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Modeling of primary defect aggregation in tracks of swift heavy ions in LiF
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To simulate aggregation of primaFycenters created along the path of swift heavy ions in LiF, Monte Carlo
simulations were developed. Parameters relevant for defect aggregation as a result of their random hopping,
such as the migration energy, temperature in the track, initial defect concentration, and diffusion time, were
estimated from available experimental data. It is estimated that in the electronically excited state and under
temperature locally increased up to 1200-Kenters are mobile enough to make several tens of hops. Most of
the F aggregates formed are extremely small and consist only of two or Ehoeaters. The fraction of larger
F clusters(with more than 10 defectss negligibly small, at least for defect concentrations reasonable for ion
tracks. Even at the largest initial defect densities, the aggregates are isolated from each other and do not form
a percolating trail of defects. Such a track morphology is in good agreement with various experimental results.
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[. INTRODUCTION fects can lead td-,, F3, or F,, centers, eventually even to
metallic alkali colloids, and to the aggregates of the comple-
When passing through dielectric materials, swift heavymentary hole centers/,- centers and molecular fluorine ag-
ions induce a trail of electronic excitations and ionizations ofgregates This scenarioprobably also holds for the irradia-
the target atoms. In subsequent processes, the excitations déen with energetic heavy ions, but the high dose and thus the
decay nonradiatively creating various types of damage strudligh density of Frenkel defects close to the ion path, cer-
tures in the lattice such as single point defects, defect clugainly plays a crucial role in defect diffusion and aggregation
ters, local phase transitions, or even decomposition of thgrocesses and therefore in the final damage structure in the
solid by radiolysis-™ The peculiarities of the damage pro- ion tracks.
cess due to energetic heavy ion is mainly determined by the In this paper, we present model calculations concerning
two following facts:(1) the excitation density is very high, the aggregation of such primary defects along the trajectory
reaching up to several keV rirtlose to the ion path, and of heavy ions of several hundred MeV. As material, we used
decreasing with the radial distance approximately a$,1/ LiF crystals mainly due to the fact that a large body of ex-
and (2) the energy deposition to the target electrons is experimental track data exidt® ! thus providing various pa-
tremely fast occurring on the time scale #6-10"14s  rameters relevant for our calculatioht’
(Refs. 6—10. Compared to this scale, defects in the lattice
are created at a much later stage, arounEiliOl_(T.ll s. In Il EXPERIMENTAL RESULTS OF ION-INDUCED
addlt[on _to the;e spemﬁq projectile characteristics, damage DAMAGE IN LiF CRYSTALS
creation in a given material depends on many other aspects
such as material propertie®.g., the nature of chemical lon tracks in LiF have been studied by various techniques
bonding and irradiation conditionge.g., temperatuje such as optical absorption spectroscopy, small-angle x-ray
Although several attempts have been made to give a kingcattering (SAXS), chemical etching, and scanning force
of general description for track formatidh*? at present the microscopy**>****Combining the different results, the fol-
interpretation of damage processes under heavy ion irradidewing track description can be given.
tion is difficult and still leaves many open questions. Thisis (1) In a large halo region around the ion trajectory, the
also true for track formation in ionic crystals, for which—in dominant type of defects are sindgteand dimerF, centers
contrast to many other insulators—amorphization is not exidentified by their absorption bands in the ultraviolet and
pected. Detailed knowledge exists concerning defect creatiovisible spectral range between 200 and 900 nm. The comple-
upon excitation of the electron subsystem by low-energy ionmentary hole centers are absorbing at room temperature in
izing radiation(e.g., gamma rays, electrons, or neutjpis  the vacuum ultraviolet region. They were not studied here
particular for alkali and alkali-earth halides. Their damagebut are known to coexist. Figure 1 shows a typical absorption
mechanism is based on self-trapping of excitéeisher by  spectra of crystals irradiated with U ion$.4 Ge\) and Ni
relaxation of free excitons or by electron-hole recombina-ons (580 MeV) of 5x 10 ions cnf. The efficiency of the
tion) and their subsequent nonradiative decay into Frenketreation of single defects is approximately the same as under
defects. In this paper, we focus on lithium fluoridlgF) in ~ conventional irradiation. At higher fluences, the spectra be-
which the most significant stable defects at room temperatureome more complex due to track overlapping. Although the
are electronicF centers(a halogen-ion vacancy with one position of someF, bands is knowr F; centers(318, 380
trapped electronand complex electron centers. The creationnm) and F, centers(518, 540 nm), the analysis of such
of complex color centers and aggregation of neighboring deaggregates is not straightforward. Finally, it should be men-
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FIG. 1. Absorption spectra of LiF crystals irradiated at room  FIG. 2. Track radii deduced from SAXS measurements as a
temperature with U ion$1400 MeV;dE/dx=28 keV/nm) and Ni  function of the irradiation temperature. The LiF crystals were irra-
(580 MeV; dE/dx=10 keV/nm) of about % 10'°ions/cnf. The diated with Pb ions of 730 MeVRef. 17 or 1230 MeV(Ref. 18.
bands at 245 and 450 nm belong to singleenters andF, centers,
respectively. The complementary hole centers absorb in the vacuufollowing specific conditioné:*° (1) F centers and hole cen-
ultraviolet region[~113 nm(Ref. 16], and cannot be seen here. ters must be separated in spa(®, the concentration oF

centers surviving recombination with complementary hole
tioned that the absorption bands of Li colloids are expecteqH) centers must be sufficiently higlC¢=10?* cm™2), and
to be close to thé, bands, but they are not so well known (3) diffusion of F centers must be possible.
and it is difficult to identify them in complex optical spectra.
From the evolution of thé&-center concentration as a func-
tion of the ion fluence, the radius of the halo surrounding the ] . )
track core can be deduced. It varies from 5 nm for light ions  The concentration of primary F defects in the track core
(e.g., S, 1.6 MeV u, 4.3 keV nhup to 40 nm for heavier ¢an be estimated from optical measurements where we find a

ions (e.g., Au, 11.4 MeV u, 24 keV npf* typical value of aboutCg~2X 1P F centers in the halo
(2) If the ions surpass a critical energy lossE/dx) of ~ egion of a smgle .trac.ﬁ. I\ﬂ%nte Carlo calculations of the

about 10 keV nm, a new effect occurs, namely the creation diteral energy distributic?®>! demonstrate that about 30%

complex defect clusters in a narrow cylindrical core with a°f the total ion energy is deposited in the track core and

radius between 1-1.5 niiRefs. 2 and 14 The size of this e_lb_out 70% in the haI(_). Assuming similar defect creation ef-

track core has been determined from analyzing the highljiciencies in both regions, the number of primary point de-

anisotropic SAXS pattern which is due to a modified elec-f€Cts in the track core should be around’ iRef. 4. The

tronic densityAp in the tracks(the scattering is proportional Volume of the track core is given by the cylinder radias

to Ap?). Note that the singl& centers do not contribute to deduced from the SAXS experimentand the length, corre-

the SAXS contrast. Above this threshold, tracks can be atSPonding to the ion range. Taking a projectile of 10 MeV

tacked by a suitable etchant. Both phenomena are stable (8" nucleon with a typically range of §om (Refs. 14 and

to much higher temperatures than singl@nd hole centers 22) and a radius of 1.5 nm, the track volume is 5.7

exist. Although the nature of the specific damage in the core< 10_ *° ¢ [corresponding to about 3410 (Li*-F~) ion

is not studied so far, several observations indicate that thBairs. It follows that the concentration of primary Frenkel

track consists of a quasicylindrical, discontinuous array ofairs in the track core is about2L0?* cm™* which is about

defect aggregates. 3% of all lattice sites. As mentioned above, this number is
Track formation in LiF crystals was also tested in a widecertainly high enough for efficient aggregation &

temperature range from 15 to 750(Refs. 17 and 18 The centers?®

most remarkable fact is that the track core is created even

when the irradiation is performed at as low a temperature as  B. Estimate of diffusion parameters and local heating

15 K. This is in clear contrast to conventional irradiatidrs in the track

rays or fast electronswhere aggregation processes at such a For a reasonable simulation of the aggregation process,

low temperature are strongly suppressed because primap o s parameters such as diffusion length, activation en-

Frenkel defects are not mobile. Based on the temperaturgrgy and local temperature have to be known. The mean
dependence of the SAXS radigbig. 2), we assume that square diffusion lengtkx2) of defects is given 37
during irradiation, the local temperature around the ion path

increases b T. (x®y=\2M=67D, (1)

where\=2d=0.28 nm is the hoppingF-F ion) distance
to the nearest lattice sitd.i-F distance isd=0.2 nm),M is

From a general point of view, aggregation of single the number of hops of a single defeciis the diffusion time,
centers to more complex clusters is possible only under thandD is the diffusion coefficient determined by

A. Estimate of defect concentration in the track

IIl. DEFECT AGGREGATION
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1 (i) Defects are created in a simple cubic lattice of $ize
D=5 vAZexp(—Q/kT*), (2)  thezdirection and of infinite size in the andy directions.
(The z axis is parallel to the trajectory of the projectjle.
wherer~10'3 s™! is the frequencyattempj factor,Q is the (i) The initial distribution of defects is described by the

hopping activation energy ari* denotes the effective tem- exponential functiorc(r) = coexp(—r/a), wherer is the dis-
perature during defect diffusion given by the irradiation tem-tance from the ion path, and the initial densityat the track
peratureT;, plus the temperature increase in the track regiorcenter and the radiwscan be varied. The total number Bf

AT (T*=T;,+AT). centers in a whole track is given by
In order to estimateAT, the activation energy for the
diffusion process has to be known. Unfortunately, for heavy w
ions it is impossible to monitore experimentally the diffusion N(o)= f c(r)L2zrdr=2ma?Lc, 4)
0

kinetics in the track. From conventional irradiations it is

known that defect aggregation takes place viarddhation-

enhanced diffusiofRED),'>?*i.e., F-centers migrate in the and the fraction of defects inside a cylinder of some arbitrary

electronically excited state and thus, with a much lower acfadiusr is

tivation energy than under conventional thermal

activation?*?° In alkali halides, a typical activation energy

for F-center diffusion in the excited state is aboQi N(r)/N()=1— ( 1+

~0.2 eV (Refs. 25 and 26with the lifetime of the order of

nanosecond$!! Combining Eqs(1) and(2), and supposing

that the mean diffusion lengttxg) of F centers corresponds According to Eq.(5), the fraction of defects created inside a

to the SAXS radius of the cone,, we obtain the following cylinder with radiusr=a equals N(a)/N(*)=26%, in

relation: agreement with the estimated lateral energy distribution for
LiF irradiated with heavy ions above tlike/dx threshold of

r2~exd — Qe/k(Tix+AT)]. (3) 10 keV/nm(Ref. 4.

_ ) S ) (iii) Hole H centers are more mobile th&hcenters and
Inserting the SAXS radius; from irradiations at two differ-  gre separated from tHe centers before these latter start to
ent temperature$;, (Fig. 2), we obtainAT=1200=100 K mjgrate. Note that in LiFH centers are known to aggregate
(Ref 18 The eﬁ:ective |Oca| temperature fOI’ il’radiation at to ﬂuorine (FZ) mo'ecu'es as point defects or as mo'ecu'ar
15 K is thereforel* = 1215 K and close to the melting point gas pubbles. In this way, their recombination witfcenters
(1115 K. Notice that this estimate comes directly from thejs effectively prevented®3°3'Based on this, our model cal-

activation energyQr~0.2 eV. For higher values, e.0Qr culations onF-center aggregation do not take into accokint
=1 eV, the temperature increase would be unreasonablgnters.
large, reaching T=2000 K, i.e., above the boiling point of  (jv) Single F defects start to perform random hopstat
1949 K in LiF. It should be emphasized that point defects=0 and come to rest as soon as they meet another defect at
and their aggregates do not exist in a melt phase. For oWine of the nearest lattice sites. As estimated above, the typi-
simulations, we therefore assume that track formation occurga| diffusion time is7-=10"!' s which corresponds to a
in the solid phase under a moderate increase of the temperagmber ofF-center hopsM ~ 25. Periodic boundary condi-
ture (a local heating™**’ - _ tions have been applied on taeaxis.

We can also estimate the diffusion leng#ty,) of primary A series of simulations has been performed using the fol-
H centers. In contrast to the excitédcenters, the activation lowing dimensionless parameters. The length of the ion track
energy forH-center diffusion in the ground state is well a5 fixed ad. = 100\, which is sufficiently large to exclude
known and has a smaller value @f;~0.1 eV(Refs. 11 and  finjte-size effects along theaxis and restrict the calculations
28). At T*=1215K, the diffusion coefficientDy~5 {0 a reasonable computing tinjeroportional toL2). All dis-
X 1074 Cm2 S and thUS the diﬁusion |ength for thé centers tances are given irF—F Separation units oh=0.28 nm.
becomegxyy)~2 nm, larger than the core radidtypically  The initial dimensionless defect density was varied from
1.5 nm, (xg). Considering that RED is also effective for 0.025 to 0.6 in steps of 0.025, including the estimated ex-
hole centers(xy) would be even larger-? We thus con-  perimental valued,=0.03). This is a fraction of anion sites
clude, that under given conditionB, centers andH centers occupied byF centers.

are obviously separated in space and thus efficient aggrega- The distribution of the clusters, the fraction of surviving

r —rla
a e . (5)

tion of F centers can take place. single defects and their radial distribution was recorded dur-
ing random walks where the number of hops was varied
IV. COMPUTER MODELING OF DEFECT AGGREGATION betweenM =0 and 100. We define asdduster F, aggregate

center withn=2, i.e., containing two or more singke cen-
ters. With this assumption, we do not included structural

Based on the above-estimated experimental parametengroperties of smallerK, center$ or larger aggregate centers
we performed Monte Carlo computer simulations of the(Li colloids) in the lattice. Our simulations show that the
F-center aggregation kinetics. The basic physical model haesults depend only weakly on the initial core radaghere-
the following assumptions* 2 fore only data fora=5.0 are presented.

A. Model description and simulation parameters
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FIG. 3. (a) The fraction of singléF centers Cg) with respect to

all F centers, angb) mean number of centers in clustersn) as a FIG. 4. (a) The fraction of singlé= centers C¢) and(b) a mean

Co- densitiesc, for various numbers of random hops.
V. SIMULATION RESULTS power lawCgecy “ with the exponentr=—0.84+0.01. The

mean number of centers in cluster2—3) is almost inde-

é)endent of the aggregation time but strongly increases for

initial densitiesc,=0.4.

Figure 5 shows the fraction &f centers ¢¢) in relatively

Figure 3a) shows the fraction of single centers Cg) as
a function of the number of defect hops. Depending on th
initial defect densitie€,, some of theF centers are already

statistically aggregated even before starting random waIksB. i .
13% atcy=0.1, 36% aico=0.35, and 46% at,=0.55. In ig aggregatesn=10) with respect to alF centers(single

the course of diffusion, the number of single defects de-and g_ggregated defegtsor inte_rmediat_e and high ini_tial
creases significantly, reaching after 25 hops the value Oq_en§|_t|es (:QBO'Z)' defect_hopplng ObV'OUSIV. results in a
Cr-=29%, 12%, and 9%, respectively. The evolutionQf significant increase of big aggregates. This observation
versus the number of hops, proportional to the diffusion time
t, follows a simple asymptotic power-la@gxt™ % This
asymptotic dependence is the same for all initial defect den-
sities tested here.

The average number &f centers per clustdn) as a func-
tion of the hop number is presented in Figb3 For a real-
istic initial defect density ¢;=0.1), n is extremely small
(2—-3) and remains nearly constant during the entire hopping
processup to M =100). In other words, the average cluster
size varies very slowly with time. For a large defect density 0%
(co=0.55),n slightly increases in the initial stagé¢ =6 and B
then returns back to the initial value. Obviously, growth of L
existing large and formation of new small clusters are the
two competing processes, reaching a state of quasiequilib-
rium after a certain number of hops.

Figure 4 shows again the fraction of sinfleenters Cg) FIG. 5. The fraction ofF centers in big clustersn(>10) with
and the average cluster sizg)( this time as a function of the respect to allF centers(single and aggregatgdiersus the initial
initial defect densityc,. Cg can be asymptotically fitted by a defect densities,,.

0% ————T—— T T T

25%

20%
15%

w
> 10%

5%

0.2 0.3 0.4 0.5

e
»

Initial core density ¢,

144108-4



MODELING OF PRIMARY DEFECT AGGREGATION IN . ..

S ) ——87% (M=0) (a)

5 . -=0-- 44% (M=10)

g . —&— 29% (M=25)

= 10 === 14% (M=100)

° .

5 J

=] Po

= i

5 5 d}'-’vd

.(_E ] Gf\:‘n‘j‘ﬂu‘:qu—u‘j

el .

©

1 E fﬂ Th
0 | | ' | '

0 a 10 20 30
Distance from the track center, dv2

—8— 64% (M=0)
==0==21% (M=10)
—8— 12% (M=25)
=--0--5.2% (M=100)

Radial distribution function

Distance from the track center, dv2

PHYSICAL REVIEW B4 144108

0/,15 O/A20
o
s
g
L
-
g

FIG. 8. Visualization of theF-center aggregates formed along
the ion trajectory for various initial defect densitieg

ent initial defect concentrations is presented in Fi¢p) 6
(cp=0.10) and Fig. ) (c,=0.35). As mentioned above,
the fraction ofF centers which aggregated before the hop-
ping process is 13%c(=0.1) and 36% ¢,= 0.35) (cf. Fig.

3). With increasing number of hops, the radial distribution of
the singleF centers changes, moving out from the track axis
to the larger distances. After 100 hops, the distribution maxi-
mum has shifted t§15—20 A\ length units(corresponding to
~4.2-5.6 nm for c,=0.1 and even 26 (=7 nm) for cg
=0.35. For the small initial defects densitigBig. 6(a)],
there is still a considerable amount (14%) of singldefects
close to the ion path, while for large densitigsig. 6(b)],

FIG. 6. The radial distribution of isolated defects for defect Most single defects close to the ion path are aggregated even

density(a) co=0.1 and(b) c,=0.35, for various hop numbeid.
The percentage in the legend gives the fraction of sikgtenters
survived after the given number of hopsee also Fig. @]. The
core radiusa=5\ (~1.4 nn) is marked by the vertical line. All

distribution curves are normalized to unity.

agrees with the results of a previous sttitip which a step-
like initial defect distribution was used. Note however, that
for the initial core density ofy=0.1 (most realistic cage

before the hopping process. In the legend of Fig. 6, the frac-
tions of single defects survivinyl hops are indicated. After
25 hops and forcy=0.1, which we consider more realistic
estimate,Cr decreased from the initial 87% down to 29%
[see also Fig. @)]. This is in qualitative agreement with the
experimentally observeB-center concentration in the track
halo[see Sec. ()]

The dynamics of-center aggregation, illustrated in Fig.
7, demonstrates in more details quite different situations in-

the fraction ofF centers in big aggregates is only 0.005, i.e.,side(corg and outsideghalo) of a fixed track radiugs.=5\.

extremely small.

The radial distributions of singlE centers for two differ-

c 50% |- —
i B i
"6‘ core

®  40% [~ - — habo|
& so% E-— —
“_qo'g B i
o 20% ~ o —
2 | ~ <
) 10% |~ =

0% 1 1 1 1 IIIII 1 1 1 |
1 10 100

Number of hops, M

FIG. 7. The fraction of singld= centers for the initial defect
densitycy=0.1 as a function of number of hops. The solid and
dashed curves show the concentration kinetics of sifgtenters
inside core and in a halo, respectively. Their sur€jsin Fig. 3a).

In the initial stage, concentration of singiecenters within
the core regiorgsolid curve exceeds that in the haldashed
curve. However, after 25 hop£¢ in a core decreases from
initial 44% down to 5%. That is, singl€ centers survive
mainly in the halo(decrease from 32% down to 12%). This
can be explained by the obvious fact that at larger distance
from the ion path, the density & centers is much smaller
and the probability for twoF centers to meet and thus to
aggregate becomes less and less likely.

Finally, in Fig. 8, we visualize the formation of large
F-center aggregates1t=10) in ion tracks for various initial
defect densities. Fary=<0.25, the aggregates are well sepa-
rated from each other and do not form a continuous trail.
Therefore, an electrical conductivity based for example on
percolating small metallic Li clusters should not be expected,
in agreement with test experimenifs.

VI. DISCUSSION AND CONCLUSIONS

Monte Carlo computer simulations were performed for
aggregation kinetics df centers created along the trajectory
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of swift heavy ions. Main parameters, such as the migratioreven for moderate initial defect concentratiorng<€0.3).
energy, temperature in the track core, initial defect concenThey could play a role for much larger concentrations,
tration, or diffusion time were estimated from the experimen-that are probably not realistic. The formation of extremely
tal data available for LiF. From the optical absorption mea-small defect aggregates along the track is in agreement
surements in LiF crystals irradiated with heavy idghaving ~ with experimental results from small angle x-ray
the stopping power above the threshold of 10 keVirwe  scattering®*® It also explains the absence of any electron
can conclude that in the core after irradiation about 3% of thespin resonancé as expected for metallic aggregates that are
lattice sites are occupied by tlRecenters or their aggregates. larger than 10 nnjRefs. 34—3& Due to the small size of the
In the initial stage of damage creation, the number of defectaggregates and the absence of larger clusters, a discontinuous
is obviously larger. We therefore assumed tbgt0.1 is a  defect trail is formed. Such a track morphology also explains
realistic value. In order to explain the efficient aggregation ofwhy tracks in LiF did not show any increase of electrical
the F centers, we have to assume that they diffuse in theonductivity®
electronically excited state. In additioR;center aggregation Although our model calculations gave good agreement
requires a moderate local heating within the track. Based owith the experimental situation, several questions remain
experimental SAXSFig. 2) results for low and high tem- open. In particular, the diffusion d¥ center in the electroni-
perature irradiations, we propose a local temperature increasally excited state and the efficient initial separation of the
of ~1200 K. The short lifetime £~10 1! s) of the excited electron and hole centers have to be further investigated, at
F centers corresponds to about 25 random hops on the laleast theoretically. It should be mentioned that at present,
tice. For a larger number of hops, the simulation results showhere is no direct experimental technique suitable for a study
no qualitative changes, i.e., within this time limit a quasista-of the microstructure of such smak-center aggregates.
tionary state of aggregation is already reached. Also, the local temperature increase on the time scale of
According to the calculations, most defect clusters arel0 ! s is very difficult to access.
very small and typically consist of 2-B centers. The frac-
tion of singleF centers decreases with the aggregation time
reaching a quasiequilibrium of about 30% after 25 hops.
They occupy mainly lattice sites in the track halo, i.e., a few V.K. and V.N.K. were partly supported by the European
nanometers away from the original ion path. LargerCenter of Excellence in Advanced Materials Research and
F-aggregatege.g., n>10) are in negligible concentration, Technology(Contract No. ICA-1-CT-2000-7007
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