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This article focuses on the emission of organometallic clusters upon kiloelectronvolt ion bombardment of
self-assembled monolayers. It is particularly relevant for the elucidation of the physical processes underlying
secondary ion mass spectrometry (SIMS). The experimental system, an overlayer of octanethiols on gold,
was modeled by classical molecular dynamics, using a hydrocarbon potential involving bonding and nonbonding
interactions (AIREBO). To validate the model, the calculated mass and energy distributions of sputtered
atoms and molecules were compared to experimental data. Our key finding concerns the emission mechanism
of large clusters of the form Muy up to MsAus (where M is the thiolate molecule), which were not observed
under sub-kiloelectronvolt projectile bombardment. Statistically, they are predominantly formed in high-
yield events, where many atoms, fragments, and (supra)molecular species are desorbed from the surface.
From the microscopic viewpoint, these high-yield events mostly stem from the confinement of the projectile
and recoil atom energies in a finite microvolume of the sample surface. As a result of the high local energy
density, molecular aggregates desorb from an overheated liquidlike region surrounding the impact point of
the projectile.

1. Introduction substraté? 12 Self-assembled monolayers (SAMs) constitute
) ) ) good models of those systems because their structure and

Static secondary ion mass spectrometry (SIMS) is a surfaceproperties have been characterized by a variety of analytical
analysis technique with a very large spectrum of application techniques over the yeat&One specific effect observed upon
fields, including, for example, geology, materials science, energetic ion bombardment of strongly bound molecules is the
biology, and medecineTo pursue the performance improve- emission of large numbers of organometallic clustergyIij,
ment (smarter projectiles, enhanced sample preparation procewhere M represents the organic molecule and Me the metal
dures) and refine the quality of the data interpretation in organic atom. The explanation of this effect remains elusive, especially
SIMS, a good understanding of molecular desorption is neces-for large clusters with more than-3 constituents.
sary? This, however, is a challenging task, because the Among the experimental studies carried out to explain
mechanisms of polyatomic particle sputtering are complex and sputtering from SAM$4-1° little is said concerning the origin
many-body in nature. For instance, the desorption of fragile of the MMe, cluster ions observed in the SIMS mass spectra.
(bio)molecules following the impact of particles with energies The first hypotheses were proposed by Tarlov et al. in their
exceeding largely those of chemical bonds is, at first sight, a pioneering study of various alkanethiols (g&B8H.),SH) on
surprising and even counter-intuitive observation. Unraveling gold, under Ar kiloelectronvolt bombardmen®. The authors
such, and other, effects is the key to controlling the relevant suggested that a recombination reaction could explain the
parameters of (supra)molecular emission from organic samples.formation of MbAu~ (M = CH3(CH,),S), the largest cluster ion
In practice, analytical models can explain relatively “simple” they observed at that time. A similar aggregation process has
sputtering resultd but they cannot treat the sequence of many- been proposed recently in another ToF-SIMS study to explain
body interactions leading to the emission of complex polyatomic the emission of higher mass getthiolate cluster ion38In our
ensembles. For this purpose, classical molecular dynamics (MD)previous experimental contributions, the kinetic energy distribu-
has now proved to be the method of choice. tions (KEDs) of gold-thiolate cluster ions have shown that

Thin organic overlayers have been widely investigated using COllisional processes are involved in their emissior” More-
MD simulations. Several studies explain desorption from over, the metastable decay ofMiy clusters in the accele_ratl_on _
physisorbed layers including small molecules and polymers on section of the Spectrometer ha_s been demon;tratt_ed, indicating
metalst-® However, only a few reports have been devoted to that other processes besides just recombination influence the

the understanding of particle-induced desorption from chemi- measured mass distributions of clusters. Concerning the specific
leading to cluster formation in the surface region

r ms, where molecul r rongl n heProcesses X '

sorbed systems, where molecules are strongly bound to t ehowever, experimental methods such as SIMS and SNMS may
" provide some pieces of the puzzle but not the complete
FaX,Tg2"1’82%:&’?%23?’&‘;elcgrt‘é‘gj femaﬂf.rgisfe‘" Tel: 3210473582. gyplanation. From the theoretical viewpoint, Liu et al. have
t UniversiteCatholique de Louvain. pepm.tcl.ac.be. reported the results of a detailed MD study involving alkane-
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Figure 1. Equilibrium configuration of the octanethiol/Au sample used to model 8 keV Ar bombardment. Au atoms are represented by large
yellow spheres, S atoms by green spheres, and C and H atoms by blue and smaller white spheres, respectively. (a) Top view of the sample. The
impact area is indicated by a red lozenge, and some values of the chosen azimuthaparglésdicated by white arrows. (b) Side view of the

sample. The projectile is represented §or= 90° by a red arrow.

investigation, the authors suggest the concept of a precursorevents. The gold substrate was a finite microcrystallite contain-
cluster for the formation of larger Muy, aggregates. Their  ing 8736 Au atoms in 12 layers of 728 atoms each. The
simulations show that the precursor originates from the recom- calculations were initialized by placing a total of 192 octane-
bination between a gold atom and an alkanethiolate moleculethiolates, CH(CH,);S, on the 3-fold sites of the Au(111)
in the “selvedge” layer of the surface. The precursor MAu substrate in a3 x +/3)R3(° arrangement. Prior to Ar atom
cluster recombines then with other Au or M to form larger impact, the entire system was relaxed to a minimum energy
aggregates. In the detailed investigation carried out in that work, configuration using periodic boundary conditions. The Ar atoms
only low-mass clusters have been observed. This is mostwere directed along a polar andgle= 45° at different azimuthal
probably due to the low projectile energy, as was also suggestedanglesg (Figure 1). A total of 1200 trajectories have been
by the experiments of Tarlov et #1.A complementary study  calculated. At the end of the trajectories, the ejected clusters
on this topic, involving more energetic projectiles, was judged were identified after evaluating the total internal energy of the
necessary to compare with our experimental data, where largegroups of linked pairs of atoms constituting the ejected species.
clusters have been observed. If this energy was less than zero, then the group of atoms was
The main goal of this study is to elucidate the mechanism of counted as an ejected cluster.
MyxAuy cluster emission from SAMs, for a projectile energy that A set of empirical pairwise and many-body potentials has
is relevant with respect to SIMS {25 keV). For this purpose,  been used to describe the interactions between the different
we use a combination of SIMS analysis and realistic MD atoms in the system. Briefly, the projectile interacted with the
simulations. The novelty of the presented simulations lies in rest of the atoms via a purely repulsive Moéigpotential. The
the projectile energy range (an order of magnitude larger than Au—Au interactions were described by the molecular dynamics/
refs 10-12) and the use of a more realistic potential, including Monte Carlo corrected effective medium (MD/MC-CEM)
long-range forces between the hydrocarbon chains of the potential?d A Morse potential accounted for the-S and S-C
alkanethiols. This second feature appears necessary for a corredhteractions, whereas Lennard-Jones potential functions were
description of clusters involving several molecules. As shown ysed for the SH, Au—C, and Au-H interactions. In the
in the results, a good agreement is achieved between theparticular case of the AuS bond, a modified Morse potential
experimental and calculated mass and energy distributions.was used to better describe the Athiolate clusters. In this
Further processing of our MD results provides us with a potential, the energy parameter of the conventional Morse
microscopic understanding of the emission processes. ForpotentialD, varies as a function of the height of the A8 pair
instance, it is found that My clusters eject predominantly in  above the surfac® Of special interest in this work was the
high-sputtering-yield events, via a late process. Their emission yse of the adaptive intermolecular potential, AIREBO, developed
often starts from the overheated liquidlike region created in the by Stuart et ab4 for hydrocarbons. This potential introduced a
gold crystal as a result of the high energy density deposited by long-range part within the original REBO potenfiahccounting

the collision cascade. for van der Waals interactions between the thiolate chains.
) 2.2. ToF-SIMS Experiments.The studied molecules were
2. Material and Methods octanethiols CH(CH,);SH (>98%, Aldrich). The SAMs were

2.1. MD Simulations. MD computer simulation has been prepared on gold films evaporated onto silicon substrates. The
described extensively elsewhérélhis method consists of  metallization was carried out in an Edwards evaporator. The Si
integrating Hamilton’s equations of motion in order to obtain wafers, cleaned with 2-propanol, were first primedht5 nm
the positions and velocities of all the atoms in the system, as aadhesive layer of titanium (0.1 nm/s-at.0~® mbar); a 100 nm
function of time. From the final positions and velocities of the Au layer was then deposited in the same conditions. The Au/
ejected species, various properties are determined such as theifi/Si surfaces were immediately immerseda 1 mM fresh
mass and kinetic energy distributions. Also, mechanistic infor- solution of alkanethiols diluted in absolute ethanol. After
mation regarding sputtering can be obtained by analyzing immersion during~24 h, the samples were thoroughly rinsed
individual trajectories. in absolute ethanol, dried with a stream of §&s, and directly

For the 8 keV Ar bombardment of SAMs of octanethiol on transferred into the vacuum system for SIMS analysis.
Au(111), we designed a larger adsorbate/Au system than that The experimental setup and the KED measurement procedure
used by Liu et al. in ref 12, to contain most of the collisional have been already described in detail elsewR&téBriefly,
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Figure 2. Comparison between the mass distributions of sputtered species obtained from MD simulations of octanethiol/Au under 8 keV Ar
bombardment (a) and from ToF-SIMS under 15 keV*@Gambardment (b).

the mass spectra and the KEDs were obtained in a PHI-EVANS experiment are explored and interpreted. In the second part of
time-of-flight secondary ion mass microscope/ microprobe using the results, a general view of cluster emission from SAMs is
a (8 kHz) pulsed 15 ke¥Ga'" beam (550 pA DC current, 2 ns  established, through the analysis of the statistics provided by
pulse width after electrodynamic bunchirf§)The primary ion the model. Finally, we present a microscopic study of trajectories
beam was focused (0:2n) and rastered onto a 12n x 120 representative of low and high emission events, respectively.
um area. The secondary ions, acceleratg@ I3 kV potential A discussion of the results and a comparison to previous reports
applied on the sample, were post-accelerated before reachingwhen they are available) are proposed in each section.
the detector (7 kV). The different energy windows were selected 3 1. 5|MS Observations vs Molecular DynamicsThe first
owing to a slit (1.5 eV passband) placed at the crossover step of our study was to identify the getthiolate clusters
following the first electrostatic analyzgr. With this procedure, ejected from the octanethiol assembly in the model and to
about 40 mass spectra were recorded in the mass raf@@00  compare these species to the mass distribution obtained in ToF-
Da during 300 s acquisition time (1:310'ions/cnf/spectrum).  g\vs. In the calculated mass spectrum, there are a large number
During these experiments, a fresh area was bombarded for eachys peaks corresponding to Mu, clusters with variousdy
energy window, to avoid degradation effects. combinations up to MAug (Figure 2a). Among the obtained
aggregates, almost all the &y, ; are observed experimentally
as negative ions, including Mu~, MAu,~, M3Au,~, MoAus,

The results are divided in three sections. First, the similarities MsAus~, and even MAus~ with a very low intensity (Figure
and differences between the MD simulations and the ToF-SIMS 2b). Clusters with othex/y combinations are observed only in

3. Results and Discussion
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the MD spectra. The simulations also predict intense peaks — VD
corresponding to thiolate clustersyMhat are not observed 1.0 a) -
experimentally. >
As shown in Figure 2, there are differences between the MD 'z 081
results and the experiment. Some of these might be due to the 2
potentials used in the simulation. In particular, the -8 = 091
interaction is described by a pair potential with a well depth X -
varying with the height above the sample surface. By design, it g 0.4
is not expected to account for the energetics of large clusters 2
as precisely as that of the4Au pairl2 Other differences should 029
also arise from ionization processes required for SIMS analysis. L+
As mentioned in the Experimental Section, ionization and charge 0.0 M S S S S S
50 5 10 15 20 25 30 35 40 45 50

exchange processes are absent from the model because of its
classical nature. Despite these expected differences, one remark-
able similarity is the extent of the mass distribution that is

Apparent kinetic energy (eV)

comparable in the model and the experiment. The large clusters 104 b) —— MD
appearing in the mass distribution of Figure 2 have not been M~ + SIMY
reported in the simulations of Liu et &.This effect can be 2 (gl
explained by the much lower projectile energy used in their § ’
study (700 eV). In this respect, it is noteworthy that high-mass kS
clusters have been observed by Tarlov ét al.the mass spectra 3 061
of octanethiols/Au for 7 keV Xebombardment but not for 500 % KE= 15 6V
eV Xe" bombardment. The authors suggested that the ejection g 04 arE=Ttoe
of bigger aggregates was the consequence of the larger amount Z
of energy transferred to the metal, which is confirmed and 0.2 +
explained in detail by the MD simulations (see section 3.3). -+t .
The kinetic energy distributions provide more specific 0'0_5 0 3 10 15 20 25
information about the emission mechanisms. In Figure 3, the Apparent kinetic energy (eV)

calculated energy distributions of Au, M, andbMu are plotted
along with those measured experimentally. To compare with
the experimental data, the calculated energy spectra have been 1.0+ C)
convoluted with an energy passband of 1.5 eV, similar to the
experimental value. In general, the results show that the energy
spectra predicted by the MD reasonably match the shape and
the peak position of the experimental curves. In the case of
M-Au, a divergence from the experimental spectrum is observed
for energies exceeding 4 eV (Figure 3c). This difference could
be due either to the ionization mechanism or to the delayed
dissociation of large aggregates. Delayed unimolecular processes
are not described in the model because they would require very
long calculation times and, possibly, more accurate potentials. A : . - ——
ToF-SIMS measurements, however, demonstrate that uni- -5 0 5 10 15 20 25
molecular dissociation of excited getdhiolate clusters takes Apparent kinetic energy (eV)
place during their flight to the detectd¥22 To explore this Figure 3. Kinetic energy distributions of (a) Au atoms, (b) thiolate
possibility within the model, one can check the stability of the molecules, and (c) Mu clusters ejected from octanethiol/Au: crosses,
ejected partic|es using their internal energy. In princip|e, the ToF-SIMS experiments;_ |ineS., MD simulations; dashed lines, effect of
internal energy of an ejected species should be compared to :‘%he aKE_threshoId for dissociation on the calculated KEDs (see text

. . . L or details).
sensible energy threshold for unimolecular dissociatitfnit
is larger than the threshold, then the polyatomic species is (Figure 3c). A threshold value of 18 eV of energy in the center-
expected to dissociate, if not, to survive. In this study, cluster of-mass system is found to give a satisfactory agreement
stability has been estimated by using the kinetic energy of the between MD and SIMS distributions. For an equivalent value
atoms calculated in the center-of-mass system (total KE (aKE = 15 eV), the distribution of the octanethiolate, M, is
translational KE). Indeed, it has been observed that, for almost unchanged at low energy and is better fitted at high
sufficiently large molecules, the kinetic energy of atoms relative energy, above 8 eV (Figure 3b). Therefore, unimolecular
to the center-of-mass of the cluster at the end of the sputteringdissociation processes might well be the cause of the divergence
event GKE in Figure 3c) was directly correlated to the total between the calculated and experimental energy distributions
internal energy. This simplified procedure bypasses the dif- of Figure 3c. It should be noticed, however, that the threshold
ficulty of determining the equilibrium energy of the relaxed values providing the best fit are rather large considering the
alkanethiol clusters, which becomes a complex procedure with number of atoms in the cluster and the energy of the weakest
increasing cluster size, because of the different possible clusterbond.
conformations that give rise to local minima in the potential  The general agreement observed between the calculated and
energy function. Using decreasing threshold values for the experimental KEDs, also observed for other systems in previous
relative kinetic energy of the clusters, one observes that the high-MD studies}>2%gives us the necessary confidence to interpret
energy tail of the KEDs becomes more and more depleted the details of the molecular dynamics. The straightforward
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aKE=23eV
0.4
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Other questions that have been raised in previous reports
500<#<1000 concern the proximity between the constituents of a cluster prior
to emissiont? To address these questions, first, clusters contain-

total number of ejected atoms . . K
ing two Au atoms (MAuy have been investigated. The Au

Figure 4. Statistics of the ejection events. (a) Histogram giving the . . . -
number of trajectories as a function of the total number of atoms ejected atoms belonging to these clusters are often direct neighbors prior

in fragments and clusters. The tabulated values represent the fractiond® Ar bombardment. More specifically, 57% (see Figure 5a)
of the impacts leading to MAy M,Au, M,Aus, and MAu, clusters. and 62% (not shown heref the MAW, and MAu, (MsAU)
(b) Fractions of clusters sputtered per category of ejection event. clusters, respectively, involve a pair of Au atoms that were at
2.8 A from each other, that is, the shortest distance between
observation of the MAuy cluster energy distributions, extending two atoms in the relaxed gold crystal. For the samgAdA
up to several electronvolts, already suggests that molecule ancclusters, more than 85% of the Au atom pairs originate from
cluster emission have a collisional origin. In the next sections, the top gold layer (see Figure 5b for MAuSo, in most cases,
the MD results are analyzed in order to extract detailed the formation of these clusters does not involve a significant
information concerning the major scenarios ofAd, cluster relative displacement of the substrate atoms in the crystal prior
sputtering. to their association. Even when there is clearly recombination
3.2. Analysis of the MD Statistics.The goal of this analysis  in the surface region of Au atoms that were not direct neighbors
is to determine which type of trajectory gives rise to cluster (about 40% of the population, Figure 5a), the two atoms
emission. For this purpose, three categories of events have beegenerally come from the top layer of the crystal. Second, the
defined, as a function of the total number of atoms that are Au atoms involved in the ejected MAu clusters dwt
ejected in each trajectory, either as single particles or as a partpredominantly belong to the adsorption site of the corresponding
of fragments and clusters. The three domains correspond tothiolate. Only 12% of them originate from a distance of about
impacts emitting less than 500 atoms (1), between 500 and 10002.8 A whereas 26% and 42% were second and third neighbors,
atoms (1), and more than 1000 atoms (l11), respectively. These respectively, prior to Ar bombardment (Figure 6a). This might
domains are shown in a histogram giving the number of be explained by the fact that At8 bonds are often cleaved
trajectories vs the total number of ejected atoms (Figure 4a). due to the multiple atomic motions in the subsurface region.
There is a continuum of events going from low- to giant- The thiolate attaches afterward to a Au atom ejected near its
emission yields (more than 1500 atoms). The fractions of adsorption site. This atom originates predominantly from the
impacts leading to MAy M2Au, M,Aus, and MsAu, clusters top layer (Figure 6b). Finally, the original proximity of the
help to have a more detailed view regarding the origin of some thiolates found in the ejected Juy, aggregates has been
of the observed aggregates. These values are calculated withnvestigated. It is found that 99% (Figure 7), 96%, and 94% of
respect to the total number of trajectories in each domain. For the MpAu, M2Au,, and MAus clusters, respectively, are formed
instance, among the 464 impacts leading to less than 500 atomdy thiolates that were direct neighbors prior to impact.
in total, 9% of them give rise to bAu clusters, while these Despite the difference of the projectile energies (and the
same clusters come from 24% among the 413 impact and 32%different molecular sizes), these results are similar to those
among the 316 impacts of domains Il and Ill, respectively. In obtained in ref 12 for the 700 eV bombardment of a pentanethiol
general, these fractions are proportional to the total number of monolayer (CH(CH,)4S). Therefore, the projectile energy does
ejected atoms. In complement, the bar graph of Figure 4b not significantly influence the clustering of small gelithiolate
displays the fraction of the total number of these clusters aggregates. This observation suggests that the emission process
sputtered for each domain. It shows that the vast majority of is not directly governed by the total energy deposited in the
the considered clusters-f0%) come from high-yield trajec-  target but, rather, by the fraction of the projectile energy that is
tories, involving more than 500 ejected atoms. About half of locally deposited in the topmost layers. It is shown in the next
them are sputtered in the 26% of trajectories ejecting more thansection that the way the energy dissipates in the sample is mainly
1000 atoms. The graph also indicates that all the considereddictated by the properties of the collision cascade. In addition,
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M Au Figure 8. Temporal evolution of two trajectories leading to a low-
2 yield (trajectory L (a and b)) and a high-yield event (trajectory H (c
and d)) under 8 keV Ar bombardment of octanethiol/Au.

events (trajectory H, parts ¢ and d of Figure 8). In trajectory L,
the sputtered atoms are distributed in only two sputtered
species: one Au atom (not shown) and one thiolate molecule
M. The sample is left almost undamaged at the end of the
trajectory. The second impact leads to the ejection of a high
number of secondary species. A first batch of sputtered atoms
and fragments, present at 1.75 ps after Ar bombardment,
0 . . . : : includes CH, C;Ha, and GH;s (Figure 8c). Later on, dt= 7
0 2 4 @& 8 40 12 ps, various molecular aggregates are observed above the surface,
S-S distance (A) for example, M-S, GioHgsSs, MAU, M2Au, and MAU; clusters
Figure 7. Total number of ejected Mu clusters as a function of the ~ (Figure 8d).
S—S distance prior to Ar bombardment. Trajectory H has been chosen to obtain mechanistic informa-
tion regarding the emission of the observedAM, clusters in
our observations do not support a picture of the ejection processsuch a high-yield event. Parts a and b of Figure 9 display two
in which the “building blocks” of the clusters would be emitted snapshots of a cross-section through the sample to better
from different regions of the sample and then recombine in the illustrate the action in the substrate. At the early stage of the
vacuum or a scenario where there would be a lot of atomic trajectory (250 fs), a few (i, fragments are already ejected
mixing in the gold crystaprior to cluster formation. Instead, and the motion in the Au crystal pushes substrate atoms into
ejection from a confined region (about 10 A of radius), involving  the organic medium (Figure 9a). One of the Au recoils attaches
metal atoms from the gotdthiol interfacial layer, seems to athiolate molecule, forming a MAu cluster (yellow rectangle).
privileged under the considered bombardment conditions. After 2.5 ps (Figure 9b), the MAu cluster is far from the surface
This study helped us to isolate the major categories of and another cluster, Muy, is desorbing from the energized
sputtering events and to delineate some predominant featuregegion. This cluster eventually separates from the surface around
of the cluster formation process for medium-sized species. For4 ps (see the inset). What the cross-sections of parts a and b of
larger aggregates, the sputtering yields are too low to proceedFigure 9 make particularly clear is the high action induced in
to a statistically relevant analysis. On the other hand, important the Au substrate after the penetration of the projectile. Around
features of the emission process are not explained by this typethe entry point of the Ar atom in the crystal, many substrate
of analysis. Among the 1200 calculated impacts, many specific atoms are simultaneously set in motion, creating a disordered
scenarios have been observed, depending on the geometricalegion in the sample. This excited volume is responsible for
configuration of the primary particle impact. To illustrate some the emission of the observed clusters.
specifics of cluster emission and to gain insights into the  To understand how the primary particle energy is transferred
formation mechanisms of large aggregates, not observed into the sample in the first stage of the interaction, a plot
previous MD studied? 12 the last part of the results focuses illustrating the atomic motion in the crystal over the first 200
on the mechanistic description of selected trajectories. fs is displayed in Figure 9c. This collision tree shows the
3.3. Microscopic View of the Emission Mechanismsin successive positions of the moving substrate atoms as a function
Figure 8, snapshots of the MD simulations illustrate the action of time, that is, the spatial fingerprint of the atomic collision
occurring in two trajectories corresponding, respectively, to low- cascadé® For the sake of clarity, the plot only shows recoil
yield (trajectory L, parts a and b of Figure 8) and high-yield atoms with more than 10 eV of kinetic energy. In addition, the

50
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projectile
KE=25 eV
KE=<25eV |

Figure 9. Mechanistic analysis of cluster sputtering. (a and b) Movie snapshots through a cross setfiof)(in the sample illustrating the

action occurring at (a) 250 fs and (b) 2.5 ps. (c) Collision tree showing the successive positions of the moving atoms over the first 200 fs after
impact. The projectile is represented by red spheres. The moving recoil atoms with2&eV and KE< 25 eV are represented by black and

green dots, respectively. (d) Initial positions (prior to Ar bombardment) of the observed M#Ay,Mnd MAu, cluster constituents. The top Au

layer is represented by gray circles and S atoms by blue triangles.

Ar projectile and the recoil atoms having more or less than 25 mary, the comparison between trajectories L and H reveals two
eV are differentiated by the color code. Figure 9¢ shows that kinds of sputtering events. In the low-action event (L), molecules
the projectile goes right through the entire sample, without being and/or very small clusters are pushed upward by isolated cascade
strongly deviated from its path by the successive collisions. It atoms. In the high-action case (H), atoms and small fragments
exits out of the bottom of the crystal with 4.6 keV of energy, are emitted first, within the few hundreds of femtoseconds after
that is, almost half of the primary particle energy is lost mainly the primary particle impact. Then, larger fragments and clusters
in the gold crystal and to a lesser extent in the organic layer. desorb from a region where many substrate and thiol atoms are
This amount of deposited energy induces multiple high-energy set in motion. Considering the involved energies, largely
collisions between the recoils in the middle part of the crystal. hyperthermal, the mechanism evokes more an explosion fol-
As a result of the subcascade overlapping, a high-action regionlowed by an adiabatic expansion than evaporation or sublimation
is created, where many Au atoms are simultaneously set inprocesses. The energetic part of the collision tree (Figure 9c)
motion. This simultaneous action is responsible for the disor- shows that the observed action is the consequence of a dense
dered region in the topmost layers of the gold crystal. It creates network of subcascades created in the surface refjion.

a superheated volume from the surface of which clusters are The large MAuy clusters observed under 8 keV Ar bombard-
ejected, as illustrated in Figure 8d and Figure 9b. The analysis ment (as opposed to 700 eV bombardr@matrise from dramatic

of the ejection of MAu, MAu, and MAu; clusters shows that  events that can be seen as extreme cases of the type of high-
the associated Au atoms originate from an area that is close toyield event unfolding in trajectory H. Such “mega-eveffs”

the desorbed thiolates (Figure 9d), although they do not belongdo not occur below a certain threshold of projectile energy,
to the corresponding sulfur adsorption site. This is representativewhich itself depends on the nature of the sample and the
of the dominant scenario, as shown by the statistics of Figure projectile. They were not observed for polystyrene adsorbates
6. In fact, the recombination between the gold atoms and the on silver under 500 eV Ar bombardment and for alkanethiol
thiolate molecules happen during their ejection, when they are overlayers on gold bombarded by 700 eV Ar atdisor

still in the organic layer. In trajectory H, all the substrate atoms polystyrene adsorbed on silver, the energy threshold was found
involved in aggregates originate from the first Au layer, another to be between 1.5 and 5 ke¥ Figure 10a displays the action
major characteristic of medium-sized cluster ejection. In sum- occurring in a mega-event induced in the gold crystal by an 8
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Figure 10. Dynamics of a mega-event. (a) Movie snapshot illustrating the high-action unfolding at 6 ps for a trajectory where largf@ajatd
clusters are emitted. (b) Collision tree showing the successive positions of the moving atoms over the first 200 fs after impact. The projectile is
represented by red spheres. The moving recoil atoms wittbKE eV and KE< 25 eV are represented by black and green dots, respectively.

keV Ar projectile. After 4 ps, an important fraction of the sample ~ The statistical study of the MD results reveals thatAM,
surface is affected by the simultaneous motion of hundreds of clusters are predominantly produced in high-yield events. A
substrate atoms. A protrusion of gold atoms on the right side large percentage of Mu, aggregates consist of gold atoms
of Figure 10a demonstrates the collective nature of the actionthat were neighbors prior to Ar bombardment and originated
and its scale. It appears that the largest aggregates detach froffom the top gold layer. Also, a large majority of Juy

the surface as a whole, entrained by the movement of gold aggregates are formed by thiolate neighbors. The dynamics and
atoms. The collision tree of the trajectory shows that collision the collision trees of high-yield trajectories suggest thafi

events essentially occur in the metal (Figure 10b). The cascadeclusters are ejected long after the development of the collision
is significantly more developed than that of Figure 9¢ and the cascade, as a result of the simultaneous motion of many substrate

g atoms in the sample. The clusters emerge from an overheated
liquidlike region, which results from the large amount of primary
energy dissipated in the metal surface. The emission of the
largest clusters, not observed in studies involving sub-kiloelec-
tronvolt projectile energies, is caused by mega-events where
hundreds of substrate atoms are collectively set in motion.

projectile stops in the gold crystal, that is, all of its energy (
keV) is transferred to the target atoms. This quantity of energy
corresponds to about 1 eV per gold atom of the target, that is,
in terms of temperature, much more than what is needed to melt
a real crystal. In practice, there are a large number of recoil
atoms in a confined space (about 25 A in diameter). They cause
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