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A Model of Titanium Luminescence Centers in Lithium
and Sodium Fluorides
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E. A. RADZEABOV

The absorption, emission, excitation spectra, and polarized luminescence of titanium centers in
lithium and sodium fluorides are studied. The 2.42 and 3.1 eV emissions in LiF:TiO, and 2.2 and
2.95¢V emissions in NaF: TiO,: MgF, arc rclated to the electronic transitions of titanium centers. The
low cnergy emissions at relatively low temperatures have the same azimuthal dependence of the po-
larisation degree as the emission of oscillators oriented along the C, erystal axis. The high encrgy
emissions are polarized along the C, crystal axis. The high temperature stability of the polari-
zation degree shows that the luminescence centers have point defects near the titanium ion. The
efficiency of transformation of titanium luminescence centers by X-irradiation grows above
200 K. This points out that the cation vacancies are part of luminescence centers. A model of
titanium luminescence centers in lithium and sodium fluorides is suggested. The center consists
of a Ti** jon at cation site, an 02~ ion at anion site, and two associated cation vacancies.

Hccaejlonannl COEKTPBl  NOLJIONIEHUsT, W3TYYeHHA, BO30YMIEHUA M TOJAPU30BAHHAS
JIOMHITECLCHIUA TUTAHOBBIX IEHTPOB B KpUCTAMIaX (TOPHUCTOro JHTHUA M HATPMsL.
CBEYCHIC ¢ ManenmwyMani-nease Ipi 2,12 51.3,1 eV Bo ¢roprcToM IUATHH ¥ DNpu 2,2 u
2,95 eV Bo ¢ropHcTOM HATPUH 06YC/IOBIEHO 9JIEKTPOHHBIMHU IlepeXOodaMH B THTAHOBLIX
LeHTpax. (iBedenne B HUBKODHEPreTHYECKUX I10J10CAX TPU OTHOCHTEJLHO HMBKOH TeM-
neparype uMeeT TAKYIO ke asMMYTAJIbHYIO 3aBHCHMOCTb CTelleHH TOJAPM3AIlMM 1l
SaBUCHUMOCTb [JI51 OPHEHTAIlMH uaiydaTeseit mo C, ocsim kpucraniaa. CBeuenue B BLICO-
ROSHEPreTHYCCRUX I10JI0CaX MOJIAPU30BaHO mo C; ocsiM Kpucramta. Bricokast Temmepa-
TypHasi YCTOMYMBOCTH CTeNeHM TOJIAPH3ANNN CBCYEHUA CBHACTETLCTBYET O TOM, YTO
OKHOJIO MOHOB THTAHA HAXOMATCA ToYedHble JePCKTH. IPPeRTHUBHOCTL PaguallMOHHOrO
Npco0pasoBaHUA TUTAHOBBIX IIEHTPOR JIIOMHHECIIEHIIHT pacTer Ipu TeMIleparypax
Boile 200 K, uTo ynrasplBaeT Ha BXOAGIEHHC KATHOHHBIX BaKallcHil B COCTAB LEHTPOR
STIOMUHecHeHIMu. 1Ipensiosena Moae/L, TUTAHOBOTO IEHTPaA JIOMHHECIICHITNY B KpucTali-
ax TOPUCTOTO JIUTHA U HaTpusa. lleHTp cocrouT us Ti'* MOHA B KATHOHHOM yane, 0%~
HOHa B alTMOHHOM Yy3Jjle H JIBYX KATHOHHBIX BAKaHCHIL.

1. Introduction

Titanium color centers in lithium fluoride thermoluminescence dosimeters are used
as luminescence centers [1], but the nature of the titanium centers in alkali halides
1s still unknown. The centers in lithium fluoride have some optical absorption bands
in the vacuum ultraviolet [2, 3]. The 6.2 eV absorption band is directly proportional
to the titanium concentration [1]. There is also an absorption band at 2.0 eV, usually
observed in solids with Ti3* ions. Some authors correlate these and the vacuum ultra-
violet bands with the optical transitions in Ti3* ions on cation sites [2, 3]. But on the
basis of ENDOR studies Davies concluded that Ti3* ions are formed after X- or y-
irradiation of LiF:Ti crystals only [4]. Therefore, before irradiation lithium fluoride

1) 1a Favorskii Strect, 664033 Irkutsk, USSR.
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contains the atomically dispersed titanium impurity as Ti** ions [4, 5]. Photolumines-
cence of titanium color centers in lithium fluoride was found by Zimmerman and
Jones [6].

The present paper deals with the nature of titanium luminescence centers in
lithium and sodium fluorides.

2. Experimental Procedure

The lithium and sodium fluoride crystals were melt-doped by TiO, impurity. On the
basis of ultraviolet absorption [1, 2] the titanium color center concentration in LiF
and NaF was about 15 ppm. To the sodium fluoride crystal was added also 0.2 wt%,
of MgF, in the melt. Before the crystals were heated at 680 K for 5 to 10 min and
quenched in air to room temperature. Optical spectra between 5.0 and 8.0 eV were
obtained with a vacuum ultraviolet monochromator VMR-2 and deuterium lamp
LD(D). Luminescence light was detected with FEU-79 in the photon counting regime
through a filter or grating monochromator MDR-2. The azimuthal dependence of the
polarization degrec of a certain emission was taken by a gold polarizer [7] and suit-
able filters under the angle 45° to the passing beam. The qualitative azimuthal
polarization dependence of the emission of oscillators with axis along the C,, C,, C,
crystal axes is not changing due to this method.

3. Experimental Results

3.1 Lithium fluovide
Two bands with maxima at 2.42 and 3.1 eV have been observed in the photolumines-
cence spectra of a LiF:TiO, crystal. The 2.42 eV emission has relatively strong growth
at 80 K. The 3.1 ¢V emission centers are oriented along the C, crystal axis and the
2.42 eV centers probably are oriented along the C, crystal axis (Fig. 1). Both photo-
luminescence bands are equally decreased by X-irradiation and cqually restored by
a following heat treatment. The excitation of both centers lies within the energy range
of absorption which is due to a TiO, impurity in LiF crystal (Fig. 2). Consequently
the 2.42 and 3.1 eV emissions relate with the titanium centers in lithium fluoride.

The polarization degree of the 3.1 eV emission is stable up to 570 K. The behaviour

of the polarization degree of the 2.42 eV emission is more complicated (Fig. 3). The
temperature dependence of the polarization degree of the 2.42 eV emission can be
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Fig. 1. Corrected emission (1, 2) and absorption (3) spectra and the azimuthal dependence of
polarization degree of the 2.42 eV (4), 3.1 eV (5) emissions of LiF:TiO, crystals at 80 K (1, 17)
and 295 K (2 to 5). The emission spectra are measured with 6.2 eV (1, 2) and 7.2 eV( 1’, 2’) excita-
tion light. The 1" curve is the difference curve between (1) and (1’). (Intensity is always in rel.
units.)
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= Fig. 2. Excitation (1, 2) and polarization (3 to
5) spectra of the 3.1 eV (1, 3) and 2.42 eV (2,
0 4, 5) emissions of Lil:TiO, crystals at 295 K
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explained as follows: a) the total light consists of two components with light intensi-
ties I, /, and polarization degrees P, P,: b) the ratio of intensities k = I,/I; grows
when temperature rises; c) the polarization degree P, falls when crystals are heated.
The total polarization degree is equal to [8]

(P, + kPy)
1+ k
Taking into account the points a), b) for calculating the temperature dependence of the
polarization degree of emission we obtain the curve 1 (see Fig. 3b), but with points a),

b), ¢) we obtain the curve 2. Curve 2 is a better explanation. The results show that
the 3.1 eV emission penetrates into the 2.42 eV emission and k = 1(3.1 eV)/[(2.42 eV)
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Fig. 3. a) Temperature dependence of polarization degree of the 2.42 ¢V (1, 2), 3.1 eV (3) emissions
of LiF:TiO, crystals. b) The calculated curves. (1, 2) curves calculated on the basis of the points a),
b) and a), b), ¢) (sce text). (3) The temperature decrcase of polarization degree P, the lower part of
curve 3 is unmarked because of indefiniteness

Fig. 4. Temperature dependence of transformation efficiency of titanium center photoluminescence
(under 6.2 eV excitation) by X-irradiation of LiF:Ti0, crystals
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Fig. 5. Corrected emission (1, 2), absorption (3), and excitation (4, 5) spectra and the azimuthal
dependence of polarization degree of 2.2 eV (6, 7), 2.95 eV (8) emissions of NaF:TiO,: MgF, crys-
tals at 80 K (1), 200 K (7), and 295 K (2 to 6, 8). Emission spectra measured with 5.8 eV excitation
light. Excitation spectra measured for 2.2 ¢V (4) and 2.95 eV (5) emission light

grows with temperature rise. Therefore, the polarization degree of the 2.42 eV emission
decreases above 330 K.

The temperature dependence of the efficiency of titanium center transformation
by X-irradiation was studied by means of photoluminescence decrease. Two stages
have been observed: at about 140 and 210 K. The stage at 140 K is in accordance
with the conclusion that the titanium centers are hole traps [9]. At about 140 K holes
in LiF begin to move and can be trapped by the titanium centers. This leads to an
increase of the transformation efficiency of titanium centers. The transformation
efficiency of the titanium centers grows also above 200 K (Fig. 4). The cation vacan-
cies in lithium fluoride begin to move at temperatures above 220 K [10]. Probably
the growth of transformation efficiency of titanium centers above 200 K is due to the
loss of associated cation vacancies by the reaction

Tit+ -+ e” — Ti** L vi .
Earlier, on the basis of ionic conductivity investigations Jain and Sootha concluded
that some part of titanium impurity in lithium fluoride is connected with cation

vacancies [11]. The present results show that cation vacancies are a part of titanium
luminescence centers in lithium fluoride.
3.2 Sodium fluoride

The NaF:TiO,:MgF, crystal has similar optical properties as LiF,:TiO, (Fig. 5).
Two bands with maxima at 2.2 and 2.95 eV have been observed in photoluminescence
spectra. The 2.95 eV emission centers arc oriented along the Cj crystal axis. The
2.2 eV emission centers are oriented along an axis which is close to the C, crystal axis
at 200 K. The azimuthal dependence of the polarization degree of the 2.2 ¢V emission
at room temperature is close to a straight line. All emission and excitation bands of
titanium luminescence centers in sodium fluoride are shifted by about 0.2 eV to
lower encrgy as compared with the bands of titanium centers in lithium fluoride.
Therefore, titanium luminescence centers in lithium and sodium fluorides have the
same nature.

4. Disenssion
The Tid* centers have been observed after X- or y-irradiation of titanium-doped
lithium fluoride. The center is identified as Ti*t ion displaced by 0.02 to 0.03 nm in
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Fig. 6. A model of titanium luminescence centers in
lithium and sodium fluorides

[111] direction from a lithium site [4]. The 6.2 eV absorbance in lithium fluoride
depends on both titanium impurity and oxygen or hydroxile impurity concentrations
[1,12]. The high-temperature stability of the polarization degree of both emissions
shows that the luminescence centers arc point defects near the titanium ions.

On the basis of earlier and present results it has been concluded that the titanium
luminescence center consists of Ti** ion, O%- ion on anion site, and two associated
cation vacancies (Fig. 6). The high-energy emission of titanium luminescence centers
is caused by the titanium—oxygen bond. The oxygen ion is in the next-ncarest-neighbor
(nnn) anion site, and the emission centers are oriented along the C; crystal axis. The
polarization of the low-energy emission is caused by two cation vacancies in next-
nearest (nn) positions to the Ti** ion. Since the Ti** ion can be displaced from lithium
and sodium site (as the Ti3* ion in lithium fluoride [4]), the electrostatically most
probable locations of cation vacancies are in [011], [110], [101] sites. Therefore the
low-energy emission center will be oriented along the axis between the two positions
(see Fig. 6).

The azimuthal dependence of emission polarization degree of an oscillator with
such an orientation was calculated by the Feofilov method [8, 13]. The calculated
“axial”” azimuthal dependence is the same as the dependence of emission of oscillators
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T 00 Fig. 7. Calculated (lines) and experimental (points) azimuthal
O J.a2aaart] 300 dependence of polarization degree of 2.2 eV emission of
NaF:TiO,: MgF, (triangles) and 2.42 eV emission of LiF:TiO,
©00 %% 6°%¢ 9p° (circles). The :m;gle of measurement with respect to the beam
direction is marked in the figure. The dashed lines show the
azimuthal dependence of centers in which some part of cation
ol , , vacancies is shifted to a, b-sites (see Fig. 6)
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which are oriented along the C, crystal axis, but the “perpendicular” dependence is
close to a straight line (Fig. 7). The calculated dependences correlate with the experi-
mental results (see Fig. 1, 5, 7). At a relatively high temperature the cation vacancy
begins to move to other sites a, & (with higher energy) (see Fig. 6). For the a-site the
oscillator will be oriented along the C, crystal axis and for the b-site along the C,
crystal axis. On a certain condition the calculated “axial’” azimuthal dependence of
the emission polarization degree is close to a straight line like the dependence of the
2.2 eV emission of sodium fluoride at room temperature (see Fig. 5).

The existence of two emission bands of titanium luminescence centers with different
oscillator orientation shows that in a first approximation we can distinguish two sub-
systems of the emission center. One subsystem is the 0%- jon and the other is the
(TiFg)*~ molecular complex. Because of the similar emission and excitation spectra
related with oxygen in LiF:TiO, and LiF:Li,O [14], the 3.1 eV emission is related
with the electron transitions “inside’” the 02~ ions. The polarization of the 3.1 eV
emission is due to the attraction of oxygen electrons by the titanium ions. The emission
transitions are oriented along the Ti-O (Cj) axis. Probably the electronic transitions
of the (TiF¢)?~ complex are of the charge-transfer type between the fluoride ions and
the central Ti** ion. The electronic transitions of (TiFg)?>~ complexes are modified
by the presence of two cation vacancies. The orientation of emission transitions
depends on the positions of the cation vacancies.

3. Coneclusion

The experimental results lead to the following conclusions: a) 2.42 and 3.1 eV emis-
sions in LiF:TiO,, 2.2 and 2.95 eV emissions in NaF':TiO, are related to the titanium
luminescence centers, b) the center in lithium and sodium fluorides consists of a Tit+
ion on a cation site, a 0%~ ion on an anion site, and two cation vacancies.
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