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Trapping and desorption of energetic Cu atoms on Cu„111… and „001… surfaces
at grazing incidence

D. E. Hanson, J. D. Kress, and A. F. Voter
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X.-Y. Liu
Computational Materials Group, Motorola Inc., Los Alamos, New Mexico 87545

~Received 22 February 1999!

Molecular-dynamics~MD! simulations of Cu atoms impacting both Cu~111! and ~001! surfaces at grazing
incidence have been performed to study trapping~or surface skipping!, desorption, and energy dissipation. An
energetic Cu atom (10<E<100 eV) can become trapped by the mean attractive potential above the surface,
oscillating normal to the surface. While in this trapped state, it can traverse hundreds of Å as it dissipates
energy to the surface. Until the atom either desorbs or comes to rest, it experiences an energy loss, that is
piecewise linear in time, typically comprised of two or more linear regions. In each region, the energy loss rate,
dE/dt, is approximately constant. The process can be characterized by two parameters: the desorption prob-
ability at each oscillation and an average energy loss rate~per oscillation! that is independent of energy. These
parameter values are the same for both the~111! and ~001! surfaces. A phenomenological model based on
these parameters is presented, and the predictions of sticking probability, average energy transfer to the
surface, and total distance traveled, agree with full MD simulations. The dependence of the desorption prob-
ability on the surface temperature was also studied.@S0163-1829~99!01339-9#
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I. INTRODUCTION

The interaction of a gas atom with a surface is of fund
mental importance to many areas of science and technol
e.g., catalysis, molecular sensing, etching, and thin-fi
deposition. As such, the study of the trapping and desorp
of atoms and molecules on pristine metal surfaces has be
topic of interest for many years. The dependence of stick
probability on impact energy and angle of incidence has b
shown to be important in modeling the growth of topograp
cal features in the manufacture of semiconductor chips.1 In
these studies, summarized in Fig. 1, the sticking probab
of Cu ions incident on a Cu~111! surface show an unex
pected upturn as the impact angle approaches grazing
dence. We believe that this behavior is a consequence
surface skipping phenomenon, and may be important
modeling the ionized physical vapor deposition~PVD! pro-
cess used in the manufacture of integrated circuits.

Ohtsuki et al.2 predicted the occurrence of skipping m
tion by an ion interacting with a smooth metal surface via
image charge potential. By computer simulation, they de
onstrated that 30 keV H1 ions could be trapped on a Ni~100!
surface at grazing incidence (u<1 ° relative to the surface
plane!. Dodson3 performed molecular-dynamics~MD! simu-
lations of Si atoms (10<E<100 eV) impacting a Si~111!
surface at grazing incidence and found that for angles
incidence below some critical value, the atom beca
trapped, or in his terminology, exhibited ‘‘surface chann
ing.’’ The critical angle for trapping depended on the io
energy; at 100 eV it was;7 ° with respect to the surfac
plane. He also found that the rate at which the ion dissipa
kinetic energy to the surface was linear in kinetic ener
dE/dx520.019310.000154E, where the units are Å and
PRB 600163-1829/99/60~16!/11723~7!/$15.00
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eV. Snowdonet al.4 claimed the first experimental observ
tion of skipping motion. Using a beam of Si1 ions with
energies between 200 and 2000 eV, and impact angles
tween 1 ° and 14 ° with respect to the surface plane
Cu~111!, several very weak, broad peaks (.100 eV full
width at half maximum! in the energy distribution of the
reflected beam were observed. These peaks, which wer
tributed to multiple skips on the surface, corresponded
energy losses of between 50 and 100 eV per impact. T
concluded from their data that the kinetic energy dissipat
rate to the surface,dE/dx, was proportional to the energy

FIG. 1. Sticking probability versus angle of incidence~with re-
spect to surface normal!, parametric on energy~eV!, for a Cu atom
impacting a 300-K Cu~111! surface. Representative error bar
shown only for 35 eV, are one standard deviation of the mean.
11 723 ©1999 The American Physical Society
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Pfandzelter and Stolzle5 reported experimental observatio
of the skipping motion of H1 in the energy range of a few
keV on the~0001! surface of graphite at angles of grazin
incidence between 0.2 and 1.5 degrees. They observed
tinct peaks in the reflected energy distribution that occur
at multiples of 1.5 to 5 keV depending on the incident i
energy. Winter and Sommer6 obtained qualitatively similar
reflected energy distributions from experiments of 50 k
H1 on Al~111!, at angles of grazing incidence,u50.2 °,
0.4 °, and 0.5 °. They noted that for the smallest angleu
50.2 °, distinct energy loss peaks occurred, but when
angle was increased to 0.4 °, these peaks disappeared.
slightly larger angle, 0.5 °, broader energy loss peaks
peared at different positions. They interpreted this differe
as the manifestation of two different scattering mechanis
At the lowest angle, surface skipping was occurring, bu
the largest angle, 0.5 °, subsurface scattering was opera
They attributed the results of Snowdonet al.,4 which were
obtained at angles of incidence between 1 ° and 4 °, to s
surface scattering rather than surface skipping.

Smith et al.7 performed MD simulations for a Si1/
Cu~111! system for conditions similar to the experiments
Snowdonet al.4 For 1000 eV Si1 incident at 4 ° on Cu~111!
at T50 K, they predicted only a single, narrow peak at 9
eV in the reflected energy distribution. When the crystal w
disordered to simulate thermal vibrations atT5300 K, the
peak broadened on the low-energy side by;10 eV. They
found that only 5% of the incident ions remained trapp
after the initial impact. Based on their estimate of the ene
loss per collision of;6.5 eV, the 1 keV ions experience
between 1 and 3 skips before desorbing. DiRubioet al.8 ob-
served multiple peak reflected energy loss distributions s
lar to those mentioned above, in experiments with Na1 ions
(E5100 to 400 eV! incident on a Cu~111! surface at a much
larger impact angle, 45 °. Their reflected energy distributio
differed from previous work in that the height of the pea
increased with increasing energy loss. They attributed
peak with the greatest energy loss to ‘‘quasisingle’’ co
sions with the surface and the lower loss peaks to mult
scatterings.

Considerable work has been carried out for atoms
molecules, at or near thermal energies, interacting with p
tine metal surfaces via Van der Waals’ forces.9 Because of
the very low-impact energies, comparable to the thermal
ergy of the surface, this work is not germane to the pres
work.

Here we report detailed results of MD simulations f
Cu1 ions incident on a Cu~111! T5300 K surface at grazing
incidence, and propose a simple phenomenological mo
based on MD calculations, that describes the sticking pr
ability and reflected energy distribution as a function of
cident energy. We find that for grazing incidence impacts,
energetic Cu atom (10<E<100 eV) can become trapped b
the mean attractive potential that exists above the Cu~111!
surface. In this trapped state, the atom oscillates perpend
lar to the surface with a period of;0.2 ps. As the atom
oscillates, it moves across the surface, dissipating its tran
tional kinetic energy to the surface at a nearly constant
erage rate. It is the fast parallel motion that prevents the a
from forming a bond.

This phenomenon may be important for modeling t
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deposition and transport of material during ionized physi
vapor deposition~PVD!, a process widely used in the man
facture of integrated circuits. Typically, Cu is deposited
ionized PVD on features that have sidewalls nearly para
to the incident ion beam. In previous work,1 we presented
sticking probabilities for Cu impacting a Cu~111! at angles
up to 80 °, which showed an unexpected upturn between
and 80 ° with respect to the surface normal.~All angles
specified hereafter are with respect to the surface norm!
Figure 1 shows an example of this behavior for Cu ions w
energies between 10 and 100 eV for angles of incide
between 0 and 90 °. The sticking probability increases ab
60 ° for ion energies between 15 and 50 eV, a regime imp
tant for PVD. If trapping occurs, an incident Cu atom will b
more likely to collide with vicinal growth layers or adatom
clusters, and the resulting sputtering and transport of mate
may be important to the growth of the feature.

II. SIMULATION METHOD

For our MD simulations, we used an embedded at
method~EAM! interatomic potential10 in which a pair poten-
tial is augmented with a local density-dependent term. T
form of potential has had considerable success in descri
face-centered cubic~fcc! transition metals. The Cu potentia
used here11 was fit to experimental properties of the bu
solid and gas-phase diatomic molecule. Sputter yields
normal incidence of Ar1 on Cu~111! up to 250 eV and for
Cu1 on Cu~111! up to 100 eV computed with MD simula
tions using this potential1 were in very good agreement wit
experiment.12 The MD simulation procedure employed wa
similar to the one designed for the reactive ion etching of
by Cl ions.13 The MD simulation cell was comprised of 97
Cu atoms arranged as an fcc crystal of 123939 atoms
(x,y,z) with periodic boundary conditions imposed alon
thex andy axes~periods5 23.00 and 26.56 Å, respectively!
and a free~111! surface normal to thez axis. The bottom two
layers ~216 atoms! were rigidly fixed at all times. After
equilibrating the free Cu~111! surface toT5300 K, a Cu
atom with the desired incident energy and impact angle w
positioned randomly inx and y above the surface and jus
inside the interaction distance for the potential. The a
muthal angle was also chosen randomly.

Interatomic forces were computed from the total ene
and the equations of motion were integrated using the le
frog Verlet method.14 The total integration time of 5 ps wa
sufficient to ensure that every impact atom either desorbe
adsorbed. For each impact angle and energy, 150 ev
were run. Ideally, one would prefer to use very large sim
lation cells so that the impact atom always interacted wit
pristine portion of the local surface at every oscillation, b
this was not feasible due to computational limitations. Ty
cal impact velocities (;100 Å/ps for 35 eV! were such that
a trapped impact atom crossed the simulation cell m
times, as a result of the periodic boundary conditions, bef
coming to rest. As the impact atom slowed down, the kine
energy transferred to the cluster caused the temperatur
increase with time during the trajectory. With this syste
size, we were unable to find a viable method for thermos
ting the cluster to prevent or ameliorate this effect, but,
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discussed below, we were able to quantify the effect of
temperature of the substrate.

III. RESULTS

Many individual trajectories were examined to gain i
sight into the trapping and energy dissipation processes
how they are related. In the following discussion, the te
‘‘incidence angle’’ will refer to the angle between the velo
ity vector of the atom and the surface normal when it j
reaches the potential cutoff distance. The temporal histor
the energy and height above the surface for a 35 eV Cu a
incident on a Cu~111! surface at 300 K is shown in Fig. 2
The initial height above the surface was 4.8 Å, just ins
the cutoff distance for the potential, and the angle of in
dence was 90 ° with respect to normal. As it begins to int
act with the surface, the atom gains approximately 2.5 eV
kinetic energy normal to the surface~the well depth of the
atom-surface interaction potential! resulting in an impact
angle of;85 °. Depending on the energy, there is a fin
probability for trapping in the mean attractive field after t
initial impact. The atom will be trapped if thez momentum it
receives at impact is insufficient for escape from the surf
potential well. Conversely, if the collision with the surfac
imparts enoughz momentum to escape the approximate
-2.5 eV well, it will desorb.

When trapped, as was the case in Fig. 2, the atom o
lates in thez direction, periodically impacting the surfac
every ;0.2 ps, at the same time traversing the surface ix
andy. We shall refer to the first and subsequent encoun
the atom makes with the surface at each oscillation as
mary and secondary, respectively. In Fig. 2, for the first 3
we see that the atom loses energy by abrupt changes
correlate with the minima of the oscillations, i.e., the impa
~the abrupt regime!. During this initial time~the first 7 oscil-
lations!, energy is dissipated at about 4 eV per oscillatio
and the overall loss rate appears to be approximately lin
Later in the trajectory, between 3 and 4.5 ps, the amplit
of motion in z is less, and the energy loss is much smoot
~the smooth regime!. It is still nearly linear but the rate is

FIG. 2. Energy and height~z! above the surface as a function
time for a 35-eV Cu atom incident at 90 ° with respect to normal
Cu~111!. The top layer of Cu atoms is atz50. The abrupt energy
losses correlate with the minima inz.
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less, about 2 eV per oscillation. Several features of thz
trajectory in Fig. 2 distinguish the two regimes. The minim
are quite sharp in the abrupt regime but more rounded in
smooth regime, and the oscillation height in the smooth
gime is significantly less than in the abrupt regime. T
minimum z values are about the same for both the smo
and abrupt regimes, presumably due to the steep inner
of the potential.

From the examination of trajectories at various energ
and azimuthal angles, we believe that the occurrence of
two regimes correlates with the oscillation height of t
atom. For secondary impacts, the impact angle is determ
by the ratio of normal to transverse momenta. The maxim
height of the oscillation determines the amount of poten
energy that is converted to kinetic energy, which defines
normal momentum just before impact. Lower amplitude o
cillations lead to shallower impact angles producing wea
interactions with the surface and a smoother energy lo
Higher amplitude oscillations correlate with greater mome
tum exchange. The energy loss shown in Fig. 2 begins w
the abrupt regime and then changes to the smooth regim
about 3 ps, and, overall it does not appear linear. In ot
simulations, however, we have noted that the energy loss
begin in the abrupt regime, transition to the smooth and t
return to the abrupt, perhaps alternating several times. Fo
of the cases we have examined which exhibit trapping
appears that, over the entire trajectory, a constant energy
rate is a reasonable approximation. For purposes of c
structing a simple phenomenological model~described be-
low!, we assume that, for secondary impacts, the energy
mechanism is described by a single loss rate that is the
propriate average over both the abrupt and smooth regim
This implies thatdE/dx is inversely proportional to the ve
locity, 1/v, or E21/2. In contrast, Dodson3 found thatdE/dx
was linear with energy for Si trapping on the Si~111! surface.
However, these findings may not be inconsistent; plots of
two expressions look quite similar. When the energy lo
versus distance for a trapped trajectory is evaluated ov
limited energy range, theE21/2 behavior could easily be in
terpreted as linear inE.

The case shown in Fig. 2, a 35 eV atom incident at 90
illustrates capture, i.e., the atom becomes trapped, dissip
nearly all of its energy and then adsorbs. Since there
finite probability that the atom can desorb during each os
lation, a more likely outcome for these conditions is that t
impact atom becomes trapped for only a few oscillations a
then desorbs. This occurs if, during a secondary impact,
atom receives sufficientz momentum to escape the mea
attractive potential of about 2.5 eV. Figure 3 shows a rep
sentative distribution of ‘‘normal energies,’’Ez , for second-
ary impacts at 35 eV. For these simulations, the start
height was 2.8 Å, a value found to be typical for second
oscillations, and the angle of incidence was 90 °, consis
with being at the top of a trapped trajectory. The criterion
desorption is defined as

Ez5pz
2/2m>2.5 eV, ~1!

wherepz is the momentum in the z direction andm is the
mass of the atom. To determine the desorption probab
associated with a single impact, a series of MD simulatio

n
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over a range of energies~10 to 150 eV! were run, integrating
the trajectory for only the primary impact~starting height5
4.8 Å) or a single secondary oscillation~starting height5
2.8 Å). We shall refer to these probabilities as primitive d
sorption probabilities. The trajectories were integrated
exactly one oscillation, i.e., to the subsequent maximumz
value or until the atom desorbed.Ez was computed at eac
time step and the maximum value was saved. At each
ergy, 150 trajectories were run and the desorption probab
was computed as the fraction of cases for which the crite
in Eq. ~1! was satisfied. Note that this procedure results i
suitable average over both the abrupt and smooth regim
These results are shown in Fig. 4 with a third order polyn
mial fit to the data. From the same set of simulations,

FIG. 3. Distribution of the ‘‘normal energy’’ (Ez5pz
2/2m) fol-

lowing a secondary impact of a 35-eV Cu atom on a Cu~111! T
5300 K surface. Cu atoms were incident at 90 ° with respec
normal, 2.8 Å above the top layer of atoms, randomly positioned
x andy. 200 trajectories were run.

FIG. 4. Desorption probability versus energy for primary a
secondary impacts at 90 ° incidence with respect to normal o
T5300 K, Cu~111! surface~open symbols! and Cu~001! surface
~solid symbols!. Primary impact trajectories started just inside t
potential cutoff distance, 5 Å, and secondary trajectories starte
z52.8 Å, a typical oscillation height. Third order polynomial fits
the Cu~111! data are shown as dotted lines. Initial impacts were
out to 100 eV, secondary impacts to 150 eV.
-
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impact energies between 20 and 100 eV at 90 ° inciden
the average energy losses for primary and secondary imp
were determined to be 4.560.3 and 2.560.2 eV, respec-
tively. Essentially identical values for the desorption pro
abilities were also obtained for a Cu~001! surface at 300 K.
This average energy loss for secondary impacts is rem
ably close to the surface potential well depth~which actually
varies between 2.15 and 2.5 eV with position!, and it is
tempting to ask if they are related. We can make no s
claim in this paper, but a cursory examination of a trapp
trajectory for Pt/Pt~111! ~for which the well depth is;4 eV)
indicates that the energy loss may indeed be related to
potential energy well depth. As will be described belo
these primitive probabilities and the energy loss rate will
the basis for a phenomenological model for the stick
probability. The energy loss rate for secondary impac
shown in Fig. 5, is nearly independent of ion energy down
20 eV. Energy loss rates for primary impacts at 80 ° and 9
incidence are shown in Fig. 6. While the loss rate for 9
incidence is approximately independent of ion energy, thi
not the case for 80 ° incidence, due to the normal compon
of the momentum that increases with energy. The stand
deviation of the distribution of the energy loss at each ene
was quite large,;2 eV, and comparable for both 80 an
90 °. Error bars in Fig. 6, shown only for the 90 ° inciden
case, are one standard deviation of the mean.

We now present a simple phenomenological model to
scribe the sticking probability. Using the primitive desor
tion probabilities and average energy loss rates, the stick
probability for an impact atom at an arbitrary energy may
computed numerically as:

Pstick5)
i 51

n

@12Pdesorb~Ei !#, ~2!

Ei5E02 iDE, ~3!

where Pdesorb(E) is the desorption probability per impac
taken from the polynomial fit in Fig. 4,Eo is the initial
energy,DE is the energy loss at impact or per oscillatio

o
n

a

at

t

FIG. 5. Energy loss for a single oscillation after a second
impact on aT5300 K, Cu~111! surface. Each data point represen
150 impact events; error bars are one standard deviation of
mean.
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and i is the number of oscillations. These equations w
solved iteratively from the initial energy down to 10 eV, th
energy at which the desorption probability essentially goe
zero ~see Fig. 4!. Sticking probabilities calculated with thi
phenomenological model are compared to those obta
from full MD simulations in Fig. 7. For 90 ° incidence, th
primary and secondary impact energy losses used were
calculated values of 4.5 and 2.5 eV, independent of imp
energy. For 80 ° incidence, the energy loss per secon
impact was 2.5 eV, and for primary impacts computed
DE52.510.145E20.00067E2 ~the polynomial fit shown in
Fig. 6!. The predicted sticking probability is in good qua
tative agreement with the full MD results. Including th

FIG. 6. Energy loss rate~per impact! for primary impacts on
Cu~111! at T5300 K at angles of incidence of 80 °~dashed line!
and 90 °~solid line!. Each data point represents 150 impact even
error bars are one standard deviation of the mean. The dashed
is a second order polynomial fit to the data,DE52.510.145E
20.00067E2.

FIG. 7. Comparison of the sticking probability computed
phenomenological model in Eqs.~2! and~3! for angles of incidence
of 90 ° ~solid line! and 80 °~dotted line!, and values from full MD
simulations at 90 °~solid triangles! and 80 ° ~open circles!. For
secondary impacts, the energy loss per impact was constant, 2.
For primary impacts, the energy loss per impact at 90 ° was 4.5
independent of energy, and at 80 ° computed fromDE52.5
10.145E20.00067E2. Error bars are one standard deviation of t
mean.
e
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slight linear dependence of energy loss with energy for s
ondary impacts, seen in Fig. 5, in the phenomenolog
model has a negligible impact on this agreement.

As mentioned in Sec. II, we did not impose a thermos
on the simulation cluster during the trajectory calculatio
and this resulted in the cluster heating up as the impact a
lost energy (DT;360 K for 35 eV deposited!. In this re-
spect, the phenomenological model may be more accu
than the full MD simulations since it is based on single im
pact MD calculations in which no abnormal heating can o
cur. Based on the temperature dependence of the desor
probabilities, described below, this would cause the full M
results to err on the side of a lower sticking probability a
this is consistent with the disagreement seen in Fig. 7. Si
lations of 35 eV impacts incident at 90 ° for surface tempe
tures between 0 and 600 K, shown in Fig. 8, indicate that
desorption probability depends on the temperature of
substrate. The desorption probabilities increase appr
mately linearly with temperature with slopes of 0.00034 a
0.0001 K21, for primary and secondary impacts, respe
tively. However, the average energy loss for secondary
pacts did not change with surface temperature. That the
sorption probability for both primary and secondary impa
is linear with temperature is surprising, and we can offer
explanation. We note, however, that the mean square sur
roughness must increase linearly with temperature accor
to the Debye-Waller equation, 3/2 KT51/2mv2^u2&, where
m is the mass of the atom,v is the vibration frequency and
^u2& is the mean-square displacement. Below 50 K, the
sorption probability for secondary impacts is essentia
zero; at T50 K, the desorption probability for secondar
impacts at 35 eV is,0.001. When the phenomenologic
model was modified to include surface heating and temp
ture dependent desorption probabilities were used in Eq.~2!
~assumed valid for all energies!, the agreement between th
phenomenological model and the full MD results improv
significantly. The sticking probability predicted by the ph
nomenological model was within one standard deviation

;
ine

eV.
V,

FIG. 8. Dependence of the desorption probability on surfa
temperature for a 35-eV Cu atom incident on a Cu~111! surface at
90 ° incidence with respect to normal. Each data point is the a
age of 150 cases randomly positioned inx andy with random azi-
muthal angle. Representative error bars are one standard devi
of the mean. Straight lines are the least squares fits,y50.12
10.00034x andy50.0000110.0001x.
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the mean for five of the six full MD values. We believe th
the overall agreement validates the phenomenological m
as an accurate description of the trapping-desorption proc

An analytic expression for the total distance that a trap
atom travels before coming to rest can be derived from E
~2! and~3! in the continuous limit by casting the energy lo
equation in Eq.~3! as a temporal derivative rather than
energy loss per oscillation. Noting that the velocity is pr
portional to the square root of the energy, the total dista
traveled,Rtot , is just the time integral of@2E(t)/m#1/2. The
result is

Rtot5a~E0!3/2, ~4!

whereRtot(Å) is the total distance traveled from the point
primary impact, E0 is the initial energy ~eV!, and a
51.03 Å/eV3/2. For the Cu/Cu~111! system, the total dis-
tance predicted by this expression evaluated at 35 eV
169 Å, which is about 17% less than the mean value
tained from MD simulations, 20363.5 Å.

The predicted energy loss that occurs while the atom
trapped on the surface is manifested in the reflected kin
energy distribution. Examples are shown in Fig. 9 for 50
Cu atoms incident at 60, 70 and 80 ° on aT5300 K Cu~111!
surface, where each distribution is constructed from 10
impacts. At 80 ° incidence, the reflected energy distribut
has a narrow peak at about 42 eV and a pronounced
extending from 15 to 30 eV. The foot, which is the signatu
of surface trapping, is due to the arbitrary energy loss t
can occur before desorption depending on the numbe
oscillations the atom makes on the surface. The presence
low-energy foot was also evident in the MD results obtain
by Smith et al.7 for 1 keV protons on Cu~111! at 86 ° with
respect to the surface normal. The peak at 42 eV is due to
high probability associated with reflections occurring imm
diately after the 50 eV primary impact, for which the ener
loss is just the normal energy component at impact. T
average sticking probabilities at these angles, 60, 70,
80 °, were 0.04, 0.03, and 0.09, respectively. The reflec
energy distributions from both Cu~111! and Cu~001! surfaces

FIG. 9. Reflected kinetic energy distribution for 50-eV Cu io
on a 300-K Cu~111! surface for three angles of incidence as p
dicted by full MD simulations. The structure in the 60 ° distributio
is not statistically significant.
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were compared for 50 eV atoms at 85 ° incidence and w
found to be essentially identical.

A plot of the average fraction of energy absorbed by
surface versus angle of incidence for reflected atoms
shown in Fig. 10. Fractions of energy absorbed were ca
lated for incident energies of 25, 50, 75 and 100 eV, a
angles of incidence up to 85 °. The average fraction of
ergy absorbed at each angle of incidence,Q, in Fig. 10,
scales approximately as cos(Q). This is surprising since the
‘‘normal’’ energy scales as cos2(Q), and one might expec
that only this component would dissipate at impact. Ho
ever, more than the initial normal component of energy c
be transferred to the surface. As shown in Fig. 6, impa
with sufficiently high normal momentum~determined by
both the angle of incidence and impact energy!, can cause
the atom to dissipate some fraction of the parallel ene

FIG. 11. Reflected kinetic energy distribution for 50-eV Cu io
at 80 ° incidence on a 300-K Cu~111! surface as predicted by th
phenomenological model~open circles! compared to the MD simu-
lation result~solid line!. The dashed line is added to facilitate com
parison.

-
FIG. 10. Average fraction of energy dissipated to surface ver

angle of incidence for Cu atoms incident on aT5300 K Cu~111!
surface at energies of 25 eV~circles!, 50 eV ~diamonds!, 75 eV
~triangles!, and 100 eV~squares!. Each point is the average of 15
trajectories. For comparison, lines for y5 cos(Q) and y
5cos2(Q) are also shown.
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component during the primary impact. At grazing inciden
multiple oscillations will also serve to dissipate some of t
parallel energy. For energies above 25 eV, the fraction
energy absorbed appears to be independent of inciden
ergy and scales close to cos(Q) and is clearly greater tha
cos2(Q). This is consistent with the experimental data
Winterset al.15 for low energy Ar ions impacting a Pt~111!,
T5800 K surface, interacting via a Van der Waals force15

Their data clearly show, and they concluded, that the frac
of energy deposited to the surface obeys a cos(Q) depen-
dence.

The reflected energy distribution for 50 eV atoms incide
at 80 ° predicted by the phenomenological model@Eqs. ~2!
and ~3!#, shown in Fig. 11, is in very good agreement wi
the distribution obtained from the MD simulation. The cur
for the phenomenological model starts at 42 eV because
initial energy loss value used in Eq.~2! was;8 eV.

IV. CONCLUSION

The results of MD simulations of Cu atoms impacting
Cu~111! or Cu~001! surface at grazing incidence elucida
the occurrence of the trapping-desorption phenomen
which we believe explains the unexpected upturn in
sticking probability with impact angle shown in Fig. 1. A
energies up to 100 eV, an impact atom can become trap
in the mean attractive field above the surface for long tim
(.3 ps) while traveling large distances (.100 Å) over the
surface. While the atom is trapped, it oscillates anharmo
cally perpendicular to the surface and loses energy i
piecewise linear fashion through interactions with the surf
atoms. An examination of all of the trajectories that exhi
,
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trapping suggests that a constant energy loss rate,dE/dt, is a
reasonable approximation. The primitive desorption pro
abilities for both primary and secondary impacts and the
erage energy loss per impact have been calculated by
simulations for impact energies up to 100 eV. A phenome
logical model, using these primitive desorption probabiliti
and energy loss rate, predicts values for the sticking pr
ability, the total distance traveled before adsorption, and
reflected energy distribution that are in very good agreem
with full MD simulations. For impact energies above 25 e
the average fraction of energy dissipated to the surface
tween impact and reflection or adsorption scales appr
mately with the cosine of the angle of incidence. Based
the similarity between the energy loss distributions a
primitive desorption probabilities for Cu~111! and Cu~001!
surfaces, we expect that the overall behavior of the two s
faces is quite similar with respect to the trapping desorpt
process.
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