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Abstract. Low-temperature absorption spectra at temperatures of range of 7.2-300 K in MgF> and LiF-O,0OH crystals were
studied to investigate the electron-phonon interaction of radiation-induced color centers in these crystals. The coupling
strength (S) with the phonons of the lattice of electronic-vibrational transitions was determined from the ratio of intensities
in the zero-phonon line and the integrated absorption band. The nature of the color centers associated eith the absorption
band at 390 nm and the emission at 490 nm in LiF-O,0OH crystals and for the absorption band at 370 nm and the emission
at 420 nm in MgF> crystals was determined from value of S.

INTRODUCTION

Laser recording of digital and visual information in three-dimensional and multilayer optical systems is one of the
sections of photonics [1,2]. Martynovich et al. [3] developed a new method for laser recording of three-dimensional
color luminescent images in the volume of an optical medium based on lithium fluoride crystals with F» and Fs* color
centers. However, method utilizing these centers does not allow recording a full-color image in accordance with the
additive RGB model. This model describes the method of color coding using the three primary colors (red, green and
blue), and the luminescence of these two types of centers is observed only in the green and red regions of the spectrum:
F3* centers with 4,, = 545 nm, green luminescence, F, centers with 1, = 670 nm, red luminescence. The formation of
color centers in LiF that emit in the blue range was first reported by Okuda [4]. At the same time, the structure and
model of the detected centers have not been reliably established and require further study.

In our opinion, another object promising for recording full-color images is MgF, crystal with color centers
exhibiting emission bands at 420 nm (Aexe = 375 nm); 552 nm (Aexe = 266 nm); 585—-620 nm (Aex. = 405 nm) [5]. The
model of these centers has also not been reliably established, despite a number of published works [6—9] devoted to
their study.

Taking into account the presence of zero-phonon lines (ZPL) in the low-temperature absorption spectra of these
color centers in LiF and MgF, crystals, we are able to evaluate the electron-phonon coupling and to determine the type
of centers by its value. Thus, the coupling strength (S) of the electronic transition with the phonons of the lattice is an
important parameter defining the type of color center. To estimate S, it is necessary to plot temperature dependency
graph in the coordinates

In(l,/I) = f(1 + 2m2T?/3TR), (1)
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where T is the measurement temperature, 7p is the Debye temperature, which was estimated with the number of
particles in the unit cell accounted. The slope of the straight line plotted in the aforementioned coordinates will be
equal to the value of the electron-phonon coupling strength. This follows from the exponential decrease in the intensity
of the zero-phonon line (/o):

Iy/1 = exp[-S(1 + 2m?T?/3T2)], )
where / is the intensity in the integrated absorption band [10].

EXPERIMENTAL PART

Single crystals of lithium fluoride were grown from industrial raw materials by the Kyropoulos method in air and
doped with oxygen. To do this, the samples were either activated by lithium nitrite (this salt is thermally unstable and,
when heated to the melting point of LiF decomposes to form Li,O) during the growth process, or the melt was kept in
air for a long time. The crystals were irradiated with y-radiation at temperature of about 273 K in order to get a high
concentration of F5* centers. Optical bleaching was carried out by integrated light of INP 3-7/120 xenon pulse lamps
in a KVANT-17 laser illuminator with energy about 50 J per pulse.

Magnesium fluoride single crystals were also grown from industrial raw materials. Irradiation of the crystals was
carried out with use of pulsed linear accelerator (ILU-12) with electron energy about of 5 MeV.

Absorption spectra were measured on a Perkin-Elmer-Lambda 950 spectrophotometer (0.1 nm gap) in a closed-
loop helium cryostat at temperatures of range of 7.2-300 K.

EXPERIMENTAL RESULTS AND DISCUSSION
LiF-O,0H Crystal

At present time, two models of centers with an absorption band of 390 nm and an emission band of 490 nm have
been proposed: the F3 model in oxygen-free crystals [4,11] and the F3* like model (F5")* in LiF-O,0H crystals [12,13].
The first mention of these centers is found in the Okuda’s work [4]: absorption band at 380 nm with a width of 27 nm,
and radiation band at 490 nm with a width 84 nm were observed in experiments with oxygen-free crystals. The
structure of the color center (F3 with the center of symmetry C,y) was proposed after studying the luminescence
polarization of these defects. In a later work, Voitovich et al. [11] shared the same point of view on the nature and
structure of the centers under study. They also noted that UV treatment increases the concentration of these defects.
This experimental fact must be taken into account when considering the mechanism of formation of the studied
defects.

Since low-temperature irradiation is used in the technology of formation of centers at 390 nm, which also leads to
an increase in the efficiency of formation of F," like centers, a number of authors have proposed a model of F3" like
centers. Ivanov [12] noted similarity of the properties of F3" and centers exhibiting absorption band of 390 nm. This
similarity consists in the presence of metastable states in both centers. The simultaneous appearance of ZPL of F3*
centers and centers at 390 nm during annealing of LiF-OH crystals, as well as coincidence of the kinetics of center
accumulation during irradiation, allowed to attribute the band at 390 nm to (Fs*)* centers, which is an F5" center
perturbed by radiolysis products OH. Basiev et al. [13] also proposed a model of (F5")* defects for these centers based
on the coincidence of the lifetime of radiative transitions. The electron lifetime in the excited state of the centers under
study is 7.2 ns, which is very close that of F5* centers (7= 11 ns). As one can see from the analysis of literature data,
consensus regarding the nature of the blue luminescence has not been reached. The aim of this work is to determine
the nature of the centers responsible for luminescence in this spectral region.

The normalized emission spectra of LiF-O,0H samples y-irradiated (curve 1) and subjected to optical bleaching
with UV radiation (curve 2), excited by light emitting diode (LED) with 4,, = 397 nm are shown in Fig. 1. As we noted
above, UV radiation treatment creates the maximum concentration of the studied color centers.
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FIGURE 1. Normalized emission spectra of LiF-O,0H sample y-irradiated (1) with dose of 7.7-103 C/kg (300 K) + 1-10* C/kg
(273 K) and optically bleached (2)

In the absorption spectrum (Fig. 2), bands with A =390 nm (the centers under study), 450 nm (F5"), and bands in
the range 500—550 nm are observed, the nature of latter has been established and discussed in [14].
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FIGURE 2. Absorption spectrum of sample of LiF-O,0H irradiated with dose of 7.7-10° C/kg (300 K) + 1-10* C/kg (273 K) and
optically bleached, measured at 7= 7.3 K (a). Fragment of the spectrum corresponding to the zero-phonon line 436.5 nm (b)

Latter defects play a significant role in the formation of the studied color centers and will be discussed below. The
390 nm band exhibits a zero-phonon line at 436.5 nm and a number of weak peaks at 391.06; 395.83; 406.3;
421.05 nm, possibly associated with other color centers. The absorption (390 nm) and emission (490 nm) bands are
located symmetrically with respect to the position of the ZPL at 436.5 nm. The temperature dependency graph was
plotted for this line (Fig. 3, 1).

The presence of ZPL of the centers under study makes it possible to estimate the strength of the electron-phonon
coupling and determine the type of center by this estimate. Two straight lines can be distinguished in the temperature
dependence of In(/y/I) (Fig. 3): in the low-temperature region with parameter S; =4.3 and in the high-temperature
region with S> = 27. The obtained values of the coupling strength indicate that defects with strong coupling (S, = 27)
with phonons of the lattice appear in the high-temperature region, and weak bonds with weak coupling (S =4.3) —in
the low-temperature region.
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FIGURE 3. Dependency graph In(lo/I) = f{1+22°T%3Tp?) for ZPL 436.55 nm in the LiF-O,0H crystal (1) and PL 385.45 nm in
the MgF2 crystal (2)

Comparing the obtained values with the coupling strength of the electronic transition with the phonons of the
lattice for different color centers in LiF crystals, given in Table 1 [10,15,16], we can attribute the weak-binding centers
(S1=4.3) to F5 centers.

As one can see from the table, the index S for F3 centers is 3.9, while the value we obtained is S1 =4.3. The
observed difference is within the measurement error (10%). However, the concentration of F3 centers in oxygen
crystals is insignificant and charged F3;"-centers prevail.

TABLE 1. The coupling strength of the electronic transition with the phonons
of the lattice for various color centers in MgF2 [9], LiF [10,15,16] crystals.

Color center type Crystal /I (0 K) S
Ni(Fs) LiF ~0.37 1
Ru(F3) LiF 0.02 39
Fy LiF 0.03 35
F5* LiF 0.005 9.76
M(F) LiF 3-10 8
F LiF ~107"7 40
F MgF, - 46
Fz Mng - 5

Considering the presence of a metastable state in the studied color centers, we come to the conclusion that other
defects are responsible for the blue luminescence. Metastable states are observed at two-electron centers as a result of
population of triplet levels with a total spin quantum number s = 1. In addition, F3 centers should also be observed in
the initial y-irradiated crystals, however, the blue luminescence is effectively induced as a result of optical bleaching
by integrated light of xenon lamps (Fig. 1, curve 2). When the crystal is exposed to UV radiation the interaction of
defects with an interstitial halogen in the reaction F, + H(i,’) — Fy.1 occurs, as a result of this the crystal is discolored.
Along with this reaction, the following transformations take place [14]:
(F3"* + Li" — FV,"V," + Li — FLV," + V,"V". As a result of this action, the electron density of F;" center (in
excited state), shifts to the nearest lithium cation that becomes lithium atom which shifts to the [111] plane. Such
defect, Li° located in the plane of the F-center is denoted as Fr =Li® + F. F;* centers convert to FLV," centers
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exhibiting an absorption band in the region at 510 nm. Positively charged, they capture an electron and transform into
two-electron point defects with an absorption band at 390 nm (FrF) [14].

The electron-phonon interaction with the index S» =27, with strong coupling to the phonons of the lattice, also
corresponds to this model. Considering that S =40 for F centers, the presence of lithium atom in the plane of the F
center weakens electron-phonon interaction of the electronic transition of the complex two-electron center (FLF).

The presence of metastable state, the effective formation of the studied defects in optically bleached crystals, the
detection of strong electron-phonon coupling (S> = 27) allows us to state that FiF defects are responsible for the blue
luminescence.

MgF: Crystal

At present time two models of centers in MgF, crystal with an absorption band at 370 nm and emission at 420 nm
are known: F» [6,7] and F’ centers [8]. Facey et al. [9] demonstrated that there is a dichroism in the absorption of band
at 370 nm with electric vector perpendicular to the optical axis of the crystal and there is a zero-phonon line at
387.2 nm, its temperature dependence can be used to estimate parameter S.

The bands with 4, =260 nm (F-center) and 4, =370 nm (the centers under study) are observed in absorption
spectrum (Fig. 4 (a)). The 370 nm band has zero-phonon line and phonon replicas, which appear in spectrum even at
T=90K:380.2; 382.3; 384.2; 385.45 and 387.04 nm.
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FIGURE 4. Absorption spectrum of an MgF» crystal irradiated with electrons, measurement temperature 300 K (a). Fragment of
the absorption spectrum of the MgF> crystal with ZPL at 387.04 nm, measurement temperature 7 K (b)

The fragment of the absorption spectrum with the most intense phonon replica at 385.45 nm is shown in Fig. 4 (b).
The temperature dependency graph was plotted for this line (Fig. 3, line 2). The slope of the straight line plotted in
aforementioned coordinates is 8.9. It should be noted that the value of Debye temperature is 490 K, estimated by
Kashnow et al. [17] from the maximum phonon frequency at the edge of the first Brillouin zone. For this value, we
got §=7.6. Let us compare the obtained values with the coupling strength of electronic transition with phonons of
lattice for various color centers in MgF, and LiF crystals shown in Table 1. After analyzing this data, we can state that
the 387.04 nm ZPL is related to F» centers. If the transitions were observed at the F'-center, the coupling strength
would be approaching to ~ 20. This follows from comparison of the S values for F» (5-8), F»~ (3.5) and F centers (40—
46) in LiF and MgF; crystals (see Table 1). It should be noted that if S= 5 for F, centers in MgF, crystals, then the
phonon  energy, estimated with accounting the Stokes shift according to the formula:
Eups — Evaa = 2Shvyn, has value of 325.78 em™.. The experimentally observed value of Av,, = 106.85 cm™ [9]. As one
can see, the estimated value of the phonon energy is 3 times higher than the experimentally observed one. We obtained
the value § = 7.6-8.9, determining the coupling strength of electrons with the phonons of the lattice, from the ratio of
intensities in the photoluminescence and the integrated absorption band. The calculated phonon energy in this case is
183.026 cm™. As one can see, this value is closer to the result of the experiment. Most researchers do not deny the
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existence of F’ centers. Thus, Vilchinskaya et al. [18] note that F’ centers are unstable and are destroyed at room
temperature with a time constant about of 300 ns in crystals irradiated with ionizing radiation. Diffusion processes
occur in MgF» crystals irradiated with electrons under influence of the fourth harmonic of a neodymium laser radiation
(266 nm) at local temperature established in laser beam channel (f;,, = 12.5 Hz, 7= 10 ns, average power 10 mW,
10* pulses) [19]. We can assume that the Crawford mechanism of the formation of F» centers is observed: F — V," + e;
F+e—F;F +V,”— F,. In this case, the average time of motion of the anionic vacancy is about 40 minutes.

CONCLUSION

The coupling strength of the electronic transition with phonons of the lattice in LiF-O,0H crystals corresponding
to the absorption band of 390 nm (S = 4.3 and 27.0) and in MgF, crystals for the absorption band of 370 nm (S = 7.6—
8.9) was determined. Assumption about the nature of the unknown color center responsible for the observed electronic
transition was made, based on the parameter S. Based on the value of S, priority is given to two-electron FLF centers
with strong bond in LiF-O,0OH crystals, and to F, centers in MgF, crystals. F» centers are optically stable and promising
both as working centers of active laser elements and for laser recording of digital and visual information in three-
dimensional and multilayer optical media.
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