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Electronic and nuclear thermal spike effects in sputtering of metals with energetic heavy ions
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Sputtering yields and typical angular distributions of pure metals were measured with heavy ions at energies
where electronic energy loss dominates. Using different ion charge states and ion/energy combinations, elec-
tronic effects were observed in sputtering of metals such as Ti and Zr, but not for Au. An inelastic thermal spike
model was extended to calculate sputtering by particle evaporation from an ion track, however, to reproduce
the measured yields, besides electronic also elastic collision~nuclear! spike effects had to be included. The
results demonstrate the importance and synergism of both heating mechanisms for sputtering in this energy
regime.
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I. INTRODUCTION

Sputtering experiments on insulators with heavy-i
beams at energies where electronic stopping dominates
shown much larger yields1,2 than what could be explained b
linear collision cascade theory.3 The observed sputterin
yields were attributed thereof to electronic effects. The s
ation was similar to the earlier observation of nuclear tra
in insulators, which could also not be explained by collisi
cascades. Realizing the close relation of nuclear track
surface erosion4,5 similar scenarios were proposed to d
scribe the way from the initial electronic excitation and io
ization of the target atoms to their final ejection. One id
was evaporation by an electronically heated thermal sp
process,6 another one direct ejection due to an ion explos
mechanism,7 and even a combination of both has been s
gested: heating by Coulomb explosion and consecu
evaporation out of a thermal spike.8 All these models, of
course, have been developed to explain electronic effec
insulators, therefore it was a general belief that the propo
mechanisms should be ineffective in conductors and e
tronic effects insignificant in metals.9,10 Partly because o
this expectation very few attempts have been made to m
sure sputtering yields of pure metals in the electronic st
ping regime, partly also due to experimental difficulti
originating from the oxidation problem. Metal oxides a
hard to avoid under normal vacuum conditions and, as in
lators, they can completely dominate the sputtering yie
Sputtering experiments in the past on pure metallic targ
with energetic heavy ions at well-controlled surface con
tions were made by O’Connoret al.11,12 Using 70-MeV Br
projectiles and Nb targets, no electronic sensitivity could
observed and the measured yields turned out to be com
ible with nuclear sputtering.

The situation changed as high-energy heavy-ion be
with electronic stopping power (Se) well above 10 keV/nm
became available for irradiation experiments. System
studies of damage creation in conductive materials reve
clear electronic effects such as anisotropic grow
phenomena,13,14amorphization of crystalline structures,15 de-
0163-1829/2003/67~15!/155414~12!/$20.00 67 1554
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fect creation,16,17 and even latent tracks were observed
metallic alloys.18 In the process of stopping fullerene beam
through which even higher energy densities can be produ
tracks have been discovered in pure metals as well.19 How-
ever, the huge sputtering yields of Au and Ag targets indu
by keV/u Au cluster beams were clearly related to nucl
stopping (Sn).20,21 Thus, despite the observation of ele
tronic sensitivity above certain energy loss thresholds, to
best knowledge clear electronic sputtering of pure metals
not yet been observed.

Effects of the electronic stopping power in metals ha
been simulated within the framework of an~inelastic! ther-
mal spike model using thermodynamic concepts.16,22 In
agreement with a large number of experiments a sensiti
to electronic effects was found for metals which have stro
electron-phonon coupling and/or a low melting point. Mor
over, calculated track radii defined by the molten zo
around the ion path and thresholds for damage creation c
reproduce the existing measurements or were predicted
other metals where no data existed.22,23An experimental test
of these predictions could further strengthen the reliability
a thermodynamic concept for electronic spikes. This mo
vated a systematic study of sputtering yields in our labo
tory, assuming a similar connection in metals between tr
formation and sputtering as for insulators. Sputtered p
ticles, however, leave the surface much earlier than tr
formation is finished or any annealing mechanism may h
already worked. Thus, additional information about ele
tronic effects in solids could be expected from sputter
experiments.

In this paper, we report on systematic sputter measu
ments with heavy-ion projectiles on two metals, Zr and
for which electronic effects have been predicted within t
investigated energy range. Additionally, since Au is expec
to be insensitive to electronic effects and is well studied
the nuclear stopping regime, sputtering yields of Au ha
been measured for comparison. In the first part of this pa
we discuss the considerations of target surface-related p
lems as well as precautions necessary to avoid surface
taminations and surface roughness effects. By using diffe
©2003 The American Physical Society14-1
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FIG. 1. Schematic of UHV setup and the e
perimental geometry.
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heavy ions at different energies and charge states, clear
dence for electronic effects has been found in the experim
tal results. This was confirmed in Monte Carlo~MC! simu-
lations of sputtering by elastic collisions which significan
underestimated the measured yields. In the last part of
paper the existing inelastic thermal spike model16,22 is ex-
tended to calculate sputtering yields. The measured yi
and energy dependencies, however, can only be reprod
by assuming simultaneous electronic and nuclear heatin

II. EXPERIMENT

A. Experimental setup

When measuring sputtering yields of metals with hig
energy heavy ions one is confronted with two very spec
problems: the low beam current possible and the sensiti
of metals to oxidation. In this study of electronic sputteri
effects, metal oxides, being insulators, are extremely dan
ous because of their known large sputtering yields at h
energies. Since most of the sputtered atoms originate f
the first atomic layers, even a monolayer of oxide could f
sify the real metal sputtering yield and must be exclud
Sputtering, however, is a surface cleaning process in it
and thus a contamination-free surface can be obtained if
incoming particle flux multiplied by the sputtering yield
larger than the adsorption rate for contaminants. As a rul
thumb, this rate lays around 1015 atoms/cm22 s21 at a
vacuum of 1026 mbar. In keV sputtering with a typical ion
flux of 1016 ions/cm22 s21 the self-cleaning condition ca
easily be fulfilled. For ions in the 100 MeV range, howev
the ion flux has to be limited to 1012 ions/cm22 s21 in order
to exclude target melting and vaporization. This low fl
inhibits sufficient sputter cleaning during the irradiation its
and contamination-free surfaces can only be assured thro
ultrahigh vacuum~UHV! techniques.

Therefore, a special UHV setup has been developed
beam line of the Munich tandem accelerator laboratory,
15541
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scribed in detail elsewhere.24 The essential parts of the UHV
chamber and the irradiation geometry are shown in Fig
By means of two differential cryopumping stages and af
the usual bakeout of all internal structures at about 250 °
basic vacuum of 10210 mbar could be reached in the sputte
ing chamber with the beam on target. The final vacuum co
position was checked by a quadrupole mass spectrom
giving hydrogen as the dominant remaining component. T
sputter targets, mounted on a sample holder with five mou
ing positions, could be moved with a vacuum manipulator
front of a 8 keV Xe sputter source forin situ surface clean-
ing. Thus, contamination-free surfaces could be prepared
maintained for several hours.

As important as cleaning was the monitoring of surfa
conditions during the experiment. Here we made use of
irradiating beam itself which offered in oblique incidenc
besides enhanced sputtering yields, the possibility of ela
recoil detection analysis~ERDA! for surface contamination
checks. ADE-Erest detector telescope was developed for th
purpose whoseDE detector consisted of a position-sensiti
gas ionization chamber whereas the remaining energy
measured with a 20320-mm2 p-i -n diode.24 The compatibil-
ity problem of a gas-filled detector in close connection to
UHV setup was solved by a differentially pumped Myl
entrance window of 2.4mm total thickness which could be
backed at moderate temperatures. The detector setup h
solid angle of 1.8 msr mounted at a scattering angle of 3
and offered the advantage of a low-energy threshold
heavy-ion detection, a radiation-resistant transmission de
tor, as well as a position sensitivity for kinematic correcti
to reach good depth resolution despite the large accept
angle.25 Hence surface oxygen could be easily distinguish
from bulk contamination, and continuous monitoring of ox
dation was possible. The irradiation geometry in this work
defined by two angles, the incidence anglea of the incoming
ions measured to the sputter target surface, and the exit a
u of the outgoing sputtered particles measured to the ta
surface normal~see Fig. 1!.
4-2
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B. Irradiation-induced target structure effects

Sputtering as a surface process is sensitive not onl
surface contamination but also to surface structure and m
phology. The influence of crystal grain size on sputter
yields has been shown for energetic projectiles.9,26 Thus rep-
resentative Ti, Zr, and Au targets were tested for their str
ture and grain size by X-ray diffraction~XRD! and electron
microscopy, respectively, before and after heavy-ion irrad
tion. All targets had a polycrystalline structure with som
texture, and a large grain size on the order of manymm was
observed, hence well above the critical size of 10–100
for ‘‘grain-size’’ effects. This original structure was no
changed after irradiation with typical fluences
1013 ions/cm2.

Irradiation-induced surface roughness formation is kno
from high-energy irradiation experiments27 and this could
influence the sputtering yield determination. This effect w
clearly observed both in experiments and in simulations
sputtering at low energies by distorting the angular distri
tion which enters in the calculation of the total yield.28 In
order to check for similar effects at high energies we irra
ated Au, Zr, and Ti targets with 230 MeV Au ions at differe
fluences up to 1016 ions/cm2 and measured the surfac
roughness before and after with atomic force microsco
The targets evaporated onto Si wafers had originally
mirror-like surface with a mean roughness below 20 nm. T
8 keV Xe sputter cleaning process with varying inciden
angle did not produce any significant change in roughn
The surface roughness of Au and Zr targets increased
high-energy irradiations at a typical fluence of 131015

ions/cm2 to a mean value of 50 nm, whereas Ti at this fl
ence exhibited distinct surface structures with 400 nm m
roughness. Twice this fluence increased the roughness
to somemm, and even at 231014 ions/cm2 the mean value
was above 100 nm. This surface roughness could no
explained by sputtering itself and thus was apparently cau
by the high electronic energy deposition. But due to the li
ited number of targets which could be mounted for a sin
experiment a compromise had to be made between flue
per beam spot and surface roughness in order to avoid
distortion of the angular distributions.29

C. Sputtered particle detection

Most of the known detection techniques for sputtered p
ticles are not sensitive enough at this low beam current
the correspondingly small number of sputtered target ato
Secondary ions can be measured with great sensitivity
they represent only a small part of the total yield f
metals.30 Therefore the collection of sputtered particles
catchers was thought to be the best choice, which also
fered the additional possibility of measuring angular dis
butions. The catcher technique has the further advantag
collecting all ejected species irrespective of mass, i.e., at
and clusters as well, and this feature may be of importanc
electronic sputtering. Si wafer material was used as catc
due to its high purity. The lighter mass of Si compared to
the envisaged sputtered atoms reduced the backscatt
possibility, making the assumption of a sticking coefficie
15541
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close to 1 more probable. Nevertheless, a very sensitive
tection technique was necessary due to the expected
monolayer thickness of catched secondaries. Heavy-ion
therford backscattering~RBS! analysis with 1.5 MeV C ion
beams has the required sensitivity, especially in channe
conditions, another advantage offered by the monocrystal
Si catchers. Under these conditions 1013 Ti atoms/cm2 and
1011Au atoms/cm2 could be measured within reasonab
time.24 Fourteen catchers were mounted in a well-shield
magazine where one catcher after another could be rotate
front of an aperture opposite the sputter target to collect s
tered particles from different irradiations. This setup allow
differential yields to be measured atu50° with an angle
uncertainty of62° mainly defined by the RBS beam spo
For angular distributions a second box was available w
three arcs of nine catchers at a larger distance of 40 mm
the beam spot covering anglesu between140° and240°.
Spot size and mechanical tolerance cause here an angl
certainty of 65°. However, the impossibility of reloading
new catchers during one experiment due to the UHV con
tions limited the number of measured angular distributions
this study.

D. Experimental procedure

The experiments were performed with Au, Zr, and
sputter targets produced by electron-beam evaporation of
rified material onto Si with thicknesses of 1.5mm. Targets
were sputter cleaned by 8 keV Xe ionsin situ at different
incidence angles right before the experiments. This mi
have also helped to prepare steady-state conditions w
could not be reached during the experiment due to the
ion fluence. According to the ERDA monitor the surface o
ide layer was reduced by this sputter cleaning process t
least 0.01 ML, i.e., 1013 O atoms/cm2, and did not signifi-
cantly change during 3 h of irradiation at 10210 mbar.24 As
expected the surface contamination of Au targets was be
1023 ML even at a vacuum pressure of 1027 mbar.

I and Au ions were delivered from the Munich 15 M
tandem accelerator with energies ranging from 55 to 2
MeV to get a wide variety of energy-loss values. The cha
state dependence of the sputtering yield was tested for e
energy by measuring, first, with an ion charge state delive
by the terminal stripper and defined by the analyzing mag
and second, after a carbon stripper foil in front of the spu
target. The mean charge state after this post-stripper
typically about two times higher than the incoming char
state, e.g. for 230 MeV Au ions there was an increase fr
161 to ^291&. The incident particle flux was measured wi
the ERDA detector in two independent ways: by the to
count rate calibrated by a Faraday cup with a suppres
electrode in front~FC1, see Fig. 1! and by measuring the
number of target recoils. Both methods came within 10%
the same result. The Faraday cup was also used to deter
the average ion charge state of the projectiles after inser
the additional stripper foil in front of the sputter target a
suming a symmetric charge state distribution.

The typical spot size of the ion beam at the inciden
angle a518° was 333 mm2 on targets of 12312 mm2
4-3
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size. The beam spot was adjusted by means of an CsI cr
on the sample holder and an outside video camera. All i
diations were performed at room temperature with a typ
particle current of some pnA (1011 ions/cm22 s21) and thus
target heating was negligible. As discussed later the flue
per beam spot had to be limited to some 1014 ions/cm2 to
avoid excessive surface roughening, therefore, a total flue
of 1015 ions/cm2 was collected for each target by moving th
sputter target to different irradiation spots.

III. EXPERIMENTAL RESULTS

A. Angular distributions and incidence angle dependency

Due to the differential sputtering yield measurements li
ited to u50° in most cases the total yields had to be cal
lated assuming a certain angular distribution. The co
sponding angular distributions of sputtered particles a
however, unknown at these energies. Therefore exemp
angular distributions were measured for all targets at U
conditions including a study of surface roughness effe
The angular range of our UHV arc catcher setup was
stricted to240°,u,140°. However, for Au targets wher
less surface contamination could be expected additional m
surements were made with a full angle range in our ER
setup25 at a vacuum pressure of 1027 mbar. Here we used a
double arc geometry with ultrapure Al catcher foils coveri
290°,u,190°. One arc plane had an angle of 15° to t
incident beam, the other one of 105°. This configurat
could also test for azimuthal symmetry around the surf
normal. The catcher surface was in all these measurem
perpendicular to the incidence direction of the sputtered
oms to assure equal sticking probability at all angles.

Angular distributions for Au and Zr targets are shown
Fig. 2 and Fig. 3 with 210 MeV I151 and 230 MeV Au161

ions, respectively. The experiment in double arc geome
indicates an azimuthal symmetry within the experimental
rors. The distributions can be fitted by a cosine funct
cosxu with x54.0 and 4.3, respectively. A compilation of a
the angular distribution experiments is given in Table I sho

FIG. 2. Angular distribution of Au particles sputtered with 21
MeV I151 ions. The catcher arc was tilted by 15° and 105° to
plane perpendicular to the incoming ions.
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ing the general trend for exponents to be around 3. T
overcosine behavior was observed by other groups in s
tering experiments at MeV energies, too.11,31 However, from
Monte Carlo simulations withTRIM-CASCADE ~TC! ~Ref. 32!
generally lower exponents of about 1.5 are deduced~Table
I!. These exponents are similar to those extracted from
sputtering experiments as well as from simulations.33,34 It
should be mentioned that no effect of texturing was seen
the angular distribution of the polycrystalline targets w
either ^100& or ^110& preferential orientation.

The influence of surface roughness on the angular dis
bution can be clearly seen in Fig. 4. Here the angular dis
bution of an initially polished Ti target is shown after a flu
ence of about 331015 ions/cm2. The measured mea
roughness of a fewmm caused a distinct shift of the yiel
maximum, opposite to the beam incidence direction. At
times less fluence a mean roughness of about 120 nm
measured with an almost symmetric angular distribut
around the surface normal. In order to understand this ef
and correlate it with surface roughness a simulation prog
was developed, which probed a certain surface topology w
parallel projectile trajectories.29 One problem in these calcu
lations was to model the rather complicated surface struct

TABLE I. Angular distribution parameters of sputtered particl
from different targets. Projectiles were indenting ata518°; ions
with their charge state and energy are indicated. The exponentx of
the fit function cosxu is given as determined from the experime
and from TC simulation.

Ion Energy Target Fluence cosxu

~MeV! ions/cm2 xexp xTC

I151 210 Au 6.6531014 4.360.4 1.76
4.060.3

Au161 230 Au 1.1331015 3.660.2 1.75
4.5131014 3.360.3

Ti 3.7531014 2.560.5 1.42
Zr 1.2331015 3.260.4 1.44

FIG. 3. Angular distribution of Zr particles sputtered with 23
MeV Au161 ions.
4-4
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ELECTRONIC AND NUCLEAR THERMAL SPIKE . . . PHYSICAL REVIEW B 67, 155414 ~2003!
as seen in electron microscopy, and its change during
irradiation. The result of such simulations for differe
roughnesses is compared in Fig. 4 with the measured di
bution. The characteristic shift and slope of the distribution
well reproduced, but in view of the necessary simplificati
of the topology the simulation can only give an estimate
the effect. Nevertheless, to avoid too large a roughness in
ence we used a fluence limit during irradiations of Ti
individual target spots of 531014 ions/cm2. This beam-
induced roughness problem was found to be less severe
Zr and Au targets.

The incidence angle dependence of the sputtering y
enters in comparisons between measurements and sim
tions as well. No data were available on this dependenc
high energies and especially on its roughness depende
For the latter we trusted our simulation29 which reproduced
low-energy sputtering data of Ku¨stner et al.28 and did not
show any influence of the surface roughness on the incide
angle. The incidence angle could be varied in our ER
setup from vertical to flat incidence, thus exemplary m
surements were performed on smooth Au targets at incide
anglesa of 90°, 55°, and 20° with 230 MeV Au ions. An
increase of the yield was measured froma590° to a
520° by a factor of 5.0, slightly steeper than 3.8 as cal
lated by TC for pure nuclear sputtering. The measured in
dence angle dependence could be fitted by sin2fa with a
best-fit value off 51.5.

B. Charge state and energy loss dependence

In order to discriminate between nuclear and electro
effects in sputtering we used ion/energy combinations wh
the nuclear energy lossSn was similar for a certain targe
material and the electronic lossSe different, and vice versa
Thus the electronic energy loss varied from 11 keV/nm to
keV/nm and the nuclear from 0.1 keV/nm to 1.1 keV/nm. A
our experimental results on Ti, Zr, and Au targets are su
marized in Tables II–IV. Note that all yields are given for th

FIG. 4. Angular distribution of Ti particles sputtered with 23
MeV Au161 ions form a surface with a fewmm mean roughness
The result is compared to a simulation where different surf
roughnesses are assumed.
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experimental incidence anglea518°. The results are pre
sented separately for projectiles with a single charge sta
defined by the analyzing magnet after the accelerator, and
those around the mean charge state if produced by p
stripping. The projectile energy loss at the target surface
Tables II–IV was calculated withSRIM96,35 which takes into
account the velocity-dependent equilibrium charge state.

The experimental differential yieldYdi f f(0,R) was mea-
sured at 0° and at a distanceR. The total yieldYexp was

TABLE II. Total sputtering yield of Ti for different ions, charge
states, and energies at an incidence anglea518° to the target sur-
face.^ & indicates a charge distribution with mean charge stateSe

and Sn denotes electronic and nuclear energy losses accordin
SRIM96. Yexp is integrated from the measured differential yield at
° assuming a cos2.6 angular distribution for all energies, given with
out systematic errors~see text!. YTC is calculated by TC for an 18°
incidence angle andYTS by a thermal spike~TS! model with g
51.031013 W/cm3 K, corrected by sin21.5 for the incidence angle;
YTC1TS is the sum of both, andR0 denotes the calculated spik
radius.

Ion Energy Se Sn Yexp YTC YTS YTC1TS R0

~MeV! ~keV/nm! ~atom/ion! ~Å!

Au^291& 275 30.3 0.18 6.561.0 0.8 4.1 4.9 7.0
Au181 275 ~15! a 0.18 3.560.5 0.8 0.5 1.2 7.0
Au^291& 230 29.0 0.21 7.461.1 0.9 4.1 5.0 7.5
Au161 230 3.760.6
Au^261& 109 22.3 0.37 8.961.3 1.6 3.7 5.3 9.5
Au111 109 5.860.9
I^291& 210 22.6 0.07 2.860.3 0.3 0.8 1.1 5.0
I151 215 1.260.2
I^211& 55 14.1 0.22 2.560.3 1.0 0.7 1.7 8.0
I71 55 ~7! a 0.22 2.260.3 1.0 0.4 1.4 8.0

aAssumedSe value of nonequilibrium charge state for TS calcul
tion.

TABLE III. Total sputtering yield of Zr for different ions, charge
states, and energies at an incidence anglea518° to the target sur-
face. Assumed angular distribution forYexp total yield integration
was cos3.2; for TS calculationsg52.631012 W/cm3 K was used.
For further explanation see Table II.

Ion Energy Se Sn Yexp YTC YTS YTC1TS R0

~MeV! ~keV/nm! ~atom/ion! ~Å!

Au^291& 275 32.3 0.23 2.960.3 1.0 1.4 2.4 8.0
Au181 275 ~16! a 0.23 1.960.2 1.0 0.2 1.2 8.0
Au^291& 230 30.3 0.27 2.960.4 1.1 1.4 2.5 9.0
Au161 230 1.760.2
Au^261& 109 21.8 0.47 5.560.7 1.9 1.8 3.7 11.0
Au111 109 3.660.4
I^281& 210 24.4 0.10 0.860.1 0.5 0.2 0.7 6.0
I151 210 ~12! a 0.10 0.560.1 0.5 0.01 0.5 6.0
I^201& 59 14.8 0.26 1.760.2 1.4 0.4 1.8 8.0
I81 59 ~7! a 0.26 1.360.2 1.4 0.1 1.5 8.0

aAssumedSe value of nonequilibrium charge state for TS calcul
tion.

e
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TABLE IV. Total sputtering yield of Au for different ions, charge states, and energies at an incid
anglea518° to the target surface. Assumed angular distribution forYexp total yield integration was cos3.8;
for TS calculationsg52.331010 W/cm3 K was used. For further explanation see Table II.

Ion Energy Se Sn Yexp YTC YTS YTC1TS R0

~MeV! ~keV/nm! ~atom/ion! ~Å!

Au^291& 275 59.8 0.54 12.161.5a 2.5 3.1 5.6 6.0
Au181 275 ~30! b 0.54 12.461.4a 2.5 2.8 5.3 6.0
Au^291& 230 55.4 0.62 11.861.4 3.0 4.1 7.1 6.5
Au161 230 ~30! b 0.62 10.661.1 3.0 3.8 6.8 6.5
Au111 109 ~36! b 1.10 13.461.6 5.3 17.2 22.5 8.5
Au111 109 ~36! b 1.10 13.461.6 5.3 13.1c 18.4c 8.5
Au111 109 ~17! b 1.10 13.461.6 5.3 14.3 19.6 8.5
I151 210 ~45.9! b 0.22 2.960.3 1.1 0.3 1.4 4.5
I^211& 55 22.7 0.63 8.361.1 4.1 3.5 7.6 7.0
I71 55 ~11! b 0.63 10.361.3 4.1 3.1 7.2 7.0

aEnhanced yield due to small grain size.
bAssumedSe value of nonequilibrium charge state for TS calculation.
cg50 for TS calculation.
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calculated assuming a cosine function cosxu as determined
from the measured angular distributions. The total yield
tegral can then be written as

Yexp5Ydi f f~0,R!2pR2E
0

p/2

cosx~u!sin~u!du

5Ydi f f~0,R!2pR2~x11!21 ~1!

andYexp calculated with the tacit assumption thatx is inde-
pendent of the energy for one specific ion in this ene
range.

Most of the measurements for Au targets were repeate
different experimental runs and reproduced within 15
Some data points were repeated for Ti and Zr targets as
and a reproducibility was found of about 20% for different
sputtering yields including the error of RBS catcher analy
Thus we estimate the differential yield error to be 20%. F
the experimental error of the total yield we have to consi
the uncertainty of the angular distributions~see Table I!
which contributes a rather systematic error of about 25%
the total error. In Tables II–IV the total yield error is give
without this systematic part since this error does not en
into relative comparisons within one table.

Inspection of Tables II–IV reveals two clear signatur
for electronic effects. First, comparing measurements w
Au ions of the same energy but different charge states
increase is seen in Ti and Zr for the higher charge s
clearly outside the experimental errors. An almost doubl
of the charge state by post-stripping produces without exc
tion at least 50% more sputtering yield. This cannot be
plained within the framework of~nuclear! collision cascade
sputtering. A dependence ofYexp on the charge state of th
incident ion, however, is well known from~electronic! sput-
tering of insulating materials.36 Electronic sputtering is re
lated to the electronic energy deposition which in turn d
pends on the ion charge state as demonstrated in energy
measurements with different incidence charge states.37,38
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Thus the observed charge state effect is a clear indicatio
electronic effects in sputtering of Ti and Zr. In contrast,
charge state effect is seen in sputtering of Au targets. F
more quantitative discussion of the charge state depend
an exact knowledge of the energy loss ‘‘history’’ of the io
along their path into the material would be necessary, fr
which the integrated energy deposition near the surface c
be calculated. This interesting but complex problem is
yond the scope of this paper as well as is the exact dep
dence on single charge states. The following quantita
comparisons are restricted, thereof, to the sputtering yie
with ions post-stripped to the equilibrium charge state dis
bution.

We notice a second signature for electronic effects
comparing experiments with similar nuclear (Sn) but differ-
ent electronic (Se) energy loss, where nuclear sputterin
alone would produce similar yields. Such a case repres
sputtering with 55 or 59 MeV I ions and 230 MeV Au ion
which have in each material almost the sameSn at the sur-
face but two times moreSe with the heavier projectile.
Tables II and III show that the measured yields (Yexp) are
higher for Ti and Zr by more than a factor of 2 and follo
the Se increase. The Au yields in contrast~Table IV! are
similar within experimental errors, indicating once more t
low electronic sensitivity of Au.

However, theSn influence on sputtering cannot be n
glected even in this high-energy regime. An example is
sputtering with 109 MeV Au ions and 210 MeV I ions, whe
Se is similar, butSn differs by more than a factor of 4. As
expected for nuclear sputtering, an increase is seen fo
targets by about the same factor going from I to Au ions
should be noticed that theSn values are almost two orders o
magnitude smaller than the correspondingSe values.

To summarize, the experiments have revealed angular
tributions which are more peaked around the surface nor
than at keV energies. Clear evidence has been found for e
tronic effects for Ti and Zr in the charge state and ener
4-6
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loss dependence, but the effects are by far not as large a
insulators and thus nuclear contributions are still appare

IV. THEORETICAL CALCULATIONS

A. Comparison to MC simulations

Sputtering caused by collisional cascades~nuclear sputter-
ing! can be simulated by programs such asTRIM-CASCADE

~TC!,32SRIM96,35 or TRIM-SP.39 These programs use theTRIM

algorithms for calculating the electronic and nuclear stopp
powers, and tabulated values for the surface binding ene
The total yield integration of particles surpassing this ene
is performed with internally calculated angular distribution
Measured sputtering yields in the nuclear stopping po
regime are typically reproduced within a factor of 2, but
should be mentioned that different programs vary by
same factor. The measured yields (Yexp) are compared in
Tables II –IV with MC simulations by TC (YTC). The cal-
culated yields reproduce qualitatively the trend for differe
energies and ions, but most of the experimental values
underestimated in the case of TC, typically by about a fac
of 3 for Au and Zr and up to a factor of 8 for Ti, which i
clearly outside experimental errors and TC uncertainties
well. This points clearly to non-cascade contributions in
observed yields. The calculated TC values must follow
nuclear energy loss, andYTC shows, for example, a sma
decrease going from 55 or 59 MeV I ions to 230 MeV A
ions in Ti and Zr. This is in strong contrast to the measu
distinct increase and is again a hint for non-cascade co
butions.

B. The inelastic thermal spike„TS… model

Only a small fraction of the energy of the incident hea
ions is indeed stored in collision cascades at these ene
and the major part is distributed in the electronic subsys
of the target by electronic excitation and ionization. The~in-
elastic! thermal spike16,22 model was developed to describ
the energy transfer from the electronic to the atomic sys
via electron-phonon coupling. This is assumed to be
dominant energy transfer mechanism, because a Coul
explosion of the ionized atoms is not effective in conduct
due to the experimentally shown large mobility of th
electrons.40 The inelastic TS model considers the electrons
a metal to be described by a quasi-free-electron gas and
thermodynamic properties of the atomic lattice by expe
mentally known parameters. The time scale of a therm
spike is very short since the energy is deposited by
heavy-ion projectiles within 10216 s, shared between th
electrons within 10215 s, and thermalization in the lattic
occurs within 10213 s, thus the use of equilibrium thermo
dynamic parameters may be questionable. However, this
proach has reproduced a large number of effects in the e
tronic stopping power regime and is the only quantitat
model at present.

Following the description in Refs. 16 and 22 the ene
diffusion in the electronic and atomic subsystems at timt
and at a distancer from the ion track assuming cylindrica
geometry is described by two coupled differential equatio
15541
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Ce~Te!
]Te

]t
5

1

r

]

]r F rK e~Te!
]Te

]r G2g•~Te2Tl !1A~r ,t !,

~2!

Cl~Tl !
]Tl

]t
5

1

r

]

]r F rK l~Tl !
]Tl

]r G1g•~Te2Tl !, ~3!

whereTe,l , Ce,l , andKe,l are the temperature, specific hea
and thermal conductivity for the electronic system and
lattice, respectively. The initial energy densityA(r ,t) is
taken from a spatial distribution functionF(r ) of the delta-
ray energy deposition41 and a Gaussian distribution in tim
G(t):

A~r ,t !5bSe•G~ t !F~r !5bSe•exp@2~ t2t0!2/2t0
2#•F~r !,

~4!

with t0 equal to 10215 s is the time required for the electron
to reach thermal equilibrium. At 4t0 the energy deposition is
stopped in the calculation.b is a normalization constant s
that the total energy input is equal toSe .

Depending on the amount of energy transfered to
atomic system and the reached temperature, specific p
changes can be induced such as transitions from the sol
liquid phase or liquid to vapor phase. A fast quench of the
phase changes is supposed to freeze the defect, and thi
been experimentally observed.16,42,43The only free paramete
in the calculations is the electron-phonon coupling valueg
which has been determined by fitting electronic stopp
power thresholds for damage creation in several metals,
suming that they are formed during the quench of a mol
phase. The electron-phonon coupling valueg can be calcu-
lated as follows using parameters of the specific materia22

g5
p4~kBznlvs!

2

18Ke~Te!
, ~5!

wherevs is the sound velocity,nl the atomic density, andz
the number of electrons participating in the thermal spi
Calculated values for noble metals withz51 are quite in
agreement with those determined by fs laser experiments44 or
from thermal-conductivity measurements.16,45 The two pa-
rameters in Eq.~5! on whichg mainly depends are the the
mal conductivity and the sound velocity. The latter is prop
tional to the square of the Debye temperature,22 which by
itself is inversely proportional to the atomic mass of the m
terials. Furthermore the thermal conductivity of Au is at lea
one order of magnitude larger than the one of Zr or Ti. Bo
dependencies together result in a two orders of magnit
difference of theg values of Au and Zr or Ti, respectively
which is also seen in fs laser experiments.44 This difference
mirrors the individual density of electronic states at t
Fermi energy, too, and explains the different electronic
havior of these metals.

Very different effects could be reproduced by this inelas
TS model: the influence of the irradiation temperature,46 the
velocity effect,43,47-49 electronic annealing in Fe,43,49 and
even track diameters of C60 cluster beams.50 This supports
the reliability of the TS model and the thermodynamic co
cept behind it.
4-7
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C. Extension of the inelastic thermal spike model to sputtering

The existing TS model, however, was not developed
calculate sputtering yields that may be regarded as a log
extension of the model. Indeed sputtering could be linked
the evaporation of particles at the surface of the irradia
material and consequently damage creation~melt phase! and
sputtering~vapor phase! should be described with the sam
set of parameters. Thus the TS model was extended to
culate the number of evaporated atoms for the metallic
gets in this study. Similar to Sigmund and Claussen’s
proach for sputtering by elastic-collision spikes51 a statistical
thermodynamic ansatz was made using a Maxw
Boltzmann equation to describe the thermal distribution
the target atoms. Following this concept the evaporation
f can be written as

f@Tl~r ,t !#5NatAkBTl~r ,t !/~2pM !•exp@2Us /kBTl~r ,t !#,
~6!

wherekBTl(r ,t) is the energy of a lattice atom with massM
at a radial distancer and at a timet. Nat is the number of
atoms per cm3 andUs is the surface binding energy which
usually equated with the sublimation energy. For the ther
conductivity of those atoms above vaporization tempera
we used values derived by Sigmund52 which increase with
the square root of the temperature. By integration of Eq.~6!
over timet and spacer, one can deduce the total sputterin
yield YTS. Instead of Sigmund and Claussen’s analytical
lution, these equations were used inside the existing TS
gram which calculates numerically the energy and temp
ture development in time and space. In order to compar
with the experimental results the calculated values were
rected for the measured incidence angle dependence
sin21.5a.

No free parameter exists in the extended TS sputte
calculations if we want to be consistent with earlier TS c
culations of electronic effects in metals.22 From fits of elec-
tronic damage thresholds and various track radii in Ti,19,42an
electron-phonon coupling valueg51.031013 W/cm23 K21

was deduced. TS computation results with this value
compared in Fig. 5 to the experimental results of Ti whe
the collision cascade contribution calculated by TC w
added for better comparison. The TS simulation is in
same range as the experiments, but the general trend wit
energy is not reproduced, and the yields are obviously un
estimated by a factor of 2–3.

Due to the fast time scale for the energy transport in
lattice of less than 10213 s typically superheating can occu
In this situation the matter can reach higher temperatu
leading to faster cooling rates. Superheating has been d
onstrated in pulsed laser irradiations with fs pu
lengths.53,54 In the above calculation this scenario of sup
heating has been simulated by ignoring the latent heat.
culations with latent heat for the Ti case have revealed s
tering yields more than one order of magnitude higher th
the measured ones. Thus we decided to perform all the
culations without latent heat assuming superheating.

However, sputtering yield calculations for Zr using ag
value of 2.631012 W/cm23 K21 as determined by damag
15541
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creation in Zr at high energies19,42 failed completely, with or
without superheating. Probably due to less effective electr
phonon coupling and the rather high sublimation ene
none of the ion/energy combinations delivered an electro
contribution to sputtering. But the experiments have clea
indicated electronic effects in Zr sputtering.

D. Inclusion of nuclear heating in the inelastic thermal
spike model

Since the experimental results also suggested the im
tance of nuclear energy loss, the energy stored in the c
sion cascade was taken into account for track heating~‘‘col-
lision spike,’’ see Ref. 30, and references therein! and
additionally implemented into our extended TS model. T
nuclear energy deposition was added in the equation des
ing the temperature distribution in time and space of
atomic system@Eq. ~3!#. In analogy to the electronic energ
densityA(r ,t) the nuclear energy densityB(r ,t) is written as

B~r ,t !5bnSnGn~ t !Fn~r !, ~7!

which is normalized toSn by bn . The time-dependent par
Gn(t) of the energy deposition is approximated by

Gn~ t !5exp~2t/t!, ~8!

and the exponential decay has a time constantt which can be
estimated from the average energy and respective range
cascade. According toTRIM-SP simulations a few keV are
deposited to each atom, resulting in a typical range of 10
This gives between 10213 s and 10214 s for the deposition
time t as a first approach in agreement with Sigmund.52 The
space distributionFn(r ) of the energy density is written as

Fn~r !51/r •exp~2r /R0! ~9!

with a ‘‘spike radius’’ R0 ~where 66% of the total nuclea
energy is deposited!. This quantity is connected to the mea
energy and the related mean range of scattered recoils fo

FIG. 5. Simulation of Ti sputtering yields for different ion
energy combinations. Measured values~Exp! are compared to TC
simulations~TC! and TS calculations with heating by the electron
energy loss with only Se or together with the nuclear energy l
~Se1Sn!.
4-8
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ing the collision cascade. Sigmund and Claussen, for
ample, found a value ofR0515 Å to reproduce sputtering
data of Sb on Ag at keV energies.51 At our much higher
energies the mean energy transfer^T& to a target atom can b
calculated from elastic scattering.55 In case of Au-Au sput-
tering,^T& varies from 9 keV for 10 MeV incident energy t
230 eV for 300 MeV. Assuming that low-energy atoms a
mainly emitted perpendicular to the ion trajectory, one g
spike radiiR0 from 27 Å to 6 Å.

E. TS calculation for Au, Zr, and Ti sputtering

To test the implementation of nuclear heating in the n
inelastic TS model, Au self-sputtering was calculated arou
the nuclear stopping maximum, i.e., for Au ions around
MeV, and compared to recent measurements by Ande
et al.20,21 Using a variableR0 value as deduced from th
experimental data and a deposition timet52310213 s, the
measured yields could be reproduced within a factor of
~Table V!. YTS1TC includes the contribution from elastic co
lisions calculated by TC, which by itself represents 40%
the total yield at the most. We have tested the sensitivity
the calculations on the two parameters which were ne
introduced into the TS model by the nuclear spike com
nent. The influence of the deposition timet on the total yield
was found to be weak, and a variation from 5310214 s to
2310213 s induced only a 10% decrease of the sputter
yield. A change of the spike radiusR0, however, was more
important. Using the fixedR0 value from Sigmund and
Claussen51 of 15 Å increased the TS yield by almost a fact
of 2. Although the electronic energy loss and the rela
energy input are negligible at these energies, the electr
phonon coupling still plays an important role. Reducing t
value ofg from 2.331010 W/cm23 K21 to zero increased the
calculated yield by a factor of 2–3 demonstrating a cool
effect of the electrons in our TS model.

Introducing the nuclear spike component also in the sim
lation of our high-energy Au sputtering experiments, whe
the highestSn values~1.1 keV/nm! are reached, clearly dem
onstrates the importance of nuclear heating. Whereas
electronic energy loss alone is not sufficient to evaporate
atoms~in spite of values up to 60 keV/nm!, together with
nuclear heating the TS simulation produces a substantial
tribution to the sputtering yield. Therewith the total sim
lated yield ~TC and TS added! is in reasonable agreeme

TABLE V. Total sputtering yield of Au on Au at vertical inci-
dence. Yexp is from Ref. 21, TS calculations are withg52.3
31010 W/cm3 K, and spike radiusR0 is deduced as in Ref. 20. Se
also Table II.

Energy Se Sn Yexp YTC YTS YTC1TS YTS(g50) R0

~keV! ~keV/nm! ~atom/ion! ~Å!

100 0.8 7.8 5465 17 60 77 129 22
200 0.9 8.8 6266.5 19 67 86 23
700 1.8 10.0 7967 22 84 106 221 24
1400 2.4 9.6 6665.5 21 76 97 25
3000 3.2 8.2 4463.5 18 48 66 113 27
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with the experimental results~see Table IV!. A simulation
with g50 as shown in Table IV for 109 MeV Au ions lower
the number of evaporated atoms by 25%, pointing to
contribution from the electronic energy loss.

Repeating the TS calculation for Zr, but now with inclu
sion of the nuclear component, the synergism of both co
ponents becomes obvious. For the case of 230 MeV Au i
with an equilibrium charge state 291 the calculated time-
dependent energy per atom is shown as an example in F
at different distances from the ion track. Like electronic he
ing, as mentioned before nuclear heating alone cannot
lattice atoms above the sublimation thresholdUs of 6.3 eV.
However, with electronic and nuclear heating together, ato
close to the spike center clearly reach energies well ab
the sublimation energy. From this figure one can also e
mate the efficiency with which the nuclear and electro
energy input is transferred to the lattice atoms. A collisi
cascade created by 0.27 keV/nm nuclear energy loss
duces a similar energy per atom as a one hundred ti
higher electronic energy loss~30.3 keV/nm!. This is due to
the much more effective elastic-scattering energy tran
compared to the electron-phonon coupling mechanism.
TS calculations for Zr with inclusion of the nuclear ener
component are presented in Table III showing remarka

FIG. 6. Simulation with an extended TS model for Zr sputterin
The transfered energy per atom is shown as a function of time
various distancesR to the ion path~in this example 230-MeV Au
ions with equilibrium charge state!. The sublimation energy of Zr is
6.3 eV. The contributions of the nuclear and electronic stopp
power are separated.
4-9
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good agreement with the experimental data. Both the ab
lute yields and the energy trends are well reproduced.

The addition of a nuclear component improved also
TS result for Ti substantially~see Fig. 5 and Table II!. Not
only are the absolute yields closer to the experimental
sults, but also the energy dependence is much better re
duced. The importance of the nuclear contribution becom
evident especially for the lowest Au and I ion energie
whereSn has its largest andSe its lowest values within this
study.

The experimentally observed charge state effect on
sputtering yield was simulated in our TS model using diff
entSe values. From specific energy loss measurements37,38 a
linear dependence ofSe on different charge states can b
deduced as a first approximation. Regarding the facto
almost 2 between the experimentally used charge sta
some yield calculations were performed for ion irradiatio
in a nonequilibrium charge state with half of theSRIM96
energy loss value~given in brackets in Tables II–IV!. For Ti
and Zr a decrease in the sputtering yield for the lower cha
state can be seen whereas for Au the change inSe does not
affect the yield. Thus the electronic sensitivity or insensit
ity, seen in the charge state dependence, can be reprod
by the TS model as well.

F. Discussion of the extended thermal spike model

The overall agreement observed between the ther
spike predictions and the experimental results should
hide the hypotheses and assumptions made for the cal
tions. Electronic sputtering is assumed to be the evapora
of atoms from a hot surface area heated by an inelastic t
mal spike. The surface temperature is equated to the
temperature as calculated in the TS model in cylindri
symmetry without consideration of any axial gradient. T
symmetry break at the surface can certainly influence
surface temperature and could be implemented by an a
tional coordinate.

The free parameter is the electron-phonon coupling va
g for which we have used a value determined by fitting
threshold of damage creation linked to the molten phas56

For Ti and Zr the extracted values are in agreement with
calculated ones using Eq.~5! if the number of electrons pe
atom of z52 is assumed. However a four times lowerg
value was measured in fs laser experiments for Ti, point
to z51. This may be related to the high electronic excitati
induced by the heavy ions as compared to the low excita
by laser. But what is more important is that theg values are
deduced from the melt phase and used for particle evap
tion from the vapor phase.

Another important parameter is the time during which t
lattice stays above the vaporization temperature. This t
depends on the lattice thermal conductivityKl and on
whether or not superheating occurs. If we assume superh
ing and a thermal conductivity calculated from the therm
diffusivity within the kinetic gas theory52 an overall agree-
ment was obtained with the measured yields. It is clear
increasingKl without superheating would also reproduce t
experimental data. But then we would have to insert an
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realistic value forKl . Open questions concern the validity o
the extrapolated values which are used for the specific h
and the thermal diffusivity at temperatures well above
evaporation temperature. Regarding all these uncertaintie
the lattice parameters, the calculations in the present p
were performed in the same way as the previous ones16,22,23

in order to be consistent.
The implementation of nuclear heating has introduc

two new parameters. As said before the calculation is
very sensitive to the deposition timet. A more sensitive
parameter isR0, the cylinder radius, in which most of th
nuclear collision energy is deposited. We have used the m
range of lattice atoms with a mean energy as deduced f
elastic scattering. However, nothing is known about the
fective size of a nuclear spike at our high energies.

An additional energy transport mechanism could be
pressure pulse necessarily connected to the fast de
change of the liquid or vapor phase. A rough estimate give
value of 5 GPa which may also contribute to sputtering. Su
a mechanism was proposed by Jakaset al.57 to explain the
large measured sputtering yields of rare gases and by Br
and Johnson58 to simulate an ionic spike. The observed ove
cosine angular distribution has also been seen in molec
dynamics~MD! calculations59 and may be an indication of a
pressure pulse contribution similar to the recently found
like component in LiF sputtering.60

V. CONCLUSION

Sputtering experiments with swift heavy ions on met
such as Ti and Zr have given clear evidence for electro
effects, i.e., an influence of the electronic energy lossSe on
the sputtering yield. Using appropriate ion/energy combi
tions an increase of the sputtering yield is seen with incre
ing Se but with constant nuclear energy lossSn . A similar
effect is observed by varying the ion charge state which
known to affectSe . Doubling the charge state under othe
wise unchanged conditions increases the sputtering yield
nificantly. Both findings cannot be explained by a linear c
lision cascade theory, i.e., nuclear sputtering. In contrast t
and Zr no such electronic effects have been observed in s
tering of Au targets. This behavior was in accordance w
the expectation of an inelastic thermal spike model wh
deposits the energy loss after an energetic heavy ion im
in matter primarily in the electronic subsystem and transf
it subsequently to the atoms by electron-phonon interact

The measured yields are not as large as, for example
electronic sputtering of insulators, but definitely above t
predictions of a collision cascade theory. The existing
model was extended, therefore, to simulate electronic s
tering by an evaporation process of particles. However e
tronic heating alone was not sufficient to evaporate Zr ato
and the nuclear energy loss input of the ions had to be c
sidered in addition. This extra heating mechanism was m
eled using the well-known concept of an elastic collisi
~nuclear! spike. Simulations with electronic and nucle
heating together reproduced the measured yields of Zr an
within a factor of 2. Metal sputtering seems to be the fi
case in which a synergy of both heating mechanisms can
4-10
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clearly seen, apparently due to comparable contributi
from electronic and nuclear effects—in contrast to insulato
The inclusion of a nuclear spike component in our TS mo
also explained the difference between the measured yield
the MC simulation for Au, even in the range of some hu
dred MeV.

The sputter calculations used the same set of param
as has been successfully used for the simulation of tr
formation in metals and, hence, the new inelastic TS mo
has established a link between damage creation~melt phase!
and sputtering~vapor phase!. Further experiments are i
preparation to measure the energy distribution of sputte
particles which could provide another signature for therm
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