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The sputter processes occurring under swift-ion bombardment in the electronic-stopping regime are inves-
tigated by molecular-dynamics simulations performed for a Lennard-Jones (do)idTwo aspects of the
dynamics of the excited electronic subsystem are included in the simulation and their influence on the sputter
yield is studied. First, we assume the energy transfer from the electronic to the atomic system not to be
instantaneous, but to last for a period of timeFor 7=1 ps, we find the sputter yield to become strongly
nonlinear as a function of the stopping powHE/dx. Second, we test the influence of a nonhomogeneous
spatial distribution of the electronic excitations. It is shown that such a spatial distribution also leads to a
strongly nonlinear dependence 6fon dE/dx.
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I. INTRODUCTION sputtering®® Such a process obeys a linear sputter law, i.e.,
n=1. Other models have been put up to explain nonlinear
When ions bombard a solid target, they may lose energgputtering withn>1. All of them assume that the electronic
by collisions with the atomic corgsiuclear stoppingand by  excitation energy is converted to the atomic system. In many
creating electronic excitatior{glectronic stopping The lat-  of these models #hresholdexists, above which the simple
ter process dominates for ions of energy above a few hurpower law[Eg. (1)] holds; the exact value of the threshold
dred keV per nucleofiso-calledswift ions). When penetrat-  stopping power depends on the track radius. For example,
ing the solid, projectiles of such high energy create a straighthe so-called thermal spike models assume that the surface
cylindrical zone of electronic excitations, the so-called  acquires a high energy density which leads to evaporation or
track Various processes may lead to severe modifications afublimation. These models prediet=2."8 In contrast, the
the lattice along the ion trajectotyBesides track formation so-called pressure-pulse modaksumes that the high pres-
in the bulk, swift ions may also induce sputtering from thesure building up in the track under the high energy densities
surface. The sputter process is quantitatively described bylelivered there leads to sputteringi=£3). The related
the sputter yieldy, i.e., the number of sputtered particles pershockwave model predicts= 1.51°"*2We note that the ex-
incoming ion. Sputter experiments for various systems havect value ofn in these models depends on the details of the
showrf that the yield scales with the electronic stopping assumptions made.

powerdE/dx for certain ranges of velocities as In the last decade, the technique of molecular-dynamics
simulation has been used to investigate in detail the pro-
Yoo (dE/dX)". (1)  cesses occurring after a swift ion has penetrated a Soitd.

The molecular-dynamics approach can generally be consid-
Depending on the material under study, different valuesred as rather realistic since it is directly suited to simulating
were found for the exponemt, e.g., at velocities above the nonequilibrium effects in solids. This is in contrast to avail-
stopping-power maximurm=1 for Ar, >3 n=2 for H,0,*  able continuum models, where the sputter mechanism is
andn=4 for LiF.° based only on surface evaporation. In these molecular-
Several analytical models have been established to delynamics investigations, above a threshold value of the stop-
scribe such a dependence. In some materials, an immedigbéng power, a linear sputter law was found for a fixed track
mechanism of electronic sputtering can be assumed, wherebgdius, while for smaller stopping powers, in the so-called
an individual electronic excitatiofsuch as an excitordeliv-  threshold regime, the exponentsare much larger than .
ers its energy close to the surface, and may induc®y varying the interatomic potential, the excitation density,
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and other parameters, a large number of different=3.405 A. The system initially has an fcc structure with an
simulation$>*%1® showed that the linear regime is rather atomic density ohy=0.025 A~ with (100) surface planes.
stable and the power exponent only slightly varies around’he sample size was chosen betweerk 30X 20 and 80
n=1. This finding was further confirmed by numerical simu- X 80X 50 atomic layers. The ion track is situated in the
lations of the material response and the sputter process basetiddle part of the squaré€l00 surface plane and runs per-
on a hydrodynamic descriptidi?°=??|t also became obvi- pendicular to the surface into the solid; the exact location of
ous that a quadratic dependence can only be obtained if thtee track axis is chosen randomly for each simulation.
mass transport in the spike is neglected, as it is done in The molecular-dynamics code is standard. All surfaces of
thermal spike model& We furthermore note that a recent the model crystal are treated as free surfaces. Atoms are con-
molecular-dynamics simulation for a condensegl S9stem  sidered sputtered as soon as they become separated from the
showed’ that the power exponentchanges if the size of the target atoms by more than the potential cutoff radiusg2.5
track radius is not fixed but increases as a function ofDue to the symmetry of the ion tracks studied, the sputter
dE/dx.Y’ yield is taken as the average of forward and backward sput-
In the molecular-dynamics investigations, usually simpli-tering. The simulation time is set to between 20 and 70 ps.
fied assumptions on the space and time scales of the electibme time and the sample size are chosen according to the
excitation and the energy transfer to the atoms have beeprojectile parameters in each case in such a way (thahe
employed: The energy is transferred instantaneously to thgield saturates with time(ii) the sample temperature at the
atoms and is dissipated homogeneously in a cylindrical trackateral simulation boundaries is below half the melting tem-
volume. To date, there appears to exist only one particulaperature T,,=84 K,'° at the end of the simulation; ari)
version of the thermal spike model for track formatidif> no sputtering could occur from the lateral surfaces due to
that includes details of the lateral energy deposition profilfocusons. The sputter yields given below are averaged over
and of the time structure of the electron-lattice coupfiny. up to 1000 individual ion impacts, in order to get reasonably
Sputter yields obtained with this continuum model exhibit asmall error bars. The time step of the velocity-form Verlet
large nonlinear exponent of= 4.2 algorithm is automatically adapted, and varies from between
In this paper, we try to find an explanation for the discrep-0.1 and several 10 fs.
ancy between the experimental sputter data exhibiting in In the course of the simulation, an atom may obtain an
many systemsn>1 and the state-of-the-art molecular- energySE from the electronic system. Sing is not nec-
dynamics simulations which typically give=1-1.5. The essarily small with respect to the atomic kinetic energy, we
possible influence of noninstantaneous coupling to the atomroceed as follows. If; denotes the initial velocity of atom
system is explored by calculating sputter yields for various, its velocity after the energy transfer \g=v;+q, where
rates of energy transfer from the electronic to the atomiq=g€Q. The value ofg=|q| is obtained by using energy
subsystem. In addition, we test to what extent the nonhomceonservation,Mv?/2=Muv?#/2+ 5E, where M is the atom
geneous energy distribution and also the energy diffusion ifnass. The directio® is a random vector uniformly distrib-
the electronic system are of importance. uted over the accessible domain, which is simply a unit
We perform our molecular-dynamics simulations for thesphere forSE>0 [note that energy transfer processes from

specific case of a Lennard-Jones system, since the evolutigRe atoms to the electron$E<0) are ignored in this work
of ion tracks has been studied in this system in great detall

reviously by molecular dynamics, and hence a detailed
Enowledg{a a)llready exisﬂ§f¥9 As in these references, we lll. NONINSTANTANEOUS ENERGY TRANSFER
choose the Lennard-Jones parameters to apply for condensed|n previous molecular-dynamics simulations of electronic
Ar. Note, however, that we do not wish to imply that our sputtering by swift iond>~*°it was assumed that electrons
results are meant to describe the electronic sputtering of redlansfer their energy to the atomic systémstantaneously
solid Ar, as here details of the excitation dynanfiescitong  such that only the time evolution of the atomic system
are relevant which are not modeled by?is.” Our simula-  needed to be simulated. In this section, we wish to relax this
tions should be regarded as a parameter study for a modgksumption, and rather assume that energy transfer from the
system designed to test the effects mentioned above. electronic to the atomic system lasts a finite period of time
Two separate aspects of the electron dynamics are treatethe gradual energy deposition is implemented as follows.
in this paper: Section Il explores the effect of a noninstan-The track is modeled as a cylinder of radiys= 2o, extend-
taneous energy transfer from the electronic to the atomighg perpendicularly to the surface into the solid. The total
system, lasting a coupling time Section IV focusses on the energy deposited into the electronic system by each single
effects of the radial energy deposition profile as it is estabion is E,,=L-(dE/dX), whereL denotes the depth of our sys-
lished by the primar)5 E|eCtr0nS, while here a small value of tem, anddE/dx the electronic Stopping power. Every time
7 is adopted. interval At, each atom that is at time< 7 inside the track
volume receives an energyE = (At/7)E,y,/N according to
the coupling mechanism described in Sec. Il. HNrés the
total number of atoms that are at tinteinside the track
In the present paper we use the Ar system for a case studgylinder. We verified that our results do not depend on the
The atoms interact via the Lennard-Jones potential with d@ength of the time stefAt, as long as it is small compared to
well depth of 10.32 meV and a length parameter of 7.

Il. SYSTEM
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less energy is lost by the radial pressure pulse. Note that for
smaller values of- this surplus of energy is not made use of
for sputtering.

In a recent simulaticff of Coulomb explosion and its
effects on ion tracks it was shown that the sputter yield de-
pends on thequenchingtime 7y,enc i.€., ON the time re-
quired for neutralization. It was demonstrated that the influ-
ence of 7quench ON the sputter yield levels off only for

o Tquenci= 7o » WhereTp=0.5 ps is the Debye period of argon.
;‘3 In our simulation, we observe that the effect of hindered
energy transfer from the electronic to the atomic system
] leads to a nonlinearity in the yield if the energleasetime
102k & % -0--1=0 s | = 75, Namely, forr= 207y (cf. Fig. 1). Since the authors of
i A =105 Ref. 28 also use a homogeneous energy distribution localized
10°L / X 1=10"7g ] in a narrow track cylinder, the results of Ref. 28 and the
{ =10 s present simulations appear to be compatible with each other.
-4 1 1
10 10 100 IV. INHOMOGENEOUS ELECTRONIC ENERGY
DEPOSITION AND TRANSPORT
Energy loss ¢ A Method
FIG. 1. Sputter yieldY vs scaled energy loss=(dE/ In this section we explore to what extent electronic energy

dx)(ng*/U) for various energy transfer times Error bars denote transport processes within the electron subsystem influence
one standard deviation; if not included, the error bar is smaller thaghe sputter yield. To this end, we describe the electron system

the symbol. The full lines fit the data to a power I_aw, ED, in the_ via its electronic temperatui@,(r,t) and its dynamics by the
limit of high energy losses. The dashed lines are included to guide hagt conduction equati@fh‘ze

the eye for ther=0 and ther=10 ps data.

As is usual for Lennard-Jones systetfigje introduce the Cea—te =V(AeVTe) —g(Te—Ta) +A(r,1). 3
scaled energy loss
The energy deposited into the electronic system is repre-
dE u sented by the source terA{(r,t). Its space and time depen-
dx nd®’ @ dences are factorized by writing(r,t)=F(r)G(t)dE/dx.
Here,dE/dx is the stopping power of the projectile as ob-
whereU =80 meV is the surface binding energy of Ar. Fig- tained from, e.g., therim (Refs. 29 and 30code.F(r) and
ure 1 shows the dependence of the sputter y¥ldn the  G(t) are normalized functions characterizing respectively,
scaled energy loss For a vanishing energy transfer timg  the space and time dependences of the electronic excitations.
we recover the results obtained previously for instantaneou§(t) is given by a normalized Gaussian that describes the
energy transfer to the track atorfis:® Above a critical en-  duration of the electron cascade process. Its width and also
ergy losse.=20, sputtering is almost linear with an expo- its maximum are set here to 1 fs. Note that the factorization
nentn=1.3. Here, the sputter yield ¥(e;)=3, i.e., around of the source tern\(r,t) is acceptable due to the small time
one monolayer is sputtered from the track region. Bekgw  duration relevant folG. The radial distributior=(r) can in
the yield quickly decays to zero. For fast transfer times ( principle be obtained from Monte Carlo calculatiohs?
=0.1-1 ps), the yield as a function of the energy loss doesvhere the electron cascade is followed down to the subexci-
not change significantly. tation level®~3 For reasons of convenience, however, we
A different behavior appears for larger timess10 ps. employ the analytical expression given by Waligorski
The yield at or belowe, is smaller by almost one order of et al.* which is itself based on Monte Carlo results. It takes
magnitude than the yield for instantaneous energy transfeinto account that the energy profile of the ejected electrons
Here, energy flow out of the track volume during the transferdepends on the velocity, of the projectile ion. At highv,,
time 7 (by heat conduction and by the pressure pulse movinghe electrons receive large velocities, up tq,2 These fas®
radially out of the cylindrical trackmakes less energy avail- electrons with range ., thus determine the maximum ex-
able for sputtering and leads to the reduction in yield. Aboveent of the radial distributior=(r). For r<r .., F(r) de-
e>€.=20, the yield data still follow a power law, but the pends roughly like 1? on the distance to the track axis;
exponent has increased te=2.5, clearly indicating a non- this dependence is only softened very close to the track axis.
linear behavior. For very high energy densities; 200, the  As a general consequence, at high the deposited energy
yield is enhanced by a factor of 2 comparedste 0. Here is reduced by smearing out to larger track radii.
the large amount of energy available in the track close to the In Eq. (3), C, is the specific heat of the electron system.
surface is used more efficiently for sputtering, since the enFor the case of insulators studied here, it critically depends
ergy is fueled continuously to the atoms for=10 ps and on the number of electrons transferred to the conduction

€=
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band. For our case study, we assume tats independent 4000 e
of time and space and has a value@y=1 J/K cn?. For a —=—T, —o—T_r=0 nm
nondegenerate free electron gas, this corresponds to 2 ——T, —o=T, r=0.5nm 4
electrons/atoms transferred to the conduction band. —e— T, o~ T, r=15nm
A, denotes the electronic heat conductivity. Similar to
C., we use a space and time independent valig,
=2 W/Kcm. This corresponds to a heat diffusivily,
=Ao/C¢=200 nnt/ps.
The electron-phonon coupling constanis also taken as
space- and time-independent with a valug=2
X 10" W/em® K. Due to the electronic band gap in insula-
tors, we exclude energy transfer processes from the atomic 1000
subsystem back to the electronic subsystem, ge.Q for
Te<T,.
The particular values adopted f@, andD, are identical
to the input parameters used by Toulemoetlal. when per- -
forming thermal spike model calculations for insulatts. 10
Since in this section we want to treat the special effects as- Time (fs)
sociated with an inhomogeneous initial distribution of the
deposited energy, we select an unrealistically large value for F|G. 2. Electron temperatur, and atom temperaturg, vs
the coupling constarg (about one order of magnitude larger timet at various radial distancesrom the track cylinder axis. Data
than in Ref. 26. Such a large value af corresponds to an  for 0.6-MeV/nucleon He bombardment of Ar, i.e., at the stopping
extremely short coupling time af=C./g=5 fs. During this  power maximum.
time, the heat in the electron system diffuses over a length
large value ofD, electronic heat conduction occurs essen-
A=\4Der=2nm. (4 tially instantaneously on the atomic time scale. As time pro-

This value is small compared to the size of our simulation®®€dS, the electronic temperature decays very quickly and

crystallite; we may thus neglect energy loss processes at tH£comes negligible beyond 0.1 ps due to rapid electron heat
sample borders. conduction and, in addition, due to the fast electron-phonon

Our hybrid solution scheme for the dynamics of the coupling time ofr=>5 fs implemented in this model system.

coupled electronic and atomic sub-systems works as followd}S & consequence of this strong coupling, the atom system is

After each molecular-dynamics time step, we calculate th&Uickly energized and reaches its maximum temperature
atomic temperaturd ,(r,t) as a function of the radial dis- Within the first 3—7 fs. For a whil¢30-50 f3, the atomic

tancer from the track axis from the molecular-dynamics [€Mperature remains at a plateau and then decreases, while
data. These temperatures are input into Bg.which is then part of the klne_tlc energy |s_transformed into potential en-
solved using a finite-difference scheme with an appropriat&'dY: At @ later time, the atomic temperature reaches a second
electronic time stefat the beginning of the simulation the Maximum, which is due to the pressure pulse generated in
electronic time step is as small as 18's). From the solu- the hot core of thg track. An estlmate of the 'pulse velocity
tion of this equation we obtain the electron temperafTye amounts to approximately 20 A/ps, this value is close to that

and the energy transfer densiyE(r)=gAt(T.—T.). The obtained in Ref. 13. After about 0.1-1 ps equipartition and

o - ilibrium will be reached?
energyAE(r)/ng is given to each atom at distanceror the equr . . .
numerical solution of Eq(3) and the calculation of ,, we Figure 3 displays the simulated yield data for H and He

divide space into discrete cylindrical shells of widftr impacts (see Table )l and compares them with the yields

—5A. Then the simulation proceeds with the neXtcalculated for an energized cylindrical track of radius
moleéular-dynamics time step =20 (cf. Fig. 1), which we use as a reference. Drastic dif-

ferences are observed, which we discuss as follows:
(1) The yields for H and He projectiles show a very steep
dependence on the deposited energy. A fit to @g.gives
Figure 2 displays the time evolution of the electron andpower exponents afi=11 and 7 for H and He, respectively.
atom temperatures for a 2.4-MeV He impact on Ar. The pro-This means, in particular, that for smallthe yields are by
files shown correspond to the track axis{0 nm) and to the several orders of magnitude smaller than the yield data with-
two radial distances=0.5 and 1.5 nm. The electronic tem- out inclusion of electron dynamics.
peratures reach their maxima very early, at times between 1 (2) Two reasons contribute to this ste¥pe) dependence
fs in the track center up to at most 5 fs for the larger radii. Inand the correspondingly small yields.
the center of the track, the large temperature increase is (& The low sputter yield and its steep dependence on
mainly due to the source terf(r,t), which peaks at 1 fs. At demonstrate that we are in thiereshold regim& 34 which
larger distances, the peak is smeared out and moves to larggoverns at energy losses below a critical vakse,e., when
times. Here, energy transfer by electronic heat conductiothe energy per atonk, is only slightly above the sublima-
from the core to larger radii starts to play a role. Due to thetion energyU to be overcome for sputtering,<IE,/U=<2.

3000

2000

Temperature (K)

B. Results

125423-4



INFLUENCE OF THE SPATIAL AND TEMPORAL . .. PHWBICAL REVIEW B 68, 125423 (2003

10° ———rrr— ey when the velocity of the projectile increases. This so-called
: velocity effec® becomes especially evident if we compare
the sputter yields of H and He for the same energy less,
4 =310. Here, the velocity of HE.5 MeV/nucleon is much
higher than that of H0.11 MeV/nucleonh For He, the en-
ergy is therefore deposited farther away from the track axis
4 without contributing to sputtering, resulting in a drastically
He reduced sputter yield of HE.04) compared to H15).
g i For the impact energies studied here we may thus con-
@ 10°;- 3 clude that the steelf(e) dependence can be understood by
> b / ~e the joint action of two effects: If the ion velocity increases,

. o 11 decreases; in addition, this energy is deposited in a larger
10" ¢ E ~ E volume. This combination leads to a huge drop in the energy
g density and could be responsible for the st&4jg) depen-

- dence. We note that for the particular case of He and H
10'2; E impact on Ar the existence of the velocity effect has been

i known for a long time and is well documented, e.g., in the
compilation(Fig. 26) of Ref. 2.

reference
track

10 100 1000
Energy loss €

V. SUMMARY

In this paper, we investigate the influence of two different
FIG. 3. Sputter yieldY vs scaled energy loss Data for H and  features of electron coupling and dynamics. First the effect
He bombardment correspond to the energies given in Table |. Dataf a finite electron-atom coupling timeis studied(Sec. IlI).
marked “reference track:” simulation without electron dynamics, Its influence becomes significant as soonrdecomes large
instantaneous energy transfer to the atdifs Fig. 1, data forr compared to the Debye period of the mateffaht small
=0), included as a reference. Data for H and He: simulation in-stopping powers, the yield is reduced because the available
cluding electron dynamics. Lines: power-law fitsg. (1)]. energy is distributed over too long a period of time. At large
stopping powers, on the other hand, the sputter yield may be
(b) The nonhomogeneous energy deposition profile im-even increased, since also the energy contributed late to the
plies that the electronic excitation is large close to the trackatomic system may induce further sputtering. Hence, for not
axis and small far away. As a consequence, the energy deteo small energy losses a nonlinear increase of the yield with
sity deposited far from the track axis will be below the an exponent oh=2.5, Eq.(1), results.
threshold value and is hence lost for the sputter process. Second, we model the energy deposition by a realistic
Also, the energy density close to the track axis will be re-non-homogeneous profilé&Sec. IV). In this case, a strong
duced in comparison to the model case of homogeneous edecrease of the sputter yield with a high sensitivity on the
ergy deposition. For the case of He impact at maximum stopstopping power—i.e., a high degree of nonlinearity—could
ping power (0.6 MeV/nucleop, the situation close to the be observed. This feature is in part due to the so-called
track axis is displayed in Fig. 2. Temperatures above thehreshold effect, since energy densities—even at the track
sublimation threshold are reached within a radius of 1.5 nmaxis—are not much above the critical value required for
i.e., ro=4o; this is twice as large as for the reference track.sputtering. Furthermore, the velocity dependence of the en-
The larger radius and the corresponding lower energy densitgrgy deposition profile is relevant since the energy less
explain the comparatively small sputter yields of H and Hedecreases, when the ion velocity increases above the stop-
even at the stopping power maximum. ping power maximum,; in addition, this energy is deposited in
(3) Caution has to be used when comparing the H and Ha larger volume.
data. The energy deposition profile induced by the electron In summary, we have shown that the inclusion of the spa-
cascades, i.e., the terR(r) in the energy source terd of  tial and temporal dependence of the deposited energy distri-
Eq. (3), differs for each ion species and energy. In particularbution in the modeling of swift-ion-induced track formation
the radial energy density for H and He impact decreaseand the ensuing sputtering strongly influences the results. As

TABLE |. Energy E, stopping powedE/dx, and reduced energy logsfor H and He projectiles inves-
tigated by molecular-dynamics simulation.

lon H H H H2 He He He Hé
E (MeV/nucleon 0.5 0.3 0.2 0.11 6.5 3.25 1.8 0.6
dE/dx (eV/A) 3.78 5.23 6.5 7.47 7.42 11.2 15.5 21.7
€ 158.5 219 2725 313 311 470 650 910

8At stopping power maximum.
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a novel aspect, we included these dependencies in terms sfructure has been simplified to a homogeneously excited
the secondary electrons. In particular, the dependence of theylindrical track, and no energy density outside this track.
sputter yield on the stopping power may become highly nonThe present paper demonstrates that a relaxation of these
linear due to this effect. While the effect of the spatial de-simplifying assumptions may sensitively affect the nonlin-
pendence of the deposited-energy distribution has been irearity of the sputter yield.
cluded previously via the ion track radius, the inclusion of
secondary electrons and their dynamics may prove important
for a realistic description of available sputter yield data.

In previous theoretical studies of swift-ion-induced sput- We are grateful to R. E. Johnson and E. Bringa for helpful
tering, the time structure of the energy-deposition processomments on an early version of the manuscript. M.B. ac-
has usually not been taken into account, while the radiaknowledges financial support by GSI and HMI.
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