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Abstract. Pure and magnesium-doped LiF crystals have been implanted with mainly magnesium 
and argon ions of 100 keV energy. Fluences were in the range of 6 x 1015-1 x 10'' ions cm'?. 
Changes in optical absorption during thermal annealing me reported. The magnesium colloid 
band at 280 nm and the lithium colloid band at 520 nm are identified. Some cases of anomalous 
colloid growth ax observed. Hidden Structural Factors such as dislocations ax thought to produce 
this anomalous annealing behaviour. Magnesium colloids develop in doped crystals after the 
implantation of me gas ions. The responsible mechanism is thought to involve the interaction 
of F centres with impunry-vacmcy (IV) dipoles. We find that the dopant ha\ little effect on the 
concentration of Fand Fz colour centres or on their thermal stability in ion-implanted samples. 

1. Introduction 

This paper concerns optical effects in ion-implanted LiF crystals observed during the course 
o f  thermal annealing. Ion implantation introduces defects at large concentrations in a thin 
region near the surface of the crystal, determined by the range of  penetration of the ions. 
Although vacancies and interstitial ions might be expected to occur by direct displacement 
on both sublattices in ion-implanted samples, there is little evidence of  this in alkali halide 
crystals, which do not amorphize easily. Rather defects are produced on the anion sublattice 
by the excitonic mechanism, which is an efficient process of electronic excitation in ionic 
crystals. In the case of alkali halides, the primary defects are F and H centres which, under 
the appropriate conditions, can aggregate to form complexes (see for example Hobbs (1975). 
Townsend (1987) and Comius et al (1988)). Thermal annealing subsequent to implantation 
will alter the inventory of defects and also the spatial distribution of the implanted ions. The 
present work investigates crystals implanted with mainly, but not exclusively, magnesium 
and argon ions. These contain charge- 
compensating cation vacancies and are of interest for their thermoluminescent properties 
(Mayhugh et al 1970, McKeever 1985). 

Colouration of LiF crystals by ions in the energy range 100 keV-2 MeV has been 
reported previously by Davenas er al (1973), Afonso et ai (1985) and Abu-Hassan and 
Townsend (1986). H+, Het, N+, B+, Ot, Net and the alkali ions Lit, Na+ and K+ were 
investigated. These and our own studies using Na+, Mg+, Ne+ and Ar+ ions (Davidson 
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er al 1985, 1986) show that colouration is due to F and F aggregate centres formed in 
the implanted region. At sufficiently Large Buences there may be extra colouration due to 
small metallic particles usually referred to as colloids. Annealing experiments undertaken 
by the above workers generally report the growth of prominent absorption bands in crystals 
implanted with metallic ions. This is also attributed to colloids originating from the 
implanted ions. Intrinsic lithium colloids can also form and this aspect will be discussed in 
some detail in this paper. 

2. Experimental procedure 

Pure and magnesium-doped plates of thickness 1 mm were obtained from BDH (Merck) in 
the United Kingdom. The doped plates contained 0.5 wt% of MgFz, which corresponds to 
2000 ppm of Mg. Square specimens of side 6 mm were cut from the plates using a diamond 
wire saw. Ion implantations with 100 keV ions were performed at the Schonland Research 
Centre for Nuclear Sciences at the University of the Witwatersrand. Beam currents were in 
the range 2-8 p A  cm-’ at fluences between 6 x 1015 and 1 x lOI7 ions Implantations 
were carried out with crystals initially at ambient temperature with no active cooling during 
implantation. Under these conditions, a significant temperature rise of the crystal surface 
will occur, especially at the larger beam currents. An indication of the temperatures involved 
is given in our work on MgFz (Davidson et al 1993). The penetration depth of 100 keV ions 
in LiF is estimated to be about 0.08 p m  for argon ions and about 0.14 Mm for magnesium 
ions. Further details of the implantation procedure have been given previously (Davidson 
eta1 1985). 

Optical absorption spectra were measured at wavelengths between 200 nm and 700 nm 
using a Beckman Du-8 spectrophotometer, Crystals were isochronally annealed in air in 
a horizontal tube furnace. Annealing proceeded in nominal steps of 50°C starting at a 
temperature of 50°C. The annealing period at a given temperature was usually 30 min. 
After each annealing step, the crystal was rapidly cooled to ambient temperature, where 
the absorption spectrum was measured. Some clarification of the figures presented in this 
paper may be helpful. When dealing with annealing measurements, the curve a shows the 
absorption spectrum following ion implantation. All implanted crystals were subjected to the 
same sequential annealing steps described above, but only selected spectra are reproduced 
here. These were chosen to demonstrate significant changes in the absorption spectrum 
of the crystal concerned, and curves b, c, d etc in the various figures are not necessarily 
indicative of the same annealing temperature. We have extracted growth curves in figure I(b) 
and figure 8(b) without using computerized fitting procedures. Peak absorbance levels 
are influenced by overlapping bands and with comparatively few data points are merely 
indicative of general trends produced by annealing. Table 1 provides a summary of ion 
types and fluence levels investigated in  detail in this paper. We identify the main defect 
centres in each case and list the figures and parts of the text where results pertaining to a 
given sample can be found. 

3. Results 

3.1. Magnesium ion implantation of pure samples 

Figure I(a) shows absorbance spectra observed at different stages during an isochronal 
anneal of a pure crystal implanted with 6.0 x IO” ions cm-’. F (4.96 eV), F2 (2.80 eV) 
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Figurc 1. (a) The annealing behaviour of a LiF cryslal after implantation with 6 x IO” 
magnesium ions cm” at ambient temperature without active cooling. The beam current war, 
3 MA cm-’, The curves show absorbance Spectra during stages of an isochronal annd. (b) The 
temperamre dependence of the main absorption bands shown in (a). 

and F3 (3.32 eV) bands are present initially. As annealing proceeds to 400T.  a broad band 
C (280 nm, 4.43 eV) becomes a prominent feature of the absorption spec tm.  Band C, 
which we identify as a magnesium colloid band for reasons to be discussed later, disappears 
after annealing to 540°C. During the high-temperature stage of the anneal near 540°C. the 
implanted region assumes a violet colour. This may be associaled with a band near 2.3 eV 
in the absorption spectrum at this temperature. In figure I(b) we show the temperature 
dependence of the main absorplion bands appearing in figure i(a). 

The annealing behaviour of a crystal implanted with 1.0 x 10l6 ions cm-’ is shown in 
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Figure 2. The annealing behaviour of a LiF crystal afler implantation with I x I O t 6  magnesium 
ions at ambienl temperature without active coaling. The beam current was 3 FA cmm2. 
The curves show absorbance spectra during stages of an isochronal anneal. 

figure 2. Colour centre bands anneal out by about 180°C as before and this is accompanied 
by increased absorption in the 290 nm wavelength region. After the 185 "C anneal, new 
bands are resolved at 280 nm (4.43 eV) and at 320 nm (3.87 eV) in the absorption spectrum. 
After the 270°C anneal, the colloid band at 280 nm is dominant. At the next annealing 
stage (320°C), a weak shoulder appears near 216 nm on the high-energy side of the colloid 
band. After further annealing to a temperature of 530°C, a distinct violet colouration of 
the implanted region occurs, similar to that mentioned previously. This is associated with 
bands near 543 nm (2.28 eV) and 346 nm (3.58 eV) as can be seen in curve e of figure 2. 

A magnesium colloid band has already formed during implantation and F aggregate 
concentxations are small. Subsequent annealing enhances this band, with the main growth 
occurring at temperatures between 230°C and 360°C. The colloid band grows at similar 
temperatures in samples implanted with lower doses of magnesium ions, as can be seen in 
figure I@). 

3.2. Argon ion implantation ofpure samples 

Effects observed when annealing argon-ion-implanted crystals are shown in figures 4 and 
5 for fluences of 1 x 10l6 and 1 x lOI7 ions respectively. A feature of these data 
is that the F and Fz bands remain observable to higher tempemtures in comparison with 
magnesium-implanted crystals. In figure 5, an extra band is present near 520 nm (2.38 eV) in 
the as-implanted crystal. Annealing enhances this band and also produces a new band near 
365 nm (3.40 eV). We have suggested previously that the 520 nm band is associated with an 
intrinsic lithium colloid (Davidson et af 1986). Annealing the lower-dose (1 x lo i6  argon 
ions crystal shown in figure 4 gradually removes the F and Fz bands at temperatures 
between 150°C and 320°C and no new bands are produced. This sample showed significant 
absorption at shorter wavelengths. We have seen this in a few other cases as well but have 
not investigated the effect further. 

Figure 3 shows the annealing behaviour of a crystal implanted with 8.7 x 10l6 ions 
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Figure 3. The annealing behaviour of 3 LiF crystal after implant3lion with 8.7 x 10l6 magnesium 
ions cm-' at ambient temperature without active cooling. The bwn current was 3 MA 
The curves show absorbance spectra during stages of an isochmnal anneal. 
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Figure 4. The annealing behaviour of a LiF crystal after implannbtion with I x argon 
ions cm+ at ambient temperature without active cooling. The beam cumnt w a  8 PA cm-'. 
The curves show absorbance spectra during stages of an isochronal anneal. 

3.3. Anomalous results with magnesium- and sodium-ion-implanted samples 

Occasionally we observe deviant annealing behaviour in pure crystals implanted with 
magnesium or sodium ions at fluences of 1 x 10l6 ions An example is shown in 
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Figure S. The annealing behaviour of a LiF crystal after implantalion with 1 x lo1' argon 
ions cm-I at ambient remperaiure without active cooling. The beam current was 8 NA cm-'. 
The curves show absorbance spectra during stages of an isochronal anneal. 
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Figure 6. Anomalous mnealiog behaviour of a LiF crystal after implantalion with I x 
magnesium ions cm-l at ambient temperature without active woling. The beam current was 
3 p A  c K 2 .  The c w e s  show absorbance qectra during stages of an isochronal anneal. 
Contrasting behaviour is shown in figure 2. 

figure 6 for a magnesium-implanted crystal. In conbast to the behaviour of a similar crystal 
in figure 2, the crystal in figure 6 shows behaviour indicative of lithium colloid formation. 
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In other words the annealing behaviour of the magnesium-ion-implanted crystal shown in 
figure 6 is almost identical with that of the argon-ion-implanted crystal shown in figure 5. 
It is interesting that similar behaviour to that shown in figure 6 was reported by Davenas 
et al (1973) when annealing a LiF crystal implanted with 1 x 10l6 sodium ions The 
anomalous behaviour reported here is thus a confirmed effect requiring explanation. We 
note that the crystal showing intrinsic behaviour on annealing (figure 6)  has comparatively 
little absorption in the region between the F and FZ bands prior to annealing, in contrast to 
the crystal shown in figure 2. 
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3.4. Magnesium-doped samples 

In general, doping does not have a strong influence on the colouration of crystals implanted 
with 100 keV ions. This observation is based on implantations with Mgt, AI+ and Net 
ions under comparable conditions. Absorption spectra of pure and doped crystals implanted 
with 1 x IO” neon ions cm-’ are compared in figure 7. F and Fz absorbance levels are 
about 10% smaller in the case of the doped crystal. A reduction of about 20% was observed 
for doped crystals implanted with 1 x 10l6 magnesium ions cm-’. 

However doped crystals do show different colloid growth on annealing. Considering 
firstly crystals implanted with rare gas ions, figure 8(a) shows absorption spectra at stages 
of an isochronal anneal of a doped crystal implanted with 1 x 10’’ argon ions cm-’. 
The temperature dependence of the absorption bands appearing in figure 8(a) is given in 
figure 8(b). It can be seen that both the F and the Fz bands disappear by 315°C. This 
is similar to the annealing behaviour of a pure crystal shown in figure 5. Looking at the 
colloid bands in figure 8(a) for a doped crystal, we see that a band (lithium colloid) is 
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present at 520 nm initially but gives way to a band (magnesium colloid) near 280 nm as 
annealing proceeds. This behaviour is quite different to that of the pure crystal, shown 
in figure 5. Annealing a doped crystal implanted with 1 x 10l6 xenon ions cm-’ also 
produced a magnesium colloid band near 283 nm (4.38 eV) at a temperature of 400°C, 
as did a crystal doped with a lower concentration (100 ppm) of magnesium and implanted 
with 1 x 10l6 argon ions cm-*. In the latter case, the magnesium colloid band was very 
small but occurred at similar annealing temperatures as before. 

Considering next doped crystals implanted with magnesium ions, we have annealed a 
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crystal implanted with 1 x lot6 magnesium ions cm-’. The behaviour is similar i n  some 
ways to the pure crystal in figure 2. The F and Fz bands both disappeared after the 230°C 
anneal in the doped crystal. The corresponding annealing temperature for the pure crystal 
was 185 “C. After the 230°C anneal the magnesium colloid band at 280 nm was prominent 
in the doped crystal. This situation pertained until 320°C when a new band emerged near 
310 nm. This band may have the same origins as the 320 nm band in figure 2, thus it 
appears at a somewhat higher temperature in the doped crystal. By 360°C. the band at 
310 nm was dominant with the 280 nm band being a shoulder. On further annealing to 
higher temperatures, the peak position moved back to 280 nm and it finally disappeared at 
about 570°C. As in the pure crystal, a small band appeared near 216 nm after the 320°C 
anneal and was present at higher temperatures as well. We did not observe violet colouration 
in the doped crystal after annealing at high temperatures. 

of 
magnesium ions. Results were similar to those for the pure crystal shown in figure 3. 
However, if we compare the optical density (OD) of the magnesium colloid bands at an 
annealing temperature of 360°C where both have near-maximum values, we find that the 
colloid band is more prominent in the pure (ODmw = 1.37) than in the doped (ODmax = 0.81) 
crystal. 

3.5. Intrinsic and extrinsic magnesium colloids 

In the previous sections we indicated that both magnesium-doped and magnesium-implanted 
crystals can give rise to magnesium colloids when suitable annealing procedures are 
followed. It is of interest to compare the shape of the prominent colloid bands in the 
two cases. Figure 9(a) is for pure crystals implanted with magnesium ions at fluences in 
the range 6.0 x 10%3.7 x 10l6 ions cm-* and annealed to 360°C and figure 9(b) is for 
doped crystals implanted with rare gas ions in the range 1 x 10’6-1 x 10” ions cm-’ and 
also annealed at 360°C. The colloid band occurs at slightly higher energy in the implanted 
crystals (278.3 nm, 4.45 eV) than in the doped crystals (286.0 nm, 4.33 eV). The half width 
of the bands is similar. Good peak agreement in the two cases supports our assignment 
of the band near 280 nm to a magnesium colloid (see table 2). We note the interesting 
circumstances leading to the formation of the intrinsic magnesium colloid in doped crystals. 
It has similarities with the gettering process used in the purification of semiconductor devices 
(see for example the article by Lecrosnier (1983)). 

We have also annealed a crystal implanted with a large dose (8.7 x lot6 

4. Discussion 

4.1. Colour centres 

It is apparent that magnesium doping does not have a large influence on the concentration 
of F and Fz colour centres in as-implanted crystals. Neither is their thermal stability 
much affected by the presence of the dopant. The latter behaviour is in sharp contrast 
to our crystals coloured by y-irradiation. However we find that F and F2 colour centres 
remain observable to signficantly higher annealing temperatures in argon-ion-implanted 
crystals than in magnesium-ion-implanted crystals, irrespective of doping. This suggests 
that the thermal stability of colour centres is related to the type of ion implanted or 
to effects introduced during ion implantation. Two processes have been suggested for 
the disappearance of F centres. One is their recombination with complementary halogen 
interstitials with accompanying luminescence and the other i s  their aggregation to form 



1.5 

a, 1.0 
0 
C m : 
2 
* 

0.5 

0.0 

Wavelength (nm) 
800 600 500 400 300 20 

0.4 I ,  

I 

-6.0~ lol%m-* ."! 
(a) - - - 1.0 x io16cm-2 / \,, 

. . . . . io"cm-2 j ', 
8.7~10 16 cm .2 . i \, 

j is 
j 
278.3nm i, 

%\. 

' . '\,, - j : 

- 

i :. . .  . 
. \. 

- - _  
, ,/- , 

0.3 - 
a, 
0 c m 

Q 

.. . , , ., . , , ... ..' 0.1 - 

1.5 2.5 3.5 4.5 5.5 I 

I 
I n\ \ 

I 

3221 

Energy (eV) 
Figure 9. (a) The magnesium colloid band in nominally pure LiF crystals. Crystals were 
implanted with magnesium ions at ambient temperature without active cooling. Absorption 
spectra are shown for different crystals after the 360°C stage of an isochronal anneal. Fluence 
levels are indicated in the figure. (b) The magnesium colloid band in magnesium-doped 
(2000 ppm) LiF crystals. Crystals were implanted with me gas ions at ambient tempemure 
without active cooling. Absorption spectra are shown for different crystals after the 360 'C stage 
of an isochronal anneal. Fluence levels are indicated in the figure. The doned curve is for xenon 
ions and the other curves are for argon ions. 

alkali metal colloids. It may not be possible to decide their relative importance at this 
stage. This is because the annealing behaviour of the V, band, which is representative of 
halogen interstitials, is not known in sufficient detail in lithium fluoride as it is located in 
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Table 2. The peak energy (in electronvolt) of colloid bands observed in ow ion-implanted LiF 
crystals. The predicted p k  energy of the colloid band (ho,) depends on the plasmon energy 
@e+) and is calculated using ho, E he+(l + 2n2)-1/2 (Doyle 1958). n is the refnctive index 
of LiF at the appropriate frequency, o, (values of refnctive index in the range 1.44-1.39 from 
Gray (1972)). Na and A1 colloids were produced in wimplantcd crystals with no annealing 
procedures. Na. Davidson et a1 (1985): AI, Davidson eta1 (unpublished). 

~ 

Plasmon energya 5.71 7.12 10.6 15.3 

( f i 4 o b m e d  2.14 23ab 4.45e 6.11 
219d 4.3T 
3.40' 

f i W , . k i k P , d  2.58 3.22 4.14 6.15 

Values of plasmon energy (in electronvolt) from Kinel (1916). 
Intrinsic colloid in an Ar+.implnnted crystal. 
Extrinsic colloid in an Mgt-implanted crystal. 

Intrinsic colloid in an Mg-doped crystal. 
Side band attributed to anisotropic colloid. 

t~ Extrinsic colloid in an Li+-implanted crystal. from D w e m  et 01 (1973). 

the vacuum ultraviolet spectral region. Davidson et al (1985) have reported some annealing 
measurements in this region. 

The effect shown in figure 1 and in figure 8 whereby the growth of colloid bands occurs 
at the expense of the F band and smaller F aggregates is characteristic of the annealing 
behaviour of most of our ion-implanted crystals. Thus it appears that the presence of F 
centres in large concentrations favours the growth of colloids on annealing. The colloid 
bands seen in as-implanted crystals at large fluences probably also result from the heating 
effects of the ion beam and the consequent annealing of F centres during implantation. 
Electrons released from F centres are thought to play a key role i n  the following cases: 
intrinsic lithium colloids, which form in pure crystals implanted with rare gas ions, and 
intrinsic magnesium colloids, which form in doped crystals implanted with rare gas ions. 
Both are thought to involve the donation of F centre electrons to cations to produce neutral 
metal particles. In magnesium-doped crystals, two F centres are needed to neutralize an 
Mg2+ ion. The associated vacancies, comprising a cation vacancy originating from IV 
dipoles and anion vacancies from F centres, provide the necessary void space for the metallic 
particles. A diagram showing the steps involved in the formation of intrinsic magnesium 
colloids is given in figure 10. 

In the case of crystals implanted with magnesium ions at the lower fluences, changes 
produced by annealing are more complex, with extra absorption bands being produced and, 
in a few crystals, anomalous annealing behaviour being observed. Referring to figure 2, 
new bands evolve near 280 nm and 320 nm in a pure crystal implanted with 1 x lor6 
magnesium ions c r r 2 .  A weak band develops later near 216 nm at higher annealing 
temperatures. Bands at similar wavelengths are known from investigations of magnesium- 
doped crystals coloured by x-irradiation and have been associated with thermoluminescence 
(see the article by Crittenden et nl (1974)). Their origin is uncertain. On the one hand 
they may be perturbed F centres associated with the divalent impurity as proposed by Kos 
and Nink (1977, 1979) and AgullbL6pez etal (1982). On the other hand, Landreth and 
McKeever (1985) associate a band at 310 nm with a cluster (trimer) of magnesium vacancy 
dipoles. Bands at 280 nm and 217 nm are thought by them to be magnesium related and 
not 2 type in origin. Of the bands induced by annealing in figure 2, the 320 nm band 
is prominent initially together with the magnesium colloid band at 280 nm. Theoretical 
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Figure 10. A two-dimensional representation of lhe conversion of an IV dipole in a magnesium- 
doped cryswl of LiF to a magnesium atom with the loss of two F centres. The dashed circles 
indicate vacancies. F centres are represented by dashed circles enclosing an e symbol. The 
shaded circle is a magnesium ion k i n g  converted and the dark circle is a magnesium alom 
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calculations by Shluger et a1 (1988) attribute absorption in the 310 nm region to the Mg+- 
V,V, centre. This is consistent with our model for colloid development mentioned earlier. 
We might have expected to see this band while annealing doped crystals implanted with 
argon ions. As can be seen in figure 8, this was not the case and the intermediate step 
of figure 10 is absent here. Another possible conaibutor to absorption at 320 nm, which 
at first sight does not involve impurities, is the RI centre, absorbing at 306 nm. This is 
one of two absorption bands associated with F3 complexes (Beall Fowler 1968). The other 
band (Rz) occurs at 377 nm and is resolved in some of our ion-implanted crystals prior to 
annealing (see figures 1 and 7). 

4.2. Magnesium colloids 

The present experiments have produced magnesium colloids by two different methods, firstly 
by implanting magnesium ions and secondly in crystals containing a significant amount of 
magnesium as a dopant. In the latter case, the doped crystals are implanted with rare gas ions 
prior to annealing. If this is not done, the colloid band does not form on annealing doped 
crystals. The magnesium colloid band is located near 280 nm in both cases. Surprisingly, if 
magnesium-doped crystals are implanted with magnesium ions, the colloid band is reduced 
in size when compared with pure crystals implanted and annealed under the same conditions. 
This is perhaps a further indication that F centres participate in the formation of colloids if 
we suppose that the number of available F centres is reduced by the presence of the dopant. 
The processes leading to the development of extrinsic magnesium colloids are still rather 
uncertain, however. The significant growth of the colloid band apparent in figure I@) after 
colour centres have annealed may indicate that the mobility of magnesium atoms is a factor 
in the development of extrinsic colloids. 

We have already noted that the aggregation of magnesium impurities occurring in 
figure 8 has similarities with the gettering process in semiconductors. Here gettering refers 
to the removal of unwanted metallic impurities from active regions of a device. Thus if a 
crystal such as silicon is heavily implanted, it is reported that fast-diffusing atoms from the 
bulk become trapped at defects in the implanted region. In the present case of doped LiF 
crystals, it appears that the essential step of argon ion implantation prior U) annealing serves 
to generate F centres, which then interact with IV aggregates and neutralize the impurity 
ions, which develop into magnesium colloids. 
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4.3. Lithium colloids 

An interesting effect in pure crystals is the type of colloid produced by implanting argon ions 
at large fluences of about 1 x IOl7 ions cm-’. The band is located near 520 nm (2.38 eV) 
as shown in figure 5. We thmk that it is due to lithium derived h m  the target crystal, for 
reasons to be discussed in the next paragraph. There is evidence from our results that the 
lithium colloid sometimes becomes non-spherical or even platelike in view of the second 
absorption band near 365 nm (3.40 eV), which is produced together with the colloid band 
in annealing experiments. Theories of plasmon oscillations in non-spherical metal particles 
based on the Mie theory predict such doubling effects in optical absorption spectra. The 
separation of the component bands is expected to be very sensitive to the axial ratio of the 
ellipsoids (see the article by Hughes and Jain (1979)). We observe a significant variation 
in the position of the second band. Thus it appears at 3AO eV in figure 5 and at 3.56 eV 
in figure 6. This might be expected in view of the different ion species implanted in the 
two cases. We have annealed a similarly implanted crystal to the one shown in figure 5 in 
which peak doubling did not occur (Davidson er nl 1986). 

With regard to the main colloid peak located at 520 nm (2.38 eV) in figure 5, its location 
is not in good agreement with the Doyle theory (1958) for spherical lithium colloids in LiF, 
which predicts a peak near 385 nm (3.22 eV). As can be seen in table 2, the Doyle equation 
successfully predicts the band position for a variety of colloids. Calculations by Radchenko 
(1970) using the Mie equations place the lithium colloid band at 460 nm (2.70 eV) for 
small particles. A larger particle radius of the order of 30 nm is needed to locate the 
band at 520 nm. We consistently observe the lithium colloid band near 520 nm in our LiF 
investigations where we produce intrinsic colloids by implanting rare gas ions. 

The occurrence of lithium colloids in irradiated LiF crystals is not well characterized 
in the literature. Lithium ions have been implanted in LiF by Davenas etaf (1973) and 
recently by Alekseeva er al (1993). The concentration of implanted lithium ions was on the 
small side in the former investigation and gave a colloid band at 445 nm (2.79 eV) while the 
spectra obtained by the latter gave strong absorption peaking at wavelengths in the region of 
500-520 nm. This is similar to the spectrum shown in figure 5 observed during the present 
investigation in crystals implanted with argon ions. In the present case the lithium colloid 
band has low absorbance since the atoms responsible are derived from the host crystal. 
We find that the lithium colloid is produced readily in argon-ion-implanted crystals under 
normal conditions. It is observed less readily in neon-ion-implanted crystals (Davidson et ai 
1986), and we have also produced it  in samples implanted with krypton ions. There is thus 
a fair body of evidence for the presence of lithium colloids in ion-implanted LiF crystals 
althought the wide range of values and the occasional peak doubling indicate a sensitivity 
to the microstructure of the radiation damage on the part of the lithium colloid. 

4.4. Dis/ocations 

A very significant effect mentioned earlier, which also concerns lithium colloids, is shown 
in figure 6. We refer to the observation of a lithium colloid in a few crystals implanted 
with sodium or magnesium ions. In this situation one might have expected the colloid to 
consist of the implanted ions. An explanation favoured here involves dislocations. These 
are known to be preferential sites for metal precipitates and the decoration of dislocations 
is well documented in alkali halides in general and in LiF in particular (Amelinckx 1964, 
Hobbs et a/ 1974). We think it likely that dislocations enhance the formation of intrinsic 
colloids by favouring the aggregation of F centres in their vicinity. We have noticed deviant 
behaviour previously when nominally similar KI crystals doped with Sr and coloured by 
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y-rays behaved differently on annealing (Allen 1991). This could be accounted for by the 
presence of dislocations in one of the samples. If this proposal is correct, the anomalous 
results reported here are characteristic of the annealing behaviour of dislocation-rich crystals. 

Dislocations may be incorporated in crystals during growth, cleavage’or polishing and 
are also introduced into alkali halides by the irradiation process itself. Radiation-induced 
dislocation loops have been observed using the electron microscope by Hobbs (1975). It 
is not surprising therefore that their presence might influence annealing experiments. We 
note that the explanation we offer for the peak-doubling effect requires some preferential 
alignment or periodicity on the part of the aspherical lithium colloids. This could be 
provided by dislocations. Hobbs et al (1974) in their electron microscopy investigations 
observed a tendency for colloids to elongate and adopt a regular spacing along dislocation 
lines. This provides circumstantial support for our suggestion about non-spherical lithium 
colloids. The present work is the first to associate dislocations with specific features of the 
optical absorption spectrum of LiF. 

In this connection we have noticed a vioIet colouration in a few pure crystals implanted 
with magnesium ions. It occurs at high annealing temperatures near 520°C when the 
magnesium colloids themselves are disappearing. We note that the bands responsible for 
the colouration occur at wavelengths attributed earlier to lithium colloids shown in figure 5 
and in figure 6. This may be a further indication of lithium atoms in the form of colloids 
trapped at dislocations, 

5. Conclusion 

(i) Pure and magnesium-doped LiF crystals have been implanted with mainly Mg’ and 
Are ions at fluences in the range 6 x lO”-l x lOI7 

(ii) Isochronal annealing leads to colloid development with mobile F centres playing an 
essential role in the process. 

(iii) Lithium colloids absorbing near 520 nm form in crystals implanted with Ne+, Ar+ 
and Kre ions. Subsequent thermal annealing may induce a platelet morphology. We report 
the presence of lithium colloids in a few crystals implanted with Mge and Nae ions at 
fluences of 1 x 1OI6 cm-z. We suggest that dislocations are responsible for this anomalous 
annealing behaviour. 

(iv) Magnesium colloids absorbing near 280 nm generally form in pure samples 
implanted with Mg+ ions. 

(v) Magnesium colloids also form when annealing magnesium-doped crystals implanted 
with rare gas ions. While similarities to a gettering process exist, the responsible mechanism 
is thought to involve the interaction of F centres with impurity-vacancy dipoles. 
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