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In order to describe electronic sputtering of large organic molecules from a solid as a result of the
passage of a fast heavy ion, a molecular-dynamics calculation was carried out. A modified
Lennard-Jones potential is used to describe the intermolecular interaction. When the ion passes
through the organic solid, the excited molecules near the ion track are assumed to expand due to
the energy deposited so that the forces between them become repulsive. Both excited and unexcited
molecules are ejected due to the compression wave emitted from the track. Sputtering yields as well

as angular and velocity distributions of ejected molecules were studied as functions of energy input,
angle of incidence, and material cohesive energy. The results are consistent with a number of exper-
imental observations and our analytical model.

INTRODUCTION

In 1974, Macfarlane and co-workers' showed that
small thermally labile organic molecules could be ejected
into the gas phase by irradiating a solid sample with
fission fragments. Today, large organic molecules (up to
45 000 u) can be transferred to the gas phase by irradia-
tion with fast heavy ions (- I MeV/u). This ejection of
the molecules is called electronic sputtering because fast
ions lose their energy primarily in collisions with target
electrons, and in insulators these electronic excitations
remain localized long enough for conversion into atomic
motion which can lead to ejection. Whereas the desorp-
tion of atoms and atomic ions or the sputtering of small
molecules from low-temperature condensed gas solids
can occur in response to individual excitations, the ejec-
tion of large species requires a number of closely spaced
excitation events. ' Fast heavy ions are ideal in this re-
gard as they produce a cylindrical region of high-
excitation density (a track). Several mechanisms have
been described to explain how the electronic energy is
transferred into atomic motion in this region: Coulomb
repulsion between ionized atoms, repulsive decay of ex-
cited and ionized molecules, and molecular expansion
due to vibrational excitation produced by the secondary
electrons and during electronic recombination. These
processes all lead to a local expansion of the solid. In
addition, a number of models have been proposed in or-
der to describe the ejection in response to this excited
track. These can be divided into two classes those in
which the probability of ejection is determined by the en-
ergy density at the surface" ' (activated surface or
"thermal" spike models) and those in which a volume of
material is ejected in response to the momentum of ex-
pansion at the surface. ' ' Whereas the former ejection
process has been sho~n to describe the electronic sputter-
ing of low-temperature condensed-gas solids, it is becom-
ing clear now that the latter process is more consistent

with aspects of electronic sputtering of large organic mol-
ecules. Here we present molecular-dynamics calculations
for the ejection of large molecules in which the result of
the excitation by the incident ion is the production of ex-
panded molecules.

Models for the ejection of large molecules have typical-
ly been compared to secondary ion yields as a function of
the stopping power, velocity, charge state, or angle of in-
cidence. ' ' These comparisons have been hampered by
uncertainties in the ion versus neutral production proba-
bilities. However, recent data on total yields'of neutral
whole molecules' ' and on axial ' and radial velocity
distributions of the whole ions ejected allow us to make
critical tests on the aspects of the ejection process. ' ' '

These data are compared here to results from a
molecular-dynamics description of the behavior of the
molecules in the excited track.

The molecular-dynamics (MD) technique is suitable for
calculating properties of systems consisting of a large
number of classical particles. Newton's law of motion for
the system is approximated using a diff'erence equation
which gives the motion of each particle as a function of
time. MD was introduced in 1957 by Alder and Wain-
wright. Since then, MD has been applied to many
different problems where analytical solutions are not pos-
sible and simple models are not very helpful, e.g. , time-
dependent properties of liquids, protein structure, ra-
diation damage, nuclear sputtering, and laser-induced
ablation of organic solids. The MD technique is used
here to investigate the sputtering of large organic rnole-
cules under the assumption that the incident ion pro-
duces a track of expanded molecules. Preliminary results
from this calculation were presented earlier' and in-
spired the development of a related analytical approxima-
tion for the ejection process' which is tested here.

THE MODEL

In the calculations presented here we do not investi-
gate the cause of the expansion of the molecules in the
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d = lx, —x, l 2r, . — (2)

The distance (do) between the cores that gives the
minimum potential energy for two neighbors is

do=r;+r 2r, =2(ro ——r, )+dr;+br (3)

where r, ,r are the radii, Ar, , hr, are the radial expan-
sions of the two molecules, and rQ is the molecular radius
calculated from the density. The core radius (r, ) was
chosen to give a Young's modulus of -10' N/m . This
gave 2.6X10 and 2. 1 X 10 m/s for the longitudinal and
transverse elastic wave velocities, respectively, for the
sample used in the simulations. These velocities were
measured by introducing a small perturbation at one end
of the lattice and simulating its propagation, When an
excited molecule expands, the radius of the molecule (r) is
altered from rQ to rQ+hr. The potential wi11 become
repulsive as shown in Fig. 2 and the change in potential
energy introduced is given by substituting Eq. (3) into Eq.
(1). Such repulsive forces between neighbors in the track
region will result in a net expansion of the solid. If very
few molecules are excited or the level of excitation is low,
ejection will not occur. However, exciting a sufBcient
number of molecules will guarantee ejection' ' ' These
s'imulations have some similarities with those of Garrison
and Srinivasan who performed a calculation of ablation
due to laser excitation of an organic solid. In their work,
expanded molecules also interacted through a repulsive
force. However, they did not have any residual attractive

track. Rather, we assume that in response to the excita-
tions the molecules in a cylindrical region around the
track expand radially of the order of 10% (Ref. 9) due to
one or more of the effects discussed above. In order to
describe in a simple but quantitative way the result of this
expansion molecules were assumed to be spherical and
the forces between them were described by a Lennard-
Jones potential:

V(d)=EI, [(do/d )' —2(do/d )6],

where EI, is a binding energy. The parameters EI, and dQ

were chosen to give the solid sample a reasonable
cohesive energy and density. In addition, to obtain a
reasonable value for the velocity of sound in the medium
a hard core (r, ) was introduced (Fig. 1). Therefore, d in
the expression for the potential was chosen to be the
closest distance between these hard cores:

1.0
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D&stance (nm)

2.4 2.5

FIG. 2. The potential between two nonexpanded molecules
(solid line) and the potential between two expanded molecules
(dashed line).

THE SIMULATIONS

The Verlet algorithm was used to calculate the trajec-
tories of the molecules

force and, therefore, all excited molecules were driven off.
In our calculations the effect of the expansion was limited
by the cohesive forces of the material which is a more
realistic picture. Recently Cui and Johnson calculated
sputtering yields in response to a track of vibrationally
excited, light diatomic molecules and Lee and Lucchese
did a similar calculation for a linear array of excited mol-
ecules. The vibrational excitation results in a net expan-
sion and both studies showed that the internal energy is
rapidly converted into center of mass motion as originally
proposed in the Williams and Sundqvist model. There-
fore, we ignore the internal structure here, allowing us to
make more extensive calculations and comparisons with
the available data and then testing important parameters
in the ejection process.

In this paper, we investigate sputtering caused by fast
ions in charge-state equilibrium having a penetration dis-
tance much longer than the sample thickness. This
makes the energy deposition constant along the ion track.
The case of sputtering by slow ions losing their energy
mainly in collision cascades could be treated similarly al-
though the geometry of the energy deposition along the
ion trajectory can difFer.

&+I p & n —I+ F&ht
I I (4)

, 40
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FIG. 1. (a) Two moleeules at the potential energy minimum
are shown prior to expansion. (b) Two molecules are shown
after the expansion.

where x,". is the position of molecule i at time nest and F,"
is the force on that molecule. A cylindrical sample with
1953 molecules in seven layers, each molecule having a
mass of 10 u and a radius of 11 A, was used for the simu-
lations. The sample was adsorbed to an infinitely heavy
plane substrate. The molecule-substrate potential was as-
sumed to be the same as the intermolecular potential. In
order to avoid focusing of impulses along lattice direc-
tions an unordered sample was used. This was created by
building up circles of molecules with their center of mass
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FIG. 3. The sample 0, 30, and 60 ps after the expansion of the molecules in the ion track. Expanded and nonexpanded molecules
are shown as solid and open circles, respectively.

at R =2nro, n =0, . . . , N (R is the distance from the
cylinder axis). In each of these circles, the molecules
were placed in close-packed positions. The azimuthal an-
gle, around the cylinder axis, for the first molecule in
each circle was chosen randomly. The total number of
molecules in the sample is given by

N

k 1+
arcsin( I /2n )

where k is the number of layers, N the number of circles,
and [x] is defined as the largest integer less or equal to x.
These molecules were not at the potential energy
minimum and, therefore, prior to the simulation of the
fast heavy-ion impact, the system was cooled to room
temperature by taking away 0.01% of the resulting kinet-
ic energy in each time step and then let it reach thermal
equilibrium. The thickness of the sample did not change
significantly during the cooling procedure. The sum of
the binding energy of a molecule to the other molecules
in this unordered sample is a broad distribution. The
cohesive energy is taken to be the centroid of this distri-
bution. At time zero, the molecules in a cylinder around
the ion track were expanded and the propagation of the
motion was simulated using a time step of 10 ' s (Fig.
3). This time step gave fluctuations in the total energy of
less than 1% of the expansion energy. Shorter time steps
gave better energy conservation, however, the trajectories
did not change significantly. The expansion was chosen
to be homogeneous inside a chosen cylindrical region and

zero outside. For molecules partly inside the cylinder,
the expansion was averaged over the volume. Cohesive
energy, expansion, angle of incidence, and sample thick-
ness were varied and the effects on erosion yield and on
angular and velocity distributions of ejected molecules
were studied. The statistics are sometimes poor since
even for the simple nature of the excitation described the
simulation of the effect of one incident ion for 2 X 10 ' s
took about 48 h on a VAX station 2000. The finite size of
the sample introduces artificial boundaries which could
also affect the results. In this study, free boundaries have
been used on all sides for the substrate which was
reflecting. The effect of the finite radial size of the sample
was tested by changing the diameter of the sample using
3962 molecules. The difference in yield between the two
samples was within the variations due to sample inhomo-
geneity.

RESULTS

%'hen the compression wave from the expanding track
reaches the surface, molecules are ejected. The molecules
remaining in the solid eventually find new equilibrium po-
sitions and, typically, a crater is formed at the point of
impact. This crater has a volume somewhat greater than
the total volume of the ejected molecules due to pile up at
the edges. In addition, for normal incidence the radial
extent and depth are roughly equal (Fig. 4). This is the
result found in our analytical model' but very different
from that predicted by spike models, and therefore the
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FIG. 4. Two examples of a cross section of the sample in the plane of incidence at 2. 10' s after expansion for (a) 45 and (b) 0 an-

gle of incidence. This shows the craters created in the sputtering process.
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crater shape is indicative of the impulsive nature of the
ejection process. In the following we discuss the behavior
of the ejected molecules. The interpretation of the results
is based on the following assumption: the nonexpanded
molecules correspond to intact molecules in real experi-
ments and the expanded molecules correspond to mole-
cules which are likely to fragment.

Sputtering yield

The yield (F) of the ejected nonexpanded molecules
was studied as a function of the energy deposition per
unit path length [(dE/dx), s], i.e., the diff'erence in po-
tential energy before and immediately after expansion di-
vided by the ion path length. Figures 5(a) and 5(b) show
the yield at 0' and 45' angle of incidence, respectively.
The track radius was 19 A and the sample thickness 144
A. %ithin the uncertainties due to sample inhomogenei-
ty, Y varies as the third power of the energy deposition
for normal incidence. The solid line in Fig. 5(a) is a
least-squares fit to the data resulting in a power of
2.8+0.2. For 45' angle of incidence, the yield varies
roughly as the energy deposition to the third power in the
lower part of the energy deposition region studied. As-
suming (dE/dx ),s to be proportional to the energy de-
~o~ited per unit path length of the incident ion, i.e., the
stopping power (dE/dx), this dependence is consistent
with measurements of whole molecule ejection yields
and with our preliminary calculations. ' Including the
ejected expanded molecules the dependence stays cubic
for high-excitation densities which is consistent with the
dependence found at high-excitation density for a track
of vibrationally excited light diatoms and with our
analytical model. '

At the higher values of (dE/dx), s; the yield in Fig.
5(b) is seen to increase slower than [(dE/dx), &] for 45

angle of incidence. This is due to the limited thickness of
the sample and represents the case of a thin layer being
desorbed by a heavy ion. Normal incidence should give a
similar change in dependence at higher-excitation densi-
ties. However, this was not studied because of the limited
radial size of the sample. Two different sample
thicknesses were investigated for low-excitation densities
in the track. Although the yield decreased in magnitude
for the smaller thickness, it varied as the third power of
the energy deposition per unit path length for both thick-
ness. The dependence of the yield on the cohesive energy
[Fig. 5(b)] was also investigated. The yield was found to
be independent of the cohesive energy ( U) when plotted
as a function of (dE/dx), s/U also consistent with the
analytical model. ' Finally, the yield increases with angle
of incidence faster than that found for a cylindrical
thermal spike process. '

To determine whether or not a molecules was
desorbed, its distance from the sample surface was used
as a criterion. Varying the critical distance does not
affect the scaling with excitation energy. However, the
absolute yield changes as indicated by the error bars in

Figs. 5(a) and 5(b), when varying the critical distance to
the surface from d to d +3rD, where d is the sample
thickness and ro is the molecular radius. The total simu-
lation time was made large enough (2X10 ' s) and the
yield does not change significantly for longer times. The
first molecules leave the sample in —10 " s; at —10
s, the yield saturates.

Angular and velocity distributions

In Figs. 6 and 7, the angular and the radial and axial
velocity distributions of ejected molecules are shown for
45' and 0' angle of incidence, respectively. The
definitions of radial and axial velocity are given in the
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FIG. 5. Sputtering yield of nonexpanded molecules as a function of the effective stopping power (dE/dx), ff divided by the
0

cohesive energy (U) for (a) normal incidence —a sample thickness (d) of 144 A and U=4.4 eV; and (b) 45' angle of incidence—
0d= 144 A and U=4. 4 and 8.S eV. The lines drawn are determined by least-squares fit to the data at normal incidence and corre-

spond to a power of 2.8+0.2.
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FIG. 6. Histogram of the intensity of nonexpanded molecules (solid lines) and expanded molecules (dashed lines) vs (a) ejection an-

gle, (b) radial velocity, and (c) axial velocity for 45 angle of incidence.

figures. The plotted distributions are the components, in
the plane of incidence, of the ejection angle and the radial
velocity for molecules with velocity vectors less than 20'
out of the plane of incidence to be comparable with ex-
periments. The results presented here for the ejection an-
gles are nearly independent of the excitation density in
the region where the yield varies as the cube of the exci-
tation density.

For normal incidence the nonexpanded molecules are
ejected in a symmetric ring around the point of impact
with minimum intensity for normal ejection. As the an-
gle of incidence is increased the ring becomes asym-
metric. For 45' angle of incidence the distribution of the
component, in the plane of incidence, of the ejection an-
gle of the nonexpanded molecules is found to peak at——20' and for normal incidence at -40' [Figs. 6(a) and
7(a), respectively]. These results are qualitatively con-
sistent with recent experimental observations for molecu-
lar ions of bovine insulin desorbed by heavy-ion bombard-
ment. That experiment gave larger ejection angles

(-—50' and —+45' for 45' and 0' angle of incidence, re-
spectively) but since the experimental results are for ions,
measurements on angular distributions of neutral mole-
cules are needed for a direct comparison. For normal in-
cidence, our analytical approximation' and the shock
wave model' gives an ejection angle of +45' for surface
species ejected and an ejection angle of ——23' for 45'
angle of incidence which is remarkably consistent with
the calculations presented here and also independent of
(dE /dx).

The radial velocity distributions [Figs. 6(b) and 7(b)]
show the same characteristics as the angular distribu-
tions. The axial velocity distributions [Figs. 6(c) and 7(c)]
show only a weak dependence on the angle of incidence.
For 45', the distribution peaks at slightly higher energy.
The velocity distributions of expanded molecules [Figs.
6(b) and 6(c) and Figs. 7(b) and 7(c)] are similar to those
of nonexpanded molecules except for the radial velocity
distribution in Fig. 6(b). This distribution has a long tail
at positive velocities.
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FIG. 7. Histogram of the intensity of nonexpanded molecules (solid lines) and expanded molecules (dashed lines) vs (a) ejection an-
gle, (b) radial velocity, and (c) axial velocity for 0' angle of incidence.
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DISCUSSION

Sputtering yield

=2" P dE
nM

3 4m'~nMPc dX
(6)

To relate the expansion energy to the electronic stop-
ping power of the incoming ion, the experimental results
on total erosion yields of leucine' were used. A constant

0

expansion of 12% inside a cylinder with a radius of 19 A
gives approximately the same total erosion yield as 90-
MeV ' I' +. This gives an expansion energy per unit

path length which is —
l%%uo of the electronic stopping

power. That is, the expansion energy giving rise to the
pressure contains only a small fraction of the energy de-

posited into the solid by the incident ion. The thermal
energy required for 12% radial expansion was estimated
to be —1% of the electronic stopping power by using the
thermal expansion coefficient. This sho~s that a high
level of electronic excitation must result in only a modest
amount of expansion energy in a short time in order to
explain the measurements. Since this is an impulsive

ejection process the amount of "expansion" energy re-

quired and the rate at which it occurs are closely related.
In our analytical approximation' it is assumed that

the impulse propagation in the solid can be described ei-

ther by a short pulse or by the diffusion equation. In ei-

ther case the energy density in the solid is calculated as a
superposition of contributions from each point along the
ion trajectory. At high-energy densities, as in the simula-

tions presented here, the energy gradient is large and a
pressure pulse is created in the solid, in which case a sim-

ple criterion is used for ejection: molecules receiving an

impulse larger than a critical impulse determined by the
material cohesive energy are ejected. Using this criterion
the total sputtering yield ( Y„,) for normal incidence on

an infinitely thick sample is

where n ~ is the molecular density, ~ an effective
diffusivity, (dE/dx), s. the effective stopping power, p,
the critical impulse for ejection, and p is (C~/C, —1)
for a gas. The critical impulse and the diffusivity can
roughly be approximated by p, =c, (2UM)' and
~=c2(2U/M)' n,M

', where c, and c2 are constants,
U is the material cohesive energy, and M the molecular
mass. The yield, with these approximations, is written

3
(Pcic2)

( 3 )2'm'nM
(7)

When studying the angular and radial velocity distri-
butions, it was found that the ejected molecules can be di-
vided into different groups. One group consists of slowly
moving molecules which have collided several times be-

This gives roughly the same dependence on the energy
deposition and the cohesive energy as do the simulations
Figs. 5(a) and 5(b). A least-squares fit of Eq. (11) to the
data for normal incidence in Fig. 5(a) gives 13=0.6+0. 1

when c, c2 = 1. This is close to the value for a gas of
structureless particles (p=0.67). Because the ejection in
the simulations is dominated by interactions in the repul-
sive region of the potential, the system is fairly well ap-
proxirnated by a gas of particles, ' so that the simulations
and the analytical approximation give consistent sputter-
ing yields. The sputtering can also be calculated numeri-
cally from the analytical approximation for a finite sarn-

ple thickness. For this case the yield shows a transition
from a cubic dependence on (dE/dx), s to an approxi-
mately linear dependence. The same trend is seen in the
simulations for 45' angle of incidence [Fig. S(b)]. Howev-
er, the simple criterion used for ejection in the analytical
approximation has limited applicability, hence, the need
for molecular dynamics simulations in a number of in-

stances.
Angular and velocity distributions

(a) (b)
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FIG. 8. Experimental results on radial velocity distributions of bovine insulin taken from Ref. 22. Angle of incidence of (a) 45 and

(b) O'. The results in (a) should be compared to the calculations in Fig. 6(b) and that in (b) to Fig. 7(b).
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fore leaving the sample, or have been ejected in the form
of clusters which eventually decay. The majority of the
nonexpanded molecules wi11, however, be pushed out of
the sample by a pressure emitted from the expanding
track and subsequently propagate roughly perpendicular
to the incident ion direction. This leads to characteristic
angular distributions which depend on the angle of in-
c1dence.

The axial and radial velocity distributions for the
nonexpanded molecules have centroids at lower velocities
than that measured for whole molecular ions of insulin
(Ref. 22 and Fig. 8). Due to the lower neutralization
probability for faster molecules the ions ejected
( —10 —10 " of the total) involve only the energetic
tail of the distributions calculated here. For this reason
neutral velocity distributions tend to peak at lower veloc-
ities in most sputtering experiments. The smaller ejection
angles calculated here, i.e., the fact that molecules are
ejected in a direction closer to the normal of the surface
than in the experiments for ion ejection, can partly be ex-
plained by differences of the sample surface. In the simu-
lations, although the sample is amorphous, the surface is
Rat [Fig. 3(a)] while in the experiments surfaces with such
fatness are impossible to produce. Due to the plane sur-
face of the sample molecules are deflected and the angu-
lar distributions are shifted towards normal ejection. In
future simulations samples with very rough surfaces can
be used to evaluate this effect.

CONCLUSIONS

The calculations presented here show that a model in
which the energy deposited by an ion is converted into

expansion of individual molecules leads to an impulsive
ejection of material resulting in the formation of a crater
in the sample. The molecular dynamics model used
roughly explains the directional correlations between the
incidence angle of the primary ion and the ejection angle
of large molecules as well as the sputtering yield depen-
dence on excitation density for the only experimental
measurement available. It also confirms and quantifies
the analytic model recently described. The remarkable
simplicity in the nature of the "electronic" sputtering
process as described here can be used to unify the large
body of experimental data gathered since the discovery of
this process and it also lends itself to an analytical ap-
proximation which can be used to understand certain
basic aspects of the sputtering process. Although the
model used here is conceptually simple, the use of molec-
ular dynamics in the field of electronic sputtering is
promising and is ideally suited for describing the details
of the ejection process in response to a variety of excita-
tions. Measurements on neutral molecules are now need-
ed in order to make further comparisons between simula-
tions and experiments.
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