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Jetlike Component in Sputtering of LiF Induced by Swift Heavy Ions
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Angular distributions of sputtered atoms from SiO2 and LiF single crystals were measured under the
irradiation of 1 MeV�u swift heavy ions. In contrast to the almost isotropic distribution of SiO2, an
additional jetlike component was observed for LiF. The total sputtering yield of SiO2 (�102 atoms�ion)
can be reproduced by an extended inelastic thermal spike model, whereas the huge yield of LiF
(�104 atoms�ion) needs a substantial decrease of the sublimation energy to be described by the model.
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When energetic heavy ions are slowing down in solids,
they create along their trajectory a zone of intense elec-
tronic excitations confined to a cylindrical region of about
10 nm diameter. Projectiles in the MeV to GeV energy
range typically deposit some 10 keV per nanometer path
length inducing in many materials dramatic modifications
at the surface and in the bulk. Examples are phase changes
inside the tracks from the crystalline to the amorphous
state [1] or from a superconductor to an insulator [2], the
creation of a high temperature [3], high pressure [4], or
high stress phase [5]. The characteristic track dimensions
are well matched to the controlled production of structural
modifications on a nm scale. This possibility has recently
been used to create conducting tracks as field emitters in
an insulating carbon matrix [6]. Although ion beams are
already applied in many scientific and technological fields,
there is still a lack of understanding concerning the com-
plex processes involved in track formation.

The question of what mechanisms the energy deposited
in electronic excitations is transferred into kinetic energy
of the lattice atoms is still under discussion. Several track
models based on different physical scenarios have been
developed [1,4,7–9]. However, since track formation oc-
curs within a time of 10212 s and within a confined vol-
ume of some nm3, the dynamic process of atomic motion
cannot be observed directly in the bulk of the target mate-
rial. Whatever mechanism dominates the track formation,
it should also govern the sputtering at the sample surface
[10]. Sputtering data in the electronic energy loss regime
are available for different materials [10–16] but total sput-
tering yields have not been linked to related bulk observa-
tions so far. For this purpose, a series of new sputtering
experiments have been performed on two different types
of insulators, single crystalline LiF and SiO2 (a quartz).
In both cases, track formation in the bulk has been stud-
ied in great detail [1,17–20] and described in the frame-
work of an inelastic two-temperatures thermal spike model
[7]. A suitable model should allow a consistent descrip-
tion of surface and bulk observations with the same set of
parameters.
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In this Letter, we report new and unexpected sputtering
of LiF seen both in the total yield and in the angular dis-
tribution. While sputtering of Si particles from quartz is
nearly isotropic, typical for a thermal process [13,15], Li
and F exhibit an additional sharp jetlike component sym-
metric around the surface normal. Such a peak has till now
never been seen for bulk crystals, only for nanocrystalline
Au targets [21]. Moreover, the total yield of LiF reaches
values around 104 sputtered particles per incident ion, al-
most 2 orders of magnitude larger than for SiO2. This
huge yield is well beyond collisional cascade sputtering
expectations and rules out any crystalline orientation effect
(Wehner spots). It is shown that the total yield of SiO2 can
be reproduced by the inelastic thermal spike model with
parameters as deduced for tracks in bulk material [7]. In
LiF, the binding energy has been lowered to describe the
huge sputtering yield [9,22–24].

The sputtering experiments were performed at the Mu-
nich accelerator laboratory using S, Ni, I, and Au ions
with different electronic stopping powers (see Table I) but
roughly the same specific energy (�1 MeV�u) in order to
avoid the velocity effect [25]. To reach equilibrium charge
states, all projectiles passed through a thin carbon foil in
front of the sputter samples. The beam incidence angle a
was either rather flat �a � 19±� or more normal �60± ,

a , 75±� with respect to the sample surface (see Fig. 1).
The typical spot size was 10 mm2 �a � 19±� or 3 mm2

�60± , a , 75±�. The ion fluence was controlled via cur-
rent measurements on the carbon foil, calibrated by a Fara-
day cup. Radiation damage of the sample surface was
minimized by moving the samples and collecting sputtered
particles from several irradiation spots, each of them lim-
ited to a maximum fluence of 2 3 1012 ions�cm2 for LiF
and 1 3 1013 ions�cm2 for SiO2. Sputtered atoms emit-
ted from the target surface were collected on arc-shaped
catcher foils of high purity Al or Cu, mounted perpen-
dicular to the incident beam. In some cases, a second arc
was added parallel to the beam to check the azimuthal sym-
metry of the angular distribution. After irradiation, the area
density of the particles sputtered onto each catcher foil was
© 2002 The American Physical Society 057602-1
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TABLE I. Parameters of sputtering experiments and results. Ei is the incident energy, dE�dx
the initial energy loss, and a the incidence angle of the beam with respect to the sample surface.
Ytot is the total yield of the specified atom per incoming ion; the experimental errors are less
than 20% (in some cases F detection was inhibited due to catcher oxidation). s and Ya denote
the width and partial yield of the anisotropic component, respectively.

Ei dE�dx a Sputter Ytot s
Target Ion (MeV) (keV�nm) (deg) species (at�ion) (rad) Ya

SiO2 Au 210 21.9 19 Si 1000
I 150 16.4 19 Si 530

LiF Au 210 21.5 19 F 45 590 0.35 20 130
Li 41 220 0.37 20 300

I 150 16.2 19 F 15 790 0.51 12 010
Li 17 530 0.47 11 380

Ni 70 10.4 19 F 2210 0.17 210
Li 1990 0.21 320

S 50 5.0 19 Li 120 0.19 15

LiF Au 210 21.5 70 F 10 260 0.14 1280
Li 9630 0.13 850

60 Li 5060 0.16 660
I 150 16.2 75 F 1940 0.22 350

Li 1890 0.30 470
Ni 70 10.4 70 Li 270 0.26 60
analyzed by means of elastic recoil detection analysis avail-
able in the same irradiation chamber [26]. To protect the
collected atoms from being sputtered off by the analyz-
ing 150 MeV Au ion beam, the catcher foils were covered
by a thin Cu layer. From a step by step analysis along
the full length of the catcher, the differential sputter yields
dY �u��dV of F, Li, and Si were determined as a function
of the sputtering angle u. In a separate experiment, mea-
suring the total sputtering yield by the thickness decrease
of a thin LiF layer, the sticking coefficient on the catcher
was found to be close to one.

For all ion beams, LiF exhibits stoichiometric sputtering
within the experimental errors of 20% (Ytot in Table I).
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FIG. 1. Angular distribution of sputtered Li (open symbols)
and F (filled symbols) atoms for irradiation with various ions
(energy given in MeV) at beam incidence (a) close to normal
(60± , a , 75±) and (b) flat incidence (a � 19±). In some
cases, F data are missing at large angles due to surface oxidation
of the catcher.
The corresponding behavior of SiO2 could not be deter-
mined due to unavoidable surface oxidation of the catcher
material. The angular distribution of Si follows a slightly
over-cosine function cosnu with n � 1.3. This is in re-
markable contrast to LiF where both atom species are
strongly peaked around the surface normal with azimuthal
symmetry superimposed on a cosine background (Figs. 1
and 2). This jetlike anisotropy occurs more or less pro-
nounced for all beam incidence angles and for perpendicu-
lar as well as parallel beam-catcher orientation. A good fit
for this angular distribution is given by a two-component
function dY�u��dV � A cosu 1 Be2u2�s2

. Using this fit
function, the total sputtering yield Ytot, the contribution of
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FIG. 2. Angular distribution from SiO2 and LiF irradiated with
210 MeV Au ions: Si yield at a � 19± (squares), Li yield at
a � 19± (circles), and at a � 60± (triangles), the latter multi-
plied by 6.8 for better comparison.
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the jet, and the angular halfwidth were calculated (Table I).
Note that the angular halfwidth of the anisotropic com-
ponent as a function of the energy loss decreases for flat
incidence and increases for normal incidence. The total
yield of LiF is huge, 2 orders of magnitude larger than for
SiO2. For flat incidence of the beam �a � 19±�, Ytot is
on the average 8 times larger than for normal incidence
�60± , a , 75±� which is more than expected from a
sina21 law. We find a sina21.85 which is quite in agree-
ment with the observations made for sputtering of frozen
O2 [27]. For LiF, the Ytot follows a dE�dx power law
with an exponent between 4 and 5 (Fig. 3) for all inci-
dent angles a. Extrapolation of the data for both inci-
dence angles to low dE�dx values gives a sputter threshold
around 5�2� keV�nm for LiF and 9�2� keV�nm for SiO2.

Large non-nuclear sputtering yields are well known
from insulators in the electronic stopping power regime
and several qualitative models have been proposed [12].
None of them, however, neither analytical macroscopic
[13–15,28–30] nor defect-mediated sputtering models
[31], can explain the present behavior of LiF. Only
molecular dynamics calculations can reproduce peaked
angular distributions [32–34], a dE�dx evolution of the
sputtering yield with a power law, larger than 3, and the
evolution of the sputtering yield versus the irradiation
angle [32–34]. But at present this microscopic description
is not developed for ionic crystals.

Coming back to our results, the isotropic emission of
particles suggests a thermal process [13–15]. We there-
fore applied the existing inelastic thermal spike model [7],
in which we have included the surface evaporation for a
quantitative description of our data. The numerical solu-
tion of the two coupled differential equations governing
the heat diffusion in the electron and lattice subsystems
allows us to calculate the evolution of the temperature Ta

of the bulk lattice versus time �t� and space �r�. The total
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FIG. 3. Total sputtering yield per incoming ion as a function
of energy loss for (a) SiO2 irradiated at a � 19± and (b) LiF
irradiated at 60± , a , 70±. All Ytot values were divided by
sina21.85. Curves (1) and (3) assume superheating. For LiF,
the binding energy for curves (1) and (2) is 2.8 eV, and that for
curves (3) and (4) is 1.3 eV.
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yield Ytot of particles evaporated from the surface is then
determined by integrating the evaporation rate F [15,35]
as a function of Ta�t, r�:

Ytot �
Z

dt
Z

dr F���Ta�t, r���� (1)

and

F���Ta�t, r���� � N

s
kTa�t, r�

2pM
exp

µ
2U

kTa�t, r�

∂
, (2)

where N is the atomic density, k is the Boltzmann con-
stant, and M is the molecular mass of the target. The
surface binding energy U is assumed to be equal to the
sublimation energy per evaporated molecule. For tempera-
tures above vaporization, the temperature dependence of
the thermal diffusivity [35] was used. The model calcula-
tions also included the possible scenario of superheating.
In such a situation, the latent heat during the liquid-vapor
phase transition was ignored leading to higher tempera-
tures but also to faster cooling rates. All calculations were
performed for tracks oriented perpendicular to the target
surface. For the electron-phonon coupling constant l of
quartz we used a value of 3.6 deduced earlier from ther-
mal spike calculations of a large set of track radii in bulk
material [1,20], assuming that amorphization occurs by
quenching of a melt phase. Figure 3a shows the experi-
mental sputtering data, normalized to normal incidence by
sina21.85, together with the calculated results using the
known sublimation energy of U � 5.4 eV per molecule.
Assuming superheating, the thermal spike model can ob-
viously predict the total yield in quartz within the correct
order of magnitude. Moreover, independent of the parame-
ters of the vapor phase, the calculated sputtering threshold
is around dE�dx � 10 keV�nm, in good agreement with
the experimental data.

In the case of LiF, the sputtering process, measured un-
der normal beam incidence, is obviously dominated by the
isotropic cosine component supporting also a thermal pro-
cess. In a first approach, Ytot was estimated within the
inelastic thermal spike model using l � 3.8 nm. With
this value bulk tracks can be described [7,17] assuming
formation by quenching of a “vapor phase,” i.e., by rapid
cooling of atoms which have surpassed the known sub-
limation energy of U � 2.8 eV per molecule. Figure 3b
presents the calculated sputter yields with (curve 1) and
without (curve 2) superheating. Neither the total yield nor
the experimental sputtering threshold (5 keV�nm) can be
reproduced by this parameter set. It has been suggested
that the high density of excitation and ionization along the
ion path leads to a pronounced instability of the interatomic
bonds [9,22–24] and thereby to a decrease of the surface
binding energy. As a first approach, we performed addi-
tional thermal spike calculations with a lower sublimation
energy. A value U � 1.3 eV per molecule (Fig. 3b) gives
057602-3
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the best agreement at normal incidence for both Ytot and
its dE�dx dependence. However, it is clear that such an
approach cannot describe any anisotropic angular distribu-
tion. At this stage, we can speculate on a hydrodynamic
process driven by the pressure induced by the vapor phase
[7]. At first, the appearance of a gas phase would induce
radial pressure in the track core released by a jet of atoms
from the impact area. In a later stage, evaporation from a
larger heated track zone leads to an isotropic distribution.
The beam incidence strongly influences the geometry of
the impact zone and track formation at the surface. Under
flat incidence, the radial pressure can easier relax towards
the surface, leading to an increase of the anisotropic com-
ponent Ya (see Table I), whereas under normal incidence
the heated atoms are more confined by the surrounding
lattice. Groves, seen in LiF surfaces after irradiation at
grazing incidence [36], and hillocks at normal incidence
[17] support such a scenario.

In conclusion, for the first time a comprehensive data set
is presented for sputter processes induced by heavy ions in
the electronic stopping regime for two different insulators.
From a SiO2 quartz surface, Si atoms are emitted almost
isotropically, and the total yield can be described by the
inelastic thermal spike model using the same parameters
as for track formation in the bulk. Crystalline LiF shows
rather different behavior, exhibiting an additional jetlike
anisotropic component possibly linked to a hydrodynamic
process due to a vapor phase in the bulk. This may be
a more general behavior as we have indications also for
other ionic crystals such as CaF2 and NaCl. The inelas-
tic thermal spike model can describe the total sputtering
yield, its evolution as a function of dE�dx, and the sput-
tering threshold assuming a largely reduced surface poten-
tial. This strong decrease of the molecule binding energy
is possibly linked to the ionic character of LiF or the emis-
sion of clusters.
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