
Materials Research Express
            

PAPER • OPEN ACCESS

Thermal annealing of radiation damages produced
by swift 14N and 16O ions in LiF crystals
To cite this article: M V Sorokin et al 2024 Mater. Res. Express 11 076201

 

View the article online for updates and enhancements.

You may also like
Radiophotoluminescence of Color Centers
in Lithium Fluoride for Novel Radiation
Detectors in Proton-Beam Diagnostics and
Clinical Dosimetry
Rosa Maria Montereali, Enrico Nichelatti,
Massimo Piccinini et al.

-

In situ luminescence measurements of
GaN/Al2O3 film under different energy
proton irradiations
Wenli Jiang,  , Xiao Ouyang et al.

-

The Influence of Temperature and
Photobleaching on Irradiated Sodium
Chloride at Europa-like Conditions
William T. P. Denman, Samantha K.
Trumbo and Michael E. Brown

-

This content was downloaded from IP address 82.200.168.86 on 02/08/2024 at 08:07

https://doi.org/10.1088/2053-1591/ad5a68
/article/10.1149/2162-8777/ac31cc
/article/10.1149/2162-8777/ac31cc
/article/10.1149/2162-8777/ac31cc
/article/10.1149/2162-8777/ac31cc
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.1088/1674-1056/ad1b3f
/article/10.3847/PSJ/ac4581
/article/10.3847/PSJ/ac4581
/article/10.3847/PSJ/ac4581
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuQzTLGSn2KB0vCNCFvqtfvv-6sqq3UDHdtnZHYJ1AnYNSXBXONvvZmA_a3X3IH-uId8VDSnXRc1ndgmNNi9NHLeuH7F3c6aylG78bVq008sg3fYZPutJNCBj16bcP3GNEfZ8x7tct2awno9EopMANprMzAPfJ8ys8dUGxAXvoFw4gMk68yE2PtW1cCY97R25W5miSaIRD_Ts1YCwqWkSAmPjxflu7RMrsbr6j-MYLp-tnAAa6tLKSkQa_EkL2GP1TbmJF8X9sH-BroD2zyPVYn-2RAL4aLfx4zLqYj4R6OlfgRH29DxACX1c2fw8R7yrzvL08eHFpGvnmMDWOmHQ&sig=Cg0ArKJSzCJLv6ZaLD-5&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration


Mater. Res. Express 11 (2024) 076201 https://doi.org/10.1088/2053-1591/ad5a68

PAPER

Thermal annealing of radiation damages produced by swift 14N and
16O ions in LiF crystals

MVSorokin1 , ZhBMalikova2,∗ , AKDauletbekova2 , GBaubekova2 , GMAralbayeva2,∗ and
ATAkilbekov2

1 National ResearchCentre ‘Kurchatov Institute’, Kurchatov Square 1, 123182Moscow, Russia
2 L.N. Gumilyov EurasianNational University, 2 Satpayev St., 010008Astana, Kazakhstan
∗ Authors towhomany correspondence should be addressed.

E-mail: 1992.zhadramalikova@gmail.com and agm_555@mail.ru (G.M.Aralbayeva)

Keywords: ion irradiation, lithiumfluoride, optical absorption, color centers, thermal annealing

Abstract
Annealing of color centers was studied in lithiumfluoride crystals, irradiatedwith 23-MeVnitrogen
and 28-MeVoxygen ions. Basing on the optical absorption spectroscopy and reaction-ratemodelling,
a new interpretation of the annealing kinetics at the practically important temperatures below 500 K is
suggested. Proposedmodel explains simultaneous decrease of the F and F2/F3

+ peaks as a result of
migration of the F centers and formation of larger aggregates, and does not include additional
assumptions about impurities and cation vacancies. It specifies themigration energy of the F centers in
the ground state to be about 1.3 eV, that corresponds to earlier studies.

1. Introduction

Lithiumfluoride is a very popular object of basic and applied researches due to its relatively simple structure,
which however provides a rich variety of properties, among those radiation defects—the color centers are of
particular interest. Similarly to the other alkali halides, LiF is very sensitive for ionizing irradiation, that creates
defects in the anion sublattice via decay of the electronic excitations [1]. Note, that in lithium fluoride the color
centers cannot be obtainedwith the additive coloration technique [2].

Investigations of the radiation damagewith swift ions are aimed to understanding of both peculiarities of the
materialmodification and interaction of swift projectiles withwide-band dielectrics in general [3–12]. Swift
ions, depositingmost of their energy to the electronic subsystemof targetmaterials, effectively create primary
Frenkel pairs in the fluorine sublattice of the lithium fluoride crystals. Further kinetics of the defects depends on
the irradiation conditions, in particularly on the temperature [13]. At room temperature constituents of the
Frenkel pairs can be actively separated due to diffusion, and form stable color centers [14–16]. Thus, the anion
vacancies capture electrons, forming stable F centers and their aggregates Fn.Meanwhile the singlefluorine
interstitials (Hcenters) are highlymobile at room temperature, and those, avoided recombination, form
aggregates or complex centers with impurities and cation vacancies [17]. Due to the strong ion binding of the
lithium fluoride even intensive ion irradiation does not cause amorphization, althoughXRD can reveal
nanostructuring of the crystals [18].

Our study is focused on the thermal stability of the color centers, formed in lithium fluoridewith energetic
nitrogen and oxygen ions. Accumulation of the stable defects and their annealing behavior is important for
functional properties of opticalmaterials and dosimetry application [19–22]. Results of the study can be valid for
other alkali-halide crystals, having similar kinetics of the point defects [5]. However they should be appliedwith
a caution to halides of alkali-earthmetals due to the considerably higher defect formation energy in the crystals,
which provide high radiation resistance of thematerials [10, 23–26].

UV–vis absorption spectroscopy, employed in our research, is a widely used and reliablemethod for
investigation of color centers. Supportedwith results of other techniques, it allows to attribute the absorption
peaks to the certain color centers [26–28]. Thus,modification of the absorption spectra because of the heating
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allows to estimate changes of the defects’ concentrations. However, themicroscopic interpretation of their
kinetics in some cases remains unclear. In particular, themain attention in our study is paid to the practically
important temperature range of 400–500 K.

2. Experimental procedure and results

Lithiumfluoride crystals were grown in vacuum from the pre-purified charge in JSC ‘Research and Production
Corporation S I Vavilova’ (S IVavilov StateOptical Institute, Saint-Peterburg, Russia). OurXRDmeasurements
confirmperfect crystallinity of the samples. Irradiationswith 23-MeV 14N and 28-MeV 16O ionswere carried
out atDC-60 accelerator (Astana, Kazakhstan) at room temperature. According to the SRIM code [29] the
stopping ranges R of the ions are 14.13 and 14.91microns correspondingly, which are less than sample
thicknesses. The electronic energy losses alongside the ion trajectories are plotted in the figure 1, the nuclear ones
are negligible till the very end of the ion paths. As the stopping power of the both projectiles remains fair below
10 keVnm−1, one should not expect the track core formation [30].

Optical absorption spectra of the irradiated samples weremeasured in the range of 1.5–6.5 eV bymeans of
the spectrophotometer SF-2000 (Russia). The spectra reveal absorption peaks of various color centers, which are
listed in the table 1.Without thermal annealing or optical excitation (bleaching) these centers are known to be
stable at room temperature [31, 32]. Their behavior during thermal annealing was studied by heating an
irradiated sample in themuffle furnace in atmosphere up to increasingly higher temperatures (T ) and holding
there for a certain timeDt (15 minutes for the samples irradiatedwith 14N, and 10 min for 16O). The
temperaturewas controlled by the chromel-alumel thermocouple,mounted close to the sample holder. The
heating rate was 5 K per second, so the heating times were noticeable less thanDt.Then the sample was cooled
down the room temperature, and the corresponding absorption spectrumwasmeasured.

Figure 1.Electronic energy losses of the nitrogen and oxygen ions in lithiumfluoride according to SRIM [29].

Table 1.Color centers in lithium
fluoride at room temperature [31].

Center
Absorptionmaximum

(nm) (eV)

F 248 5.00

F2 444 2.79

F2
+ 685 1.81

F3 317, 377 3.91, 3.29

F3
+ 448 2.77

F3
− 950 1.31

F4 518, 540 2.39, 2.30
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Absorption spectra of the lithium fluoride crystals after irradiation and subsequent annealing steps are
shown in the figures 2 and 3. All spectra until annealing above 550 K contain F peakwithmaximumat 5 eV,
which is slightly distorted, presumably due to cation defects [33–35]. Various Fn centers (see the table 1) form the
absorption band in the range 1.77–4.13 eV [31]. Further aggregation of the F centers ( >n 4) leads to formation
of nF aggregates—precursors of Li colloids with the absorptionmaximumat 2.79 eV [31, 32, 36].

In thefigure 2 one can see the absorption spectra of LiF crystals, irradiatedwith 23-MeVnitrogen ions. The F
peak is dominating since the projectile energy and applied fluence of 4× 1012 ions cm−2 are not high enough to
provide active aggregation process [27, 28]. Similarly in thefigure 3(a) the spectrumof the samples after
irradiationwith 28-MeVoxygen ions demonstrates higher F peak for the fluence of 1× 1013 ions cm−2.
Contrarily in the figure 3(b), corresponding to thefluence of 1× 1015 ions cm−2, the Fn band is dominating.

Themain contribution to the Fn band is given by F2 and F3
+ centers, possessing very close absorption peaks

(table 1). They can be better distinguished by luminescent spectroscopy [37–39], including the ion-beam
luminescentmeasurements [40, 41]. However, one can see that F3

+ peak is decreasing faster than F2with the
heating treatment, especially for high fluence (figure 3(b)).

3. Analysis and discussion

Optical density at the F-peak absorptionmaximum ODF allows to evaluate the surface concentration of the F
centers according to the Smakula-Dexter formula [42, 43], which at room temperature gives [3]:

= ´ ´-[ ] ( )n ODcm 9.48 10 1F F
2 15

The average volume concentration of the F centers in the irradiated layer can be estimated as n R,F/ and the
average distance between them correspondingly as

= -( ) ( )d n R 2F
1
3/

For the irradiated samples before annealing with spectra shown in the figures 2 and 3 the equation (2)
evaluates d of 3.8–4.8 nm, thatmeans 13–17 interatomic (F-F ion) distances. Note, that the actual distribution is
not uniform, and close to the ion trajectories the color centers can be separated by just a few interatomic
distances [44].

From the other hand, the number of diffusional hops at a constant temperature is

⎜ ⎟⎜ ⎟
⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠

n= D - ( )M t
E

k T
exp 3F

B

1
2

where n is the attempt frequency factor about 1013 s−1 [45], EF—the activation energy of the F centers, and
kB—the Boltzmann constant.

Absorption spectra in thefigures 2 and 3 demonstrate that above 400 Kboth F and Fn peaks are starting to
decrease. In this paper we suggest, that the early stage of annealing can be described as a result of the F centers’

Figure 2.Absorption spectra of LiF crystals after irradiationwith 4× 1012 23-MeV 14N ions per cm2 and subsequent annealing.
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diffusion, assuming theirmigration energy in the ground state of about 1.10–1.40 eV (figure 4), which seems
quite plausible.We suppose the following reactions, comprising themobile F centers:

+  +  + + - ( )F F F , F F F , F H H 42 n n 1 n n 1

The following equations describe kinetics of the F centers and their aggregates [9, 46]:
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Figure 3.Absorption spectra of LiF crystals, irradiatedwith 23-MeV 16O ions and stepwise annealed. Fluences of 1× 1013 (a) and
1× 1015 ions cm−2 (b)were applied.
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where f ,1 f ,2 fn are the distribution function for F, F2 and Fn centers correspondingly. For >n 4 we assume nF
aggregates.

Reaction F+H2→Hreleasesmobile interstitials, and those further interactions should be considered.
Thus, for distributions ofH centers (h1) and their aggregates (h ,2 hn)wehave:
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Here DF and DH are the diffusion coefficients, rF and rH are the reaction factors, describing interaction of
the corresponding aggregates withmobile defects.We assume [46]

= =( ) ( ) ( )r n n r n n, 7F H
2
3

2
3

as a simplemodel of the reaction rates, proportional to the aggregate surface areas.
Initial distribution of the color centers can be taken from themodelling of irradiation at room temperature

[46], then equations (5), (6) should be solved tofind their concentration after a given time of annealing, which
can be expressed as the number of diffusional hops M according to the equation (3). Typical results of the
calculations are presented in thefigure 5.

Below 500 Kwe do not take into account possible evaporation of the single F centers fromFn centers and
smaller nF aggregates, that would result in theOstwald ripening, leading to formation of larger nF aggregates and
metal colloids [5, 32, 47, 48].

Themodelling confirms our suggestion that the reactions (4), caused bymobility of the single F centers,
provide decrease of both F and F2 centers in favor to larger aggregates. In earlier investigations such
simultaneous decrease of both absorption peakswas attributed to decay of the interstitial aggregates [45], release
of theH centers and their subsequent recombinationwith F and Fn centers. Alternatively, decay of complexes,
composed of the anion vacancy and a trace element (e.g. oxygen) or cation vacancy, and appearance of the
mobile anion vacancies was proposed in [31]. Anyway, the F centers were supposed to be immobile until 500 K
to explain the effect formerly. But assuming the reactions (4) thosemechanisms become unnecessary. TheH
centers, despite their highmobility, seemingly do not initiate the annealing reactions below 500 Kdue to strong
bindingwithin their aggregates.

Figure 4.Number of diffusional jumps of F centers during the annealing stepDt = 600 s versus temperature for differentmigration
energies EF according to the equation (3).
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Additional decrease of the F2/F3
+ peak can be associatedwith reactions of the F3

+ centers, providing new
color centers, whereas appearance of the new charged F3

+ centers is very unlikely during annealing.

4. Conclusion

Optical absorption spectra of the lithium fluoride crystals, irradiated at room temperature with 23-MeV
nitrogen and 28-MeVoxygen ions, comprise of the F and Fn peaks, and both are decreasing during the thermal
annealing, starting fromabout 400 K. The new interpretation of the effect is suggested.

We assume that below 500 K the annealing process is originated bymobility of the single F centers, their
mutual interactions, and reactions with other color centers. Proposedmodel does not assume additional
mechanisms, like release of the anion vacancies [31], for this annealing stage. Reaction-rate kineticmodelling of
the color centers during annealing confirms this interpretation and givesmigration energy of the F centers about
1.3 eV, that is consistent with the earlier data [24]. It also explains faster decrease of the F3

+ (2.77 eV) peak relative
to the F2 (2.79 eV).

Annealing at the temperatures above 500 K demonstrates further decrease of the absorption peaks and
should include decay of the complex color centers and defect aggregates, that will be considered elsewhere.
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