a small displacement of the
atoms introduces a local perturbation of the symmetry in
the potential distribution, making focusing no longer pos-
sible. At lower energies [Fig. 6(b)], (110) spots are
found to form, again two dimensionally, but as a result of
alignment with [ 111I planes and not with [ 110] ones, as
in a static lattice. Forces transverse to the [110I planes
are no longer symmetric and the resulting focusing effect
is strongly decreased. On the other hand, [111]planes
are quite compact and their equidistance rather large
(0.58 lat tice units). Consequently, they represent
suSciently high potential barriers in between which the
atomic motion is favored. This effect, together with
( 110) replacement sequences and low-energy channeling,
dominates in Fig. 6(c) (156 to 78 eV). However, at these
and lower energies, additional beams appear in open
directions and the relative effect of [111] planes de-
creases simultaneously. Because of thermal displace-
ments, [ 111I planes represent locally corrugated walls,
and the effect of this corrugation is to defocus the lowest
energy trajectories, which are governed by individual col-
lisions rather than by multiple correlated scattering. As
a consequence, these are fed into the main open direc-
tions. Some align with the [110I planes (close to (112)
and (221)) but no [110I planar effect is observed. Oth-
ers appear which do not align with low-index crystallo-
graphic planes. By breaking the symmetry and corrugat-
ing the compact atomic planes, thermal displacements
thus have the effect of making two-dimensional focusing
unstable. The lowest-energy trajectories [Fig. 6(e)]
remain naturally fed into the most open directions, as in
the case of a static lattice.
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FIG. 6. Contour line plots representing the angular distribu-
tions of atoms moving in the cascades whose energy falls into
the interval 625 to 312.5 eV: 6(a); 312.5 to 156 eV: 6(b); 156 to
78 eV: 6(c); 78 to 39 eV 6(d) and 19.5 to 9.75 eV: 6(e) 600 K un-
correlated thermal vibrations of gold atoms are included in the
simulations. The loci of directions parallel to [ 1 1 1 [ planes is
represented in order to guide the eye in identifying the two-
dimensional [111[ focusing eff'ect. The equidistance of the 20
adjacent contour lines is 5% of the maximum intensity.

The present work clearly shows that the anisotropy of
direction distributions is complex and essentially driven
by the crystal structure. This conclusion obviously ap-
plies to metallic polycrystals as well since the spatial ex-
tent of collision cascades is generally smaller than the size
of the crystal grains. The distributions are not found to
randomize when the kinetic energy becomes small, and
random thermal displacements of the atoms from their
lattice sites do not randomize the momentum direction
distributions either. Except where replacement se-
quences are concerned, the evolution of the anisotropy is
governed by unstable one- and two-dimensional short-
range focusing processes. Lens effects dominate at high
energies (a few hundred eV), planar effects ( [110I for a
static lattice and [111I if uncorrelated thermal displace-
ments are taken into account) at intermediate energies (a
few tens of eV), and feeding of trajectories into short-
range open directions at low energies (a few eV).

Since this lattice-governed development of collision
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cascades was found with several other simulation condi-
tions, it can be concluded that the lattice constraint is the
one which dominates the cascade development. The
consequences on the sputtering mechanisms are
significant and are planned to be examined elsewhere.
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