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Molecular dynamics simulations incorporating the effect of temperature on the crystal lattice reproduce
temperature-dependent changes in the ejection yield observed in experimentally obtained angular distributions
of species ejected from the Au$111% surface. This effect has been only observed on fcc$111% surfaces and is
preferentially active along the@110# direction. The underlying microscopic process responsible for the ob-
served temperature-dependent change in the angular spectra is shown to be related to the number of direct
ejection events occurring along close-packed crystallographic directions. Approximately 90% of the observed
decrease in the yield along the@110# direction, with increased target temperature, results predominately from
surface quenching with some minor contribution from subsurface misalignment of direct ejection sequence
chains. The observations for Au$111% are generalized to predict the temperature dependence of the ejection
yield for atoms ejected from low index metal single crystals.

I. INTRODUCTION

The observation that the angular distributions of particles
ejected from a single crystal target subsequent to energetic
ion bombardment are anisotropic was first noted by Wehner
in the mid 1950’s.1 As a result of this unexpected phenom-
enon a significant amount of research has been focused on
the elucidation of both fundamental and applied aspects of
the events surrounding the interaction of keV ions with solid
surfaces.2 There have been relatively few published investi-
gations, however, detailing the effects of target temperature3

on the resulting angular distributions of the ejected particles.
It is not surprising that there is an absence of information
since experiments involving variation of sample temperature
are often plagued by dynamic surface conditions with respect
to both order and cleanliness in addition to the instrumental
difficulties associated with traversing a wide range of target
temperatures. Furthermore, the lack of experiments detailing
the temperature dependence of the angle resolved ejection
yield can be attributed to the thought that this dependence
was small or even negligible as suggested by the measure-
ments on the angle integrated ejection yield.4 As a result
temperature effects are not incorporated into the most com-
mon analytical theories of sputtering.4–6

Despite the relatively small number of temperature-
dependent investigations, notable experiments have been
performed which suggest that in some cases the angular dis-
tributions, both azimuthal and polar, are sensitive to the tar-
get temperature.7,8 Lauderback and co-workers observed that
the azimuthal angular distributions of Ni1 ions ejected from
the Ni$111% surface with energies of 1063 eV and within the
polar-angle range of 45°67.5° displayed a considerable de-
crease in anisotropy at increased temperatures.8 Szymczak
and Wittmaack recently investigated the effect of tempera-
ture on the polar-angle distributions of particles ejected from
Au$111% subsequent to 10 keV Ne1 ion irradiation.7 The ex-

perimental method used to collect these data consists of col-
lecting all of the Au particles that eject on a glass or graphite
plate and analyzing the intensity with Rutherford back-
scattering spectroscopy. In this study the temperature of the
sample was observed to have a significant effect on the ejec-
tion yield in the@110# direction9 of ejection. As evidenced in
Fig. 1, the peak heights for the@110# spot decreased by ap-
proximately a factor of 3.5 as the target temperature was
raised from 15 to 550 K. It was also noted that the change
with temperature in ejection yield along the@100# direction10

is negligible relative to the@110# direction.
As previously detailed, the emission of particles from

single crystal metals is dictated by the inherent structure in
the near surface region.11–14,16,17This concept has been used
by Lauderbacket al. in their computer simulations to explain
the observed effect of temperature on their experimental
data.8 Specifically, molecular dynamics calculations which
incorporate the thermal vibrations of only the top layer of the
crystal were performed. The temperature effect was proposed
to be the result of a change in channeling and blocking in-
teractions. A different concept has been presented by Szym-
czak and Wittmaack who propose that the decrease in yield
for the @110# spot at higher temperatures could be caused by
a decreased efficiency of long range momentum transfer
along close packed crystallographic directions.7 This deple-
tion was proposed to be related to the misalignment effect of
the increased vibrational amplitude on these sequences at
increased sample temperatures.

A direct comparison of the observations of Lauderback
et al.with those of Szymczak and Wittmaack is complicated
by several factors. For instance, in the Ni experiment atomic
ions were measured while for results in the Au experiment
all Au particles were collected. Furthermore, the Ni data
were collected at a fixed polar angle and as a function of
azimuthal angle while the gold data was presented as a func-
tion of polar angle at two azimuths. Nonetheless we believe
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that a common explanation can be used to understand the
observed phenomenon for both systems.

Both of the above mentioned studies were performed on
$111% surfaces of fcc metals. There have also been both theo-
retical and experimental investigations of energy resolved
angular distributions of atoms ejected from Cu$111% ~Ref.
15! and Rh$111% ~Ref. 13! at room temperature. These stud-
ies show that the intensity of particles ejected along the@110#
direction relative to the@100# direction depends on the en-
ergy of the ejected particle. For particles that have;20–50
eV of kinetic energy, the intensities along the@110# and@100#
directions are nearly identical. For particles with 5–10 eV of
kinetic energy, the intensity along the@110# direction is
greater. Although the temperature of the substrate was not
varied in these studies any explanation of temperature effect
must be consistent with these data.

The purpose of this work is to theoretically explore the

temperature related variations of the angular distributions of
Au atoms ejected from Au$111% by keV ions as well as to
attempt to unify present mechanistic explanations of the tem-
perature effect. To accomplish this goal molecular dynamics
~MD! computer simulations using the molecular dynamics/
Monte Carlo corrected effective medium~MD/MC-CEM! in-
teraction potential have been performed. These calculations
incorporate vibrational displacements in the crystal lattice.26

The atomic motions subsequent to bombardment have been
mechanistically evaluated using a graphical analysis
utility.16,17The results show that a major ejection mechanism
is the direct ejection sequence and detail the mechanistic
avenues by which this ejection event is altered as a function
of sample temperature.

We find that the effect of temperature on the angular dis-
tributions of atoms sputtered from the Au$111% surface is
well reproduced using the MD model. The microscopic pro-
cess responsible for the change in the angular spectra as a
function of target temperature is found to be primarily re-
lated to the number of direct ejection events occurring along
close packed crystallographic directions. Longer direct ejec-
tion sequences exhibit a greater temperature effect. This ob-
servation suggests that subsurface misalignment is an active
mechanism in sputtering. This subsurface misalignment,
however, can account for only a small fraction of the ob-
served decrease in ejection yield. Even sequences of unit
length~i.e., nearest neighbor collisions! are affected by tem-
perature which clearly implicates the registry of the atoms in
the near surface region as the dominant factor in determining
the effects of temperature on the resulting observables. These
observations are generalized and predictions regarding the
effects of temperature on particles ejected from low index
metal single crystals are presented.

II. SIMULATION

The general molecular dynamics scheme has been de-
scribed in detail elsewhere.18–22 Briefly the classical equa-
tions of motion are integrated in time using an interaction
potential that describes the system of interest. The final ve-
locities are used to calculate kinetic energy and angular dis-
tributions. The time evolution of the atomic motions is used
to extract the important collision events.

The model system used approximates the Au$111% surface
with a microcrystallite of 2016 atoms arranged in 9 layers of
224 atoms each. This crystal size is chosen such that the
angular distributions are the same as those obtained for a
selected set of impacts with a larger, more computationally
intensive, crystal. These angular distributions were derived
by integrating a series of calculated trajectories designed to
mimic experimental data. These are an average over many
individual collision cascades initiated by independent projec-
tile impacts on the surface. Because the surface has transla-
tional and rotational symmetry, the array of impact points has
been reduced to a triangular impact zone near the center of
the crystal wherein each individual impact point is randomly
chosen. The projectile is a 3 keV Ne atom. Open boundary
conditions, rather than closed or periodic boundary condi-
tions, are used so that particles are allowed to leave the sides
and bottom of the crystal. This is essential to avoid the un-
realistic confinement of atomic motions near the impact

FIG. 1. ~a! Azimuthal directions. The broken lines represent the
positions of second layer atoms.~b! Energy integrated polar angle
spectra for Ne bombarded Au$111% obtained from experiment~top!
and simulation~bottom!. The calculated spectra include only mono-
mers while the experimental distributions include all ejected par-
ticles of Au. Thew5130° azimuth is shown on the left and the
w5230° azimuth is presented on the right~@100# and@110# denotes
the crystallographic directions of the peaks or spots as defined in
Ref. 7!. The angular spectra are obtained from the larger trajectory
set and normalized to the number of trajectories. The temperatures
are denoted in the legend. The experimental distributions are taken
from Ref. 7.
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point. The trajectories are terminated when the most ener-
getic particle remaining in the solid has insufficient energy to
overcome its attractive interactions. Finally, we verified that
the shape of the angular distributions resulting from 10 keV
Ne bombardment of Au$111% is essentially the same as ob-
tained for 3 keV irradiation. The 3 keV system is chosen for
the mechanistic analysis because a smaller crystal is suffi-
cient to contain the collision cascade, hence the calculations
are significantly less computationally intensive than for the
larger crystal necessary for the 10 keV system.

Low and high temperature systems~0 and 550 K, respec-
tively! were prepared by initially placing all atoms in the
lattice in their bulk equilibrium configurations. This lattice
was then relaxed to a local minimum whereby all particles
have a velocity of zero. This point was assumed to corre-
spond to 0 K. To obtain the high temperature lattice a gen-
eralized Langevin algorithm23 was used to raise and equili-
brate the average kinetic energy of the system to a value
corresponding to 550 K. Two dimensional periodic boundary
conditions were used during the equilibration process.24 The
system remained equilibrated for at least 100 picoseconds,
much longer than the time required to evaluate a single col-
lision cascade, with fluctuations of less than65 K.

To describe the forces between the atoms, we employed
an interaction potential constructed using the MD/MC-CEM
approach.25,26 The interaction energy,DE, of the entire sys-
tem in MD/MC-CEM potentials is written as

DE5( DFJ~Ai ;ni !1
1

2(i (
j
Vc~Ai ,Aj !,

where the set of atoms is$Ai , i51,N%. The jellium density,
ni , is

ni5
1

2 (
jÞ i
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wheren~Ai ;r2Ri! is the atomic electron density distribution
as taken from Hartree-Fock calculations27,28 and represented
in even-tempered Gaussians29 for computational ease.Zi and
Ri are the atomic number and nuclear position of thei th
nuclei. The termDFJ is an empirical embedding function
designated to ensure that the expression describes the prop-
erties of the atom in bulk and diatomic environments.30 The
embedding function is a characteristic of a particular atom
type and is assumed not to depend on the source of the elec-
tron density. Thus, once this function is determined it can be
used for any arbitrary configuration of atoms. The last term
Vc is the Coulombic interaction between atomsAi and Aj
and is calculated from first principles. The MD/MC-CEM
potential has recently been used in MD simulations of the
keV particle bombardment of Ni$001% and Rh$001%.17 The
calculated energy resolved polar angle distributions for these
crystal surfaces compare favorably with the experimentally
obtained distributions. A Molie´re potential was used to de-
scribe Ne-Au interactions.31

In order to establish computational convergence, we per-
formed 1500 trajectories at 0 K and 3300 trajectories at 550
K. For the simulations at 0 K subsets of 110 trajectories were
randomly selected from the larger set and the results were
confirmed to preserve the primary angular features of inter-

est. This selection of a smaller set is necessary because de-
termination of atom ejection mechanisms is performed by
visual inspection and is consequently time intensive.

The sampling procedure used to obtain the spectra of in-
terest at 550 K is more complex. At elevated temperatures
the mean vibrational displacement of the atoms in the lattice
is not negligible, and several configurations of the lattice
must be sampled. In order to insure that our sampling proce-
dure is sufficient we evaluated results using two different
methods. The first involves calculation of 110 trajectories on
crystal lattices corresponding to the different crystal confor-
mations at 22 evenly spaced time increments within a char-
acteristic period of vibrational oscillation~;600 femtosec-
onds! of the central atom of the microcrystallite. A set of 110
trajectories corresponding to 5 random impact points at each
of the 22 time steps is also generated to use in subsequent
mechanistic analysis. Spectra obtained from the 110 trajec-
tory subset preserve all the features of the larger set and the
observables are not significantly affected by either the num-
ber of trajectories or the number of time steps used to sample
at higher temperature. The smaller subset was used for
mechanistic studies whereas the large set was used to obtain
more statistically accurate angular distributions. To insure
proper sampling of this dynamic substrate a second proce-
dure was implemented in which the sampling of various
crystal conformations occurs at 22 points in time chosen ran-
domly. Each point is within a 500 femtosecond interval that
occurs between 0 and 11 picoseconds. As in the first case,
both the large and small set were generated at each of the 22
temporal sampling points. Each of these two sampling pro-
cedures yield very similar results. Based on this similarity,
the mechanistic results presented are determined from the
smaller 110 trajectory subset obtained using the former pro-
cedure.

The essence of the mechanistic evaluation method devel-
oped by Sanderset al.16 is that the motion and energy of
each ejected atom in the 110 trajectory set for each tempera-
ture can be extracted. This method is based on a technique
developed by Harrison,32 which he termed ‘‘lean-on,’’ a col-
loquial expression for a collision. The key point of the
method is, therefore, the definition of a collision. We use a
repulsive Moliére potential to define this event. At each in-
tegration step we check to see if the Molie´re interaction be-
tween a pair of atoms is greater than a threshold energy. In
this case a threshold value of 3 eV was chosen which allows
the lean-on tree to be saved for at least 90% of the ejected
atoms. If this value is obtained, then the event is flagged as a
collision and new atoms are added to the lean-on tree. For
each trajectory in the simulation a lean-on tree is determined.
It is possible to scan through the saved lean-on information
and extract the positions and velocities of the ‘‘trace atoms’’
involved in the momentum transfer sequence which eventu-
ally ejects the atom of interest. By graphically evaluating the
processes of momentum transfer the reoccurring sequences
of events can be mechanistically categorized and, hence the
change in specific angular features as a function of sample
temperature can be understood from the microscopic per-
spective.

The experimental data of Szymczak and Wittmaack were
collected with an angular resolution of approximately 3°.
Our angular spectra are collected with an angular resolution
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of 6°. This value is chosen because it is small enough to not
significantly alter the features of interest, yet large enough to
give a high signal to noise ratio and smooth spectra.

III. RESULTS AND DISCUSSION

Shown in the bottom section of Fig. 1 is the energy inte-
grated polar-angle spectra of ejected atoms obtained from the
MD calculations. The experimental spectra of Szymczak and
Wittmaack7 are displayed in the top frame of Fig. 1. The two
sets of results are qualitatively similar. The simulation repro-
duces the change in yield along the@110# direction and the
@100# direction as a function of temperature. The ratio of the
peak heights for the@110# spot at low and high temperatures
is found to be 2.260.1 using the 6° angular resolution detec-
tor. If we calculate these spectra with the experimental angu-
lar resolution of 3° the ratio of the yields is 3.160.3.33 This
is in excellent agreement with the experimentally obtained
ratio of 3.5 as determined by Szymczak and Wittmaack. It is
also observed that emission along the@100# direction de-
creases with increased temperature although uncertainty in
both the calculated and experimental distributions does not
allow performing a more quantitative analysis. Finally, the
overall angle-integrated ejection yield from our calculation
decreases by only about 20% between 0 and 550 K.

We now focus on the microscopic processes which are
responsible for the observed temperature effects. Shown in
Fig. 2 is a pictorial representation of the events preceding
one ejection process which is used to trace the path of mo-
mentum transfer after ion impact and to categorize the events
which lead to ejection. Each plot has two parts, the first

being the lattice atoms in their initial positions~prior to bom-
bardment! and the second being the positions of the several
trace atoms shown at 5-fs intervals. The radius of the trace
atoms is proportional to their instantaneous total~kinetic
1potential! energy. The fixed crystal atoms are drawn with a
radius which is equivalent to 40 eV of total energy. This
graphical representation depicts the time dependence of the
positions and energy of the trace atoms in a compact form.
Moreover, the motions of the remainder of the atoms are not
shown and thus do not visually detract from the motions of
the particles of interest. The advantage of this graphical rep-
resentation is that the picture is sufficiently simple that vir-
tually all the ejection events can be viewed in order to obtain
a perspective of the important collisions. Note, however, that
the pictures suggest that only a few atoms are moving during
the ejection sequence. It is important to remember that many
atoms do move from their original positions.

The sequence in Fig. 2 is extracted from our calculations.
For this trajectory, the Ne projectile has deposited a portion
of its momentum several layers beneath the surface. This
initially deposited momentum eventually is transferred back
to the surface in a directional collision sequence as shown.
This particular ejection sequence extends over four nearest
neighbor units along a close packed crystallographic direc-
tion and the surface atom ejects into the@110# spot. Processes
such as these are loosely termed focusons in the nomencla-
ture initially set forth by Silsbee.34 It is important to note that
our analysis also includes events of unit length~i.e., nearest-
neighbor collisions! which usually are not categorized in the
Silsbee model. Therefore, we prefer to be more grammati-
cally explicit and denote all sequences propagating along
close-packed crystallographic directions as direct ejection
~DE! sequences. Szymczak and Wittmaack proposed that the
temperature effects observed for Au$111% could be related to
the change in contribution of this channel to the ejection
yield with temperature. Our technique allows us to address
the validity of this proposal via the mechanistic monitoring
of the ejected atoms as a function of temperature.

Displayed in Fig. 3 are the mechanistically resolved an-

FIG. 2. Time lapse representation of a trajectory which leads to
ejection of an atom into the@110# spot. The size of the moving
atoms reflects their instantaneous total~kinetic1potential! energy
and their positions are plotted at 5-fs intervals. The diameter of the
rigid crystal atoms is equivalent to a 40-eV total energy. The view is
from the @01̄0# direction.

FIG. 3. Shown on the left is the energy integrated polar angle
distribution in thew5230° azimuthal direction for all atoms which
ejected as the result of 3 keV Ne atom bombardment. On the right
are the distributions for only the DE sequence ejection channel.
These spectra are calculated from the 110 trajectory set.
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gular distributions for the temperatures of interest. On the
left are the polar-angle spectra along the@110# direction in-
tegrated over all atoms independent of ejection mechanism.
Depicted in the right frame of Fig. 3 are the angular contri-
butions for the set of particles which are ejected via the DE
channel of desorption. At 0 K DE sequences are responsible
for about eight in every ten ejections into the@110# spot and
about one in every two ejections regardless of the polar and
azimuthal angles of ejection. This value is much higher than
for other less densely packed crystal faces. For instance the
$001% surface has been shown to have a contribution of less
than 10% from direct ejection sequences to the overall
yield.17 We find that 90%65% of the temperature related
change in the ejection yield in the@110# spot is the result of
depletion in this channel.

In an effort to quantify the temperature effect, the number
of DE sequences present in the@110# spot as a function of the
length of the sequence have been determined from the simu-
lations at both temperatures and are shown in Fig. 4. Also
shown is the ratio of the number of DE events at 550 to 0 K
versus sequence length. At both temperatures the DE se-
quences of shorter length contribute more to the@110# spot
than do the longer sequences. In addition, the ratio decreases
with increasing temperature. The latter observation agrees
with the temperature dependent scenario proposed by Szym-
czak and Wittmaack in which the observed decrease of the
yield in the @110# spot is related to a subsurface misalign-
ment of long-range replacement sequences. In concurrence
with our proposal, the long sequences are more affected by
temperature than the short ones. On the other hand, as also
displayed in Fig. 4, the shorter events are responsible for the
major contribution to the yield in the@110# spot and account
for the majority of the observed temperature effect. In par-

ticular, the observed temperature dependence of DE se-
quences of unit length is solely attributed to the surface.
These observations clearly reinforce the point of view that
the relative positions of the atoms in the near surface region
dictate the evolution of the ejection event.2,11

Using angle-resolved secondary ion mass spectrometry,
Lauderbacket al. have measured the azimuthal angular dis-
tributions of Ni1 ions ejected from the Ni$111% surface with
energies of 10 eV63 eV and within the polar angle range of
4567.5 as a function of sample temperature.7 A decrease in
the ratio of the maximum peak intensity along thew530° to
w50° directions was observed as the sample temperature
was increased. This effect is also evident in our simulations,
although not as prominently as when the temperature depen-
dence of ejection along thew5230° direction is considered.
This deviation can be associated with the fact that Lauder-
backet al.evaluated a specific subset of ejection energy and
polar angles, whereas our simulations are energy integrated
for all polar angles. In fact, if we limit our analysis to a
specific subset of ejection energy and polar angles we find
the temperature dependence along thew530° azimuth be-
comes increasingly important.

Our calculations indicate that the magnitude of the tem-
perature effect on the angular spectra decreases as the energy
of emitted particles increases. This observation suggests one
reason why previous calculations, which did not incorporate
sample temperature, were better able to reproduce the high
energy part of the experimental angular spectra then the
spectra for particles emitted with low kinetic energies.11–14,21

Another topic of interest is the ability to predict the rela-
tive temperature effect on low index crystal faces. As dis-
cussed previously, we believe that the observed temperature
effect is caused predominantly by vibrationally induced al-
teration of the innate surface registry with some minor con-
tribution of subsurface misalignment of long chain DE se-
quences. This implies that the activity of the observed
temperature-dependent changes in yield should be strongly
dependent on the packing density of a given surface. To ad-
dress these issues we have plotted in Fig. 5 the contribution
of DE sequences to the total yield for simulations at 0 K and
also for our previous simulations on Ni$001% and Rh$001%.17

As with the $111% surface, the most intense feature in the
angular distribution for the$001% surface is a@110# spot. The
relative contribution of the DE channel is larger for the$111%
surface than for the less densely packed$001% crystal face,
especially for sequences of 1 and 2 nearest-neighbor units.
Based on these observations we propose that the temperature
effect on a given single crystal metal surface will be such
that the more densely packed and higher vibrationally active
substrates should demonstrate the largest temperature effect.
Considering these factors we expect that for ion bombarded
fcc metals the order of decreasing temperature effect for
various low index crystal faces will be such that$111%.$100%
.$110%. This proposal is supported by experiments on
Ni$001% in which we observe no change in the polar-angle
spectra as a function of varying target temperature.35 As em-
phasized in this work the observed temperature effect is larg-
est along ejection directions which are close-packed crystal-
lographic directions, namely the@110# directions for fcc
metals, although desorption along the other azimuths is also
affected. An interesting system to address using our predic-

FIG. 4. Shown using the right axis and the solid triangles is the
ratio of the number of particles ejected at 550 K to the number of
particles ejected at 0 K versus the length of the direct ejection~DE!
sequence. Displayed with solid squares and circles, using the left
axis, is the relative contribution of DE sequences of various lengths
to the total emission into the@110# spot. The nearest-neighbor spac-
ing along the@110# direction isa0/& wherea0 is the lattice con-
stant.
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tions of temperature activity is the fcc$331% surface on
which two of the@110# directions~f5230°, 210°! are ini-
tially blocked because of the innate registry of the lattice
while the third close-packed direction~f590°! is not ini-
tially blocked. In this system we would expect the@110# spot
alongf590° to be most affected by temperature.

IV. CONCLUSIONS

The polar-angle spectra for keV ion bombarded Au$111%
have been calculated for different target temperatures using

molecular dynamics simulations. The results are found to be
remarkably similar to those obtained experimentally by
Szymczak and Wittmaack. We have used graphical analysis
software to evaluate the mechanism responsible for the ob-
served effects of temperature on the polar-angle distributions
of Au$111%. Based on this analysis we find that about 90% of
the decrease in the yield of the@110# spot between 0 and 550
K is affiliated with a decrease in the contribution of DE
sequences along close packed crystallographic directions of
the lattice. We find that the observed temperature-dependent
decrease in yield along the@110# ejection direction results
from predominately surface quenching with some minor con-
tribution from subsurface misalignment of direct ejection se-
quence chains. The contribution of DE sequences clearly de-
pends on the crystal face of interest. We predict that the
observed temperature dependence should be most apparent
for densely packed, vibrationally active surfaces. This study
contributes to the relatively small published database on the
effects of temperature on the ejection process and can be
used to predict the effect of temperature on other crystal
faces as well as assisting in the deconvolution of the mas-
sively complex ejection process.
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