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Depth profiles of interstitial halogen defects in high-energy ion-bombarded Rbl
by micro-Raman spectroscopy
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Micro-Raman spectroscopy has been used to measure the depth profiles of halogen aggregates in both
x-irradiated and ion-bombarded Rbl. In experiments using argon ions of energy 13.6 MeV/A, it is shown that
the |, clusters are significantly enhanced in the region of large excitation density near the maximum in
electronic energy loss at the expense oflthelefects. The investigations of fluence dependence show that the
number ofl; defects is progressively enhanced with increasing fluence at all depths within the damaged
region. The results are examined in the light of current theoretical models of ion-beam interactions with alkali
halides.

The extensive literature on the characteristic optical specthe region of the maximum of the electronic stopping and
tra of irradiation-induced defects in alkali halides has provedvhere the track radii are largest now extends to the regions
advantageous in studies of ion-beam interactions with thesegloser to the crystal surface. At this stage the separated tracks
prototype ionic compounds? The conventional techniques will have largely disappeared and the damaged volume is
of optical absorption and luminescence have provided onlgssentially homogeneous in the sense of being fully saturated
average behavior by integrating the variations of specific dewith isolatedF centers.
fect concentrations along the ion tracks. Only rarely, as in In the present studies, we have exploited the recently im-
the work of Perez and co-workers using very high-energyproved understanding of radiation damage processes in alkali
ions3* have the defect concentration profiles along thehalides achieved by a significant number of Raman light-
tracks been established by optical absorption using speciakattering experiments. These indicate the structure of the
microspectrophotometric methods. These studies were rdwalogen interstitial defectsand their aggregat&s?® by
stricted toF andF, centers and showed substantial agree-means of their characteristic dynamical modes. The theory of
ment with the form of the electronic energy-loss profiles in-such Raman scattering by defects is given by Zhou, Goo-
cluding the maximum near the end of the ion range and wereaerts, and SchoemakErin Rbl, the subject of the present
interpreted using a moddh which the electronic stopping is  work, the dominant iodine aggregates formed during irradia-
dominant. Here the energy is considered to be localized itions at ambient temperature have been shown to be of the
tracks containing thé rays’ emitted along the ion trajecto- form I; and |, (n=5,7,...)' We have now made
ries which in turn create the primary defects. The analysisnicro-Raman measurements of their respective concentra-
showed no obvious evidence for a different mechanism ofion profiles along the ion tracks in ion-bombarded Rbl. It
defect creation and thus it may be concluded that the normatas previously appreciated that under the prevailing condi-
excitonic mechanisfif is operative. Each track was consid- tions of high excitation density, halogen aggregation pro-
ered to be saturated with isolatEdcentergbased on experi- cesses are enhancklthe presently developed techniques
ments withy irradiations of comparable dosand to have an clearly show the interrelationship between the aggregates at
increasing radius with decreasing ion energy along the iomhe various positions along the ion tracks and thus provide
path. The efficiency oF, center formation obeyed a power- information on their formation. Similar methods could be
law relation with that ofF centers. Track overlap effects are used for other materials amenable to optical studies.
shown to lead to a relative enhancemenFedggregate cen- lon bombardments withygAr 1’ ions of energy 13.6
ter production. Indeed, at sufficiently high fluences, the deptiMeV/A were performed on Rbl crystals maintained at 300
profiles for isolatedF centers become relatively flat; this K, while for comparison purposes a similar crystal was x
suggests that the degree of track overlap initially present ifrradiated at 300 K using a tungsten-target tube operated at
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_FIG. 1. Raman spectrum of Rblspombarded atroom temperature ¢ 2 Spectra measured with the Raman microscope at three
with argon ions at a fluence 0210" |ons/cn_12. The spectrumwas itferent depths from the surface on which the 13.6 MeV/A argon
measured near the surface of the sample in a backscattering geoisus were incident. The fluence was .00 ions/cr?. The
etry at 80 K using laser illumination of wavelength 514.5 nm. dashed line is for a depth of 20m, the solid line for 10Qxm, and

. ) the dotted line for 15Q.m.
50 kV and 20 mA. In order to prevent optical bleaching of

the color centers, the crystals were maintained at 80 K by In Fig. 3, we show the depth profiles of the numbers of
means of a low-temperature stage used with the Raman mi; and |, aggregates for argon-ion bombardment at three
croscope. The spectrometer was arranged in the triple sulglifferent fluences ranging from 0&10' to 2x 10 ions/
tractive configuration and a cooled CCD detector providettm?. In these measurements the relative concentrations of
the necessary sensitivity and low noise performance. Microthe respective defects were determined from the peak inten-
Raman measurements were made at closely spaced positiogigies of their Raman bands above background. Owing to the
perpendicular to the direction of the ion or x-ray beam toasymmetric shape and broad, weak nature of the 170%cm
yield the defect concentration profiles. In addition, a convenpand this was considered a more reliable procedure than at-
tional Raman measurement was made on the front surface @mpting a detailed line-shape analysis. The most obvious
an ion-bombarded specimen using a backscattering configfeature is the peak in the number gf aggregates in fair
ration. Polarization measurements were not attempted as prggreement with the maximum in the electronic energy loss as
vious experiencé has shown that reorientation of thg¢  determined by ariv-92 simulation?° It should be appreci-
ions can occur under illumination thus preventing the appli-ated that with these high ion energies, there is a sensitivity of
cation of the powerful behavior-type method of determiningthe ion range to the stopping powers used; indeed alternative
defect symmetried! calculations vary by up to 1093. The influence of nuclear
The results of the conventional Raman backscatteringtopping was also evaluated in the sammem calculation.
measurement are shown in Fig. 1 and are in accord witlThis is a very small contributor to the total stopping power
previous Raman spectra obtained from x- apdradiated  even in the region of the peak in nuclear stopping. The latter
Rbl in respect to the spectral features preséftA domi- s very sharp, being within the final @m of the ion range,
nant feature is the 110 cnt peak due td 5 ions with its  and does not agree with the form or the position of the maxi-
overtone at 221 cm’. In addition, a broader and weaker mum in thel ; -aggregate concentration. Possible defect cre-
band in the region of 170 ci is observed arising from the ation by direct displacements cannot be ruled out, but, if
presence of, (n=5,7,...) aggregates. Experimental stud- present, must be of minor importance in the present context.
ies to date have suggested that these higher-order polyiGthe position of the maximum in the numberlgf aggregates
dides are created from tHg ions in the process of halogen varies in a consistent manner, occurring at progressively
aggregatiort? Thus a variation in the relative concentration larger depth values with increasing fluence. Associated with
of these species would be expected according to the locahe development of this maximum is a reduction in the num-
electronic excitation density as discussed earlier. bers ofl; centers(relative to the energy deposition repre-
The general form of the spectra obtained with the Ramarented in therriM calculation, indicating that the two ef-
microscope is very similar to that shown in Fig. 1. As anfects are coupled and providing particularly clear evidence
illustration, the spectra measured at three different depthghat the higher-order polyiodides are part of a continuous
from the surface on which the argon ions were incident argyrocess of halogen aggregation. The overall numbelr; of
shown in Fig. 2 for a fluence of210" ions/cn¥. Itis noted  defects increases with increasing fluence. The large degree of
that whereas the 110 cit peak and its first overtone at 221 jon track overlap leading to the fully saturated conditions
cm~! associated with thé; ions decrease with increasing throughout the damaged volume in respect to isol&teen-
depth, the 171 cm? band from thd,, aggregates increases. ters in experiments on LiF at comparable fluence lefels,
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& J measurements were conducted at 80 K using laser excitation of

0 A S L@ O wavelength 514.5 nm.
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Depth (pum) coupled growth kinetics and their dose and dose-rate depen-

dence, as well as the degree of ion track overlap. This latter
- factor could be significant at the fluences used particularly in
FIG. 3. (a) Depth profiles ofl ; clusters at various fluences for the regions near the end of the ion range where the radii of
Rbl bombarded with 13.6 MeV/A argon ions at 300 K: open circles:the tracks becomes progressively larger as the ion energy
for a fluence of 0.510" ions/cn?; crosses: for a fluence of gecreases according to the model of Perez, Balanzat, and
1.0x 10" ionsfen?; squares: for a fluence of 20" ionsfen?.  pyyal® A further effect which emerged from previous stud-
Micro-Raman measurements were conducted at 80 K using lasggs of Rbl byy irradiation at 300 K is that a significant part
excitation of wavelength 514.5 nnb) Corresponding depth pro-  of the complete inventory of halogen clusters appears Raman
files for I, aggregates at the same fluences again The same  inactive’® Further aggregation of this type, as well as defect
symbols are used for the corresponding fluence values. The SOHHroximity and diffusion effects in cluster formation at the
curve shows the electronic energy deposition prafef. 20 cal-  end of the ion range are expected to influence the precise
culated usingrRim-02. form of the peak in the number ¢f aggregates and their
relationship to the electronic energy-loss profile. A more de-
apparently have not been attained in the present experimensiled discussion of these effects in experiments on a variety
on Rbl in regard to the smallest halogen aggregates; a temf alkali halides will appear in a more comprehensive
dency towards saturation throughout the whole volumepaper® The results for the x-rayed crystal show the potential
would favor the higher-order aggregates at the expense of thegf the approach in a situation which is inherently simpler
smaller clusters. than that for ion bombardment. As mentioned above the rela-
In Fig. 4, the concentration profiles fo§ andl, defects tive concentrations of the respective halogen cluspers will
are shown for the x-rayed specimen. Again from the respecdepend on dose and dose rate and on the details of the
tive Raman peak intensities tHg species are dominant. 9rowth kinetics. A study of the evolution of the depth pro-

Both defects show a monotonic decrease in concentration ifi€S With a range of x doses would be of considerable value

accord with calculations of the x-ray energy deposition with'" t‘lr']klls regarld. . | indicati f the denth fil
depth, taking into account the variations of x-ray-absorption e results give a clear indication of the dept prc? nes
coefficient with the spectrum of x-ray energféghe results  and provide new information on the defects measured; they
again follow the predictions of the excitonic mechanism andS"OW the potential of micro-Raman spectroscopy in general

represent profiles using Raman spectroscopy. They aerr ion-beam profiling in which variables sych as tempera-
clearly different in form from those in the case of ion bom- ture can be varied. They also provide new insights into halo-
bardment. gen interstitial aggregation and the kinetics of their growth

The results indicate that halogen aggregation in the forn’gJnder CO”d'“OT‘S of low- and hlgh-energy deposmpn rates
of polyiodides is promoted in regions of especially high elec-°f the r_espectlv_e cases of x rays and hlgh-energ_y lons. The
tronic excitation energy density. The precise relationship be|_nformat|on prpwded is complementary to theﬁstu.dles on ion-
tween thel; andl, clusters at a particular depth will de- bor?barded LiF by Perez, Balanzat, and DOvdiscussed
pend on several factors. In the case of ion bombardmerte <"

where saturation within the ion tracks or throughout the crys- J.D.C. wishes to thank the Laboratoire de Physique Cris-
tal volume has not been reached for these defects, then thedlline, I. M. N. Nantes for their kind hospitality. T. E. Derry
respective numbers will depend critically on their mutually is thanked for useful discussions.
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