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Ion-induced formation of colloids in LiF at 15 K
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LiF has been irradiated with energetic heavy ions~about 1 GeV! at temperatures between 15 and 300 K. In
all cases, the ion tracks exhibited preferential chemical etching. This surprising observation gives clear evi-
dence that the formation of etchable aggregates~Li colloids! takes place even at 15 K, although at such low
temperatures all diffusion processes of primary defects are frozen. Quantitative analysis of the size of the
colloids using small-angle x-ray scattering shows that the radius of the cylindrical aggregate zone is only
slightly influenced by the irradiation temperature. Possible mechanisms for ion-induced colloid formation are
discussed taking into account the high-excitation-energy density in the track core.@S0163-1829~97!02441-7#
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In LiF and in other alkali halides, the formation and tran
formation of defects upon excitation of the electron su
system has been studied for many years. It has been sh
that under various types of radiation, defects are crea
when self-trapped excitons decay or when electrons
holes recombine. The primary Frenkel defects areF centers
~an electron at an anion vacancy! and hole-interstitialH cen-
ters~a covalent halogen moleculeX2

2 at a regular anion site!.
In LiF, F centers are stable up to a temperature of 500
whereas theH centers thermally disappear above about
K. The nature and concentration of the color centers
their aggregates strongly depend on the dose, dose rate
temperature during irradiation. At a high dose, complex m
crodefects~aggregation of primaryF- andH centers toFn-
andVn centers! and macrodefects~transformation ofnF cen-
ters to metallic Li colloids!, covalent molecular anions~halo-
gen molecules F2), and vacancy clusters can be created.1–3

However, in all cases where radiation induced formation
colloids was observed, the aggregation process was t
mally activated either by irradiating above room temperat
or by a postirradiation treatment of the samples.4–6 To the
best of our knowledge, colloids have never been observe
low irradiation temperatures where the mobility of color ce
ters is frozen and the aggregation process induced by d
sion is not possible. Here, we are reporting on experime
giving clear evidence that the formation of colloids in L
becomes possible, even at irradiation temperatures as lo
15 K, if irradiated with swift heavy ions.

When irradiating LiF crystals with energetic ions, it h
been demonstrated that the exciton mechanism also t
place. In a number of studies, primary defects such asF- and
F2 centers were investigated using MeV ions.7–10More com-
plex macrodefects were reported only in those cases w
radiation was combined with thermal annealing.11 In the case
of GeV ions, the production ofF centers and smallF-center
aggregates was studied along the penetration depth o
incident ions.10,12 In the late fifties, Young reported that i
LiF single tracks of fission fragments can be revealed
chemical etching whereby the etchant attacks the damag
the ion impact zone at a higher rate than the unirradia
560163-1829/97/56~17!/10711~4!/$10.00
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crystal.13 More recently, we have reinvestigated this effect
more details showing that track etching is only in those ca
successful where the linear energy transfer of the ions
passed a critical threshold of about 1.2 keV/Å.14,15 The na-
ture of this etchable damage has never been analyzed. H
ever, based on the following arguments, we assume tha
etchability of tracks is strongly related to the formation
defect aggregates.

~i! Gilman and Johnston demonstrated that in LiF cryst
irradiated with thermal neutrons, macroscopic aggregates
be etched whereas evidence for the etchability of micro
fects has never been found.16

~ii ! The etchability of tracks is maintained up to a tem
perature of about 700 K while single defects anneal at low
temperatures.13,15

~iii !Small-angle x-ray-scattering~SAXS! experiments
gave a scattering pattern of high contrast only in those ca
where track etching was possible.17

From the quantitative analysis of the SAXS data, it w
concluded that the Li colloids are formed within the tra
core of a radius of 15 Å~Pb ions of 5.9 MeV per nucleon!.
This track core is more than one order of magnitude sma
than the outer zone~track halo! in which mainly color cen-
ters are created up to a saturation concentration.17

This knowledge of colloids in tracks of GeV ions was th
base for the here described investigation. We tested if
formation of colloids using energetic ions is possible
lower temperature than required during conventional rad
tion. Several crystals were irradiated at different low te
peratures in the range between 15 K and room tempera
The selection of the irradiation temperatures was based
the fact that specific processes mandatory for defect crea
are hindered at the following temperatures:1,18 at 15 K,
the color centers of the primary Frenkel pairs are n
mobile. Therefore, the probability ofF-center-interstitial-
recombination is very high restricting the creation of sta
defects. The efficiency to produce defects is expected to
crease step by step at 90 K, where theH centers are con-
verted into VK centers~self-trapped holes! and at 150 K,
10 711 © 1997 The American Physical Society
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10 712 56BRIEF REPORTS
whereVK center are not stable, and all primaryH centers are
transformed into more complex hole centers (Vn centers!.

Thin platelets (1031030.5 mm3) were cleaved from a
single-crystal block of high purity lithium fluoride grown i
argon atmosphere. They were irradiated under normal i
dence with208Pb ions of a specific energy of 5.9 MeV pe
nucleon at the linear accelerator Unilac of the GSI~Darms-
tadt, Germany!. The fluence was 107 and 1010 ions/cm2 for
etching and for SAXS experiments.

After irradiation, the crystals were warmed up to roo
temperature. It is assumed that this procedure does not i
ence the structure of the macroscopic aggregates, since
are stable up to a temperature of 700 K and the diffusion
the F centers takes place only above 500 K.

Chemical etching was performed in a solution of conc
trated hydrofluoric acid~50 vol %! and glacial acetic acid
~50 vol %! saturated with ferric fluoride.13 The etched sur-
face of a sample irradiated at 15 K with 107 Pb ions per cm2

is shown on a scanning electron micrograph in Fig. 1. Si
the sample was irradiated through a structured grid, so
areas~upper right corner of Fig. 1! were not irradiated. In
this region, only etch pits of dislocations of a typical dens
of several 105 per cm2 were found. In the irradiated area, th
number of etch pits corresponded to the applied ion fluen
Etching of each single ion track resulted, as in the case
dislocations, in an etch pit of pyramidal shape owing to
cubic symmetry of the LiF lattice~Fig. 2!. Track etching was
observed for all tested irradiation temperatures, giving cl
evidence that the formation of etchable aggregates along
tracks takes place even at a temperature as low as 15 K.
only significant difference of the etching results concerns
mean size of the etch pits which was in the case of
irradiation at 15 K slightly smaller than that of the irradiatio
at room temperature. The smaller pit size indicates that
damage zone is somewhat smaller resulting in a slo
growth rate at the initial stage of the etch pit formatio
Chemical etching was also performed on samples wh
were cleaved parallel to the ion tracks~i.e., normal to the
irradiated crystal surface!. By etching the defects along th
ion trajectory, the etchable track with a length of 4062 mm

FIG. 1. Scanning electron micrograph of an etched surface
LiF crystal irradiated through a structured mask with Pb ions (7

cm22) of 5.9 MeV per nucleon atT515 K. In the unirradiated
region ~upper right! the pyramidal etch pits correspond to disloc
tions.
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became visible~Fig. 3!. According to theTRIM code,19 the
projected ion range is 52mm. Taking into account the un
etchable length of the ion path of about 5mm, where the
energy loss drops below the critical etching threshold of
keV/Å and the etchable range, we obtain a maximum ra
of 4562 mm. We ascribe this discrepancy of more than 10
to a range overestimation by theTRIM code which has also
been observed in various other solids.

In order to determine the size of the defect aggrega
small-angle x-ray scattering was performed on crystals i
diated with 1010 ions/cm2. The experiments were carried ou
under transmission geometry with an angle of 45° betw
the sample surface and the x-ray beam. The rotating
anode generator (l51.54 Å! had a pinhole collimation and
was operated at 49 kV and 200 mA. The ion tracks produ
a characteristic scattering pattern on a position sensitive
detector. From the scattering intensity registered as a fu
tion of the scattering vector, the radius of the tracks w
deduced. It was assumed that each tack can mathemati
be described by a continuous cylinder of a Gaussian ra
density variation with thez axis of the cylinder along the ion
trajectory. For such a configuration, the intensity distributi
I (kr ,kz) in the reciprocal space is given by

a FIG. 2. Etch pits of pyramidal shape in LiF, resulting fro
chemical etching of ion tracks. Each pit correspond to a single
track.

FIG. 3. Ion tracks (1010 cm22) in a LiF crystal~irradiation tem-
perature 15 K! cleaved parallel to the ion beam after etching for
min. The length of the etched structures is 40mm and corresponds
to the ion range where etchable aggregates are created.
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I ~kr ,kz!5Dr234p23a43sin2~kz3L !/kz
2

3exp~2kr 23a2/2!, ~1!

whereL is the length of the cylindrical track,kr andkz are
the momentum vectors respectively perpendicular and pa
lel to the ion trajectory,Dr is the maximum electron densit
difference between the damaged and undamaged mat
anda defines the radius of the track at whichDr decreases
to e21.20

For all tested irradiation temperatures, the crystals sho
a highly anisotropic scattering pattern owing to the cylind
cal geometry of the tracks. Applying Eq.~1!, the radius of
the ion tracks was extracted from the slope of the logarit
of the scattered intensity as a function of the scattering ve
kr . Figure 4 shows the track radii for the investigated ir
diation temperatures between 15 K and room temperat
The slightly smaller track size for lower irradiation temper
tures correlates with the smaller size of the etch pits obtai
after chemical etching. Furthermore, the contrast of the s
tering pattern was more pronounced for higher irradiat
temperatures. From this observation, it can be concluded
the local electron density is smaller at lower irradiation te
peratures.

The experimentally obtained radius and length of the
track allows us to calculate the volume of the cylindric
track core in which the aggregates were created. At the i
diation temperature of 15 K, this radius is 12.4 Å corr
sponding to a volume of about 2310216 cm3. In such a
volume, the LiF crystal contains about 107 pairs of Li1 and
F2 ions. Assuming that all Li1 ions in this region are trans
formed into lithium colloids, the track core consists of 107 Li
atoms in the upper limit. In reality, the concentration of
atoms is probably smaller due to an inhomogeneous
distribution of the colloids and a density possibly smal
than for lithium as bulk material. Nevertheless, the estima
number of Li atoms in the track core is comparable with
number of singleF centers (106 per ion track! in the track
halo. This demonstrates that the efficiency for the creation
colloids in the track core is very high.

Various models have been suggested in order to desc
the formation of ion tracks in insulators upon electron

FIG. 4. Radius of ion tracks in LiF as a function of the irradi
tion temperature determined by small-angle x-ray scattering.
samples were irradiated with Pb ions of an energy of 5.9 MeV
nucleon and a fluence of 1010 ions/cm2.
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excitation.21–24However, in the case of ion tracks in LiF, th
creation of Li colloids, in particular the aggregation proce
is still an open question. The coagulation of singleF centers
to F center aggregates and finally to Li colloids requires t
F centers and their complementary hole centers must
separated in space and do not annihilate during the aggr
tion process. In LiF, both the coagulation ofF centers and
the separation of hole centers by thermal diffusion are
possible atT515 K. Since we did observe track etching an
high contrast SAXS pattern at such a low irradiation te
perature, we assume that the colloid formation results fro
nonconventional process in the track core. An increase
temperature along the ion path has been postulated as a
sequence of the high energy deposition.25,26 At the present
state, reliable calculations are difficult since various p
cesses such as the electron-phonon coupling and the tran
thermal properties of the solid have to be known and effe
due to radiation enhanced diffusion have to be include27

However, we will discuss two possible scenarios for the f
mation of colloids along highly excited ion tracks.

~a! The aggregation of point defects can take place in
solid state if diffusion and aggregation ofF centers andH
centers is stimulated by a local temperature increase fin
leading to the creation of Li colloids and molecular fluorin
(F2 or nF2).

28 The spatial separation of theF-center aggre-
gates for the molecularnF2 clusters must occur in the cylin
drical zone of increased temperature. As a result, the Li c
loids and the fluorine clusters are separated but coexistin
the track core.

~b! Due to the extremely high excitation density in th
track, the situation may be described by a plasma like s
consisting of free electrons and fully ionized Li and F atom
Various fast relaxation processes take place within t
plasma region without a strong interaction with the surrou
ing crystalline lattice which only occurs at a later stage29

The direct recombination of Li ions with free electron
dominant leading to the formation of neutral fluorine a
neutral lithium atoms@the electron affinity of fluorine~3.4
eV! is smaller than the ionization energy of lithium~5.4
eV!#. At this phase, the neutral fluorine and lithium atom
are separated and F atoms rapidly diffuse out of the pla
region due to their high mobility. The driving force for suc
a process is possibly the different concentration of fluor
atoms inside and outside of the plasmas region. Outsid
the plasma region, the neutral fluorine atoms can be tra
formed into molecular fluorine (F2) or into hole centers. The
Li atoms remain in the plasma region and coagulate to m
tallic colloids. As a result, Li colloids are mainly in the trac
core whereas the halogen clusters must be localized in
track halo.

Combining the observation of track etching with th
quantitative analysis of the size of the track core by SAX
first evidence was found that Li colloids can be formed
irradiation temperatures as low as 15 K. Varying between
and 15 Å for the 15 and 300 K irradiation, respectively, t
size is extremely small and is not significantly influenced
the temperature at which the sample is kept during irrad
tion. It should be noted that such small colloids were ne
observed under conventional radiation. The small size
the colloids and the weak influence of the irradiati
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temperture seem to be strongly related to the propertie
energetic heavy ions. For the creation of colloids requirin
remarkable reorganization of the primary defects, energ
ions seem to be a unique type of radiation mainly for tw
reasons.

~a! The high amount of deposited energy results in m
s of
g a
etic
o

ul-

tiple excitation and ionization events within an extreme
short time of about 10215 s.

~b! The strongly inhomogeneous spatial distribution of t
energy around the ion path leads to a local dose in the tr
core which is several orders of magnitude higher than do
typically applied by conventional radiation.
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