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Abstract

Luminescence properties of oxyapatite co-doped Cag ¢ Thy Eug 1 (PO4)s Opas[]1s5 With europium and terbium
was studied, a comparative study of oxyapatites doped with only Eu®*, Tb® or both of these two ions, was
conducted under laser excitations lines at 488 nm, 457.9 nm and 337.1 nm. Using a characteristic transition in
the Europium °Dj ----- "Fo 1 2 and Terbium®Dy ----- 'Fs, 4. 3 spectra at 77 K. A significant energy transfer from
Tb* to Eu® was evidenced for the co-doped oxyapatite. Such energy transfer seems to occur via different
mechanisms which involve particularly high levels of the ion Th®* (°D; or above).
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1. Introduction

Rare-earth doped oxyapatites are well known in applied science field as luminescent materials or as sensor of
temperature. Recently a wide range of rare-earth doped oxyapatites have been synthetized. In order to enhance
luminescence of these materials a second rare-earth ion was introduced in the lattice of the oxyapatites. The
general formula of these compounds is Cayx RE x (POs)s O1+x2 [] 102 (0<x<2) where RE is rare-earth ions. In
previous work, luminescence with the presence of these two kinds of ions in particular the europium and
terbium was studied [1]. This may improve the energy transfer in these oxyapatites under laser excitations. This
energy transfer between Th** and Eu** has been the subject of several studies in other materials [2] [3] [4] [5]
[6] [7].

The most useful energy transfer from this kind of materials is the fluorescents tubes light given by (Ca, Sb*,
Mn?)s (PO,); F [8], this occur when the luminiphor is excited by the wavelength 253.7 nm (mercury line
radiation), the absorption take place in Sn® ion and not in Mn®" or in the framework. This luminescence is
corsnposed \ZNith the blue and yellow emission from Sn** and Mn?* respectively via the transfer of energy from
Sn** to Mn*".

In this paper, we present the experimental results obtained on oxyapatites doped with both europium and
terbium. Energy transfer between Eu®** and Th** co-doped oxyapatite CagoThiEug1(PO4)s O 0.5 []1.55 was carried
out through 2 steps procedure, first to excite the °D, level of terbium by the blue line (488 nm/20492 cm™), and
then to register the europium fluorescence by energy transfer. In addition, we studied the oxyapatite
luminescence after excitation of higher levels of terbium by the yellow line 337.1 nm generated from nitrogen
laser.

The aim of this study is to show that under such conditions of excitation, it is possible to improve the emission
of Eu® by energy transfer from Tb** when concentration of terbium is high in this oxyapatite. This will occur if
there is resonance, in other words, if one energy level of terbium corresponds to the same level of Tb*, or
transition of Th* ion can raise the Eu®* ion to a higher or the same level according to the energy diagram of the
two ions in figure 1 [9].
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Figure 1: diagram of the first energy levels of Th* and Eu®* ions.

These conditions are satisfied with small extra energy provided by phonons through the following pairs of
transitions:

Emission °D; ----- ’Fs of terbium, absorption 'Fy----- °D;, of europium.
Emission °Dy ----- ’F, of terbium, absorption "Fg 1 ----- °D, of europium.
Emission °Dg----- ’F, du terbium, absorption ‘Fq, ; ----- °D, of europium.

To operate with level 'F; it’s necessary to carried out experiments at room temperature so that this level is
populated. Energy transfer between two rare earth ions was widely studied by many authors in different matrix,
[10][11][12][13]. L.F. Johnson et al. [14] have presented in their work the energy transfer between Tm** and
Ho® in CaMoQ,, they conclude that the infrared emission of Tm** and Ho®* was improved by energy transfer.
G. Blasse et al [15] have studied the energy transfer between Ce* and Th** cerium compounds. Other studies
were carried out by B. Blanzat et al. [16] and L. Boehn et al. [17] where energy transfer was showed between
rare earth (Ce** and Tm*, Ce** and Tb**) elements in pentaphosphate and glass structure phosphates compounds
respectively. In addition, another well-known example is the improvement of the emission of the Eu®" ion by the
transfer of energy absorbed by the ion Th** in tungstates and molybdates [18] [19] [20]. However, as most of the
properties in solid state, luminiphors characteristics depends on the composition of the material, in particular his
percentage of activation, grade of purity and temperature:

- The optimum concentration of active centres is usually situated at values of 10% atomic doping, elsewhere

the emission intensity decreases by the effect of Quenching.
- Some luminiphors are extremely sensitive to the presence of impurities (other than S and A), called

luminescence poisons.
- Others are characterized by a so-called critical temperature choking luminescence.

Effects of various factors such as temperature, concentration of activator and amount of impurities is shown in
figure 2 [21].
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Figure 2: Evolution of the output of conversion with:
(—) temperature, (....) concentration of activator, (----) amount of impurity P.

To study the energy transfer Th**----- Eu®* in oxyapatites, we carried out experiments in favourable conditions
for this phenomenon, without optimization through systematic study of parameters as temperature and
concentration of the activator or sensitizer.

2. Materials and methods

A mixture of anhydrous calcium pyrophosphate calcium carbonate and europium oxide with an atomic ratio
(Eu+Ca)/P fixed at 1.667 is synthesised in a powder form and it is meticulously crushed and heated at 1350 °C
in pure argon atmosphere [22]. The product is annealed at 900 °C under high vacuum; these conditions were
maintained until complete cooling, as result of this experimental procedure, monophasic oxyapatites were
obtained. These compounds were analysed by X-ray diffraction. All the lines of the diagram can be indexed to
the hexagonal system in agreement with the space group P63/m. which is the structure of apatite [23]. Optical
studies were performed at 77K, on powders fixed on the inner wall of a Dewar (with no silver or fluorescent
varnished) immersed in liquid nitrogen. The excitation of studied compounds was performed with argon ion
laser at 488nm and 457.9nm, which allow to selectively exciting terbium in the °D, level as transmitter and
europium in the °D, level. The excitation is also carried out at 337.1nm with pulsed nitrogen laser from JOBIN-
YVON Company which allows to excite the europium and terbium in higher levels. The excitation spectra were
obtained using a colored laser Spectra Physics model 375/376 which is pumped by an argon ion laser (Spectra
Physics Model 164).

The spectrometer is a double monochromatic additive PHO from Coderg company, which is controlled by a
microprocessor 8 bits (64K RAM), which also control the collection and processing of data. Showed emission is
analysed by a spectrometer Jarrell-Ash model 78460 with a focal length of 1 meter and a dispersion of 4.2 A/m.

3. Results and Discussion

The compounds studied are oxyapatite europium-doped Cag ¢ Eug, 1(PO4)s O, 05[] o, 95, terbium doped Cag Th;
(PO4)s Oy, 5[] 0, 5 and oxyapatie co-doped by these two rare earth elements.

The fluorescence spectra of the two compounds were first measured to determine the transitions of the europium
and terbium in these matrices in order to understand the energy transfer process Th**----- Eu®" in Cage Thy
Eonl(PO4)6 01'55[]0’45 Compound.
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The excitation of these three compounds was performed using the lines at 488 nm and 457.9 nm of an argon ion
laser, that selectively possible to excite respectively terbium in the °D, level and europium in the level °D,, and
with the line at 337.1 nm from a nitrogen laser that can excite europium and terbium in the upper levels. For
excitation spectra, we used a laser Dye, the signal emitted in each case is detected following the procedure

previously cited in the Materials and methods. The fluorescence spectra were recorded in the same conditions at
77K.

a) Study under excitation at 457.9 nm and 488 nm:
After excitation at 457.9 nm and 488 nm the spectra obtained at 77K on the compound Cag Tb;(PO4)s O1 s[]os
are shown in figure 3, Both spectra were recorded in the area from 15500 to 17500 cm™, corresponding to
transitions °Dg ----- "Fo.1, from europium ion and °D; ----- ’F, 3 from terbium ion.
The spectrum obtained under excitation at 457.9 nm, shows a low emission °D, ----- 'F, 5 from terbium
compared with selectively excited spectrum at 488nm: the line at 457.9 nm specific to the excitation of
europium, gives in this oxyapatite a very small line at 17500 cm™ which could correspond to the transition
°D, ----- 'F,. But since this line is not excited, compared to the lines °D,----- 'F, of the ion Tb*", it was attributed
to the ion Th*".
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Figure 3: Spectra of fluorescence °D, ----- ’F;, , of the ion Tb** of the terbic oxyapatite (x=1) at 77K
(a) Excitation with 457.9 nm, (b) Excitation with 488 nm
* Parasitic lines of the plasma of the ionized Argon laser

Therefore, we find that Cag Thy (PO4)s O1 s [] o, 5 IS pure. But, in the case that contains residual traces of
europium, they will not affect the study of the transfer which will follow .A similar purity test was made on the
compound doped with europium Cag, ¢ Eug 1(PO4)s O10s[] 09s. Spectra of fluorescence, at an excitation
wavelength of 457.9 nm, are shown in figure 4. It is characteristic of the emission of europium in these
oxyapatites namely a line °Dg ----- ‘F, unusually intense and centred at 17500cm™ and transitions Dy ----- Fi,
at high frequencies [24]. While under excitation at 488 nm, the spectrum corresponding to Eu®* ion show very
low intensities, and no emission line corresponding to the Tb® ion was observed. This confirms that this
compound is also pure.
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Figure 4: Spectra of fluorescence °Dg ----- "Fo.1, Of the ion Eu®* in the oxyapatite doped with the europium
(x=0,1), at 77K and under excitation 457.9 nm

Figure 5 shows the normalized spectra with detail of spectral region situated between 17350 cm™ and 17600
cm corresponding to the transition Dy ----- ’F, in the europium under on selective excitation (full line) and the
two lines of the Th* ion (dotted lines). This figure highlights the overlap between the intense band of the Eu®*
ion (°Dg ----- "Fo) and two weak lines of Tb** ion (°D,----- 'F4 or 5D4 ----- ’Fs). The displacement of the energy
levels of Eu* ion to higher frequencies and those of the Th** ion to lower frequencies does not promote the
transfer of energy between these two ions in oxyapatite Cag ¢ Th; Eug 1(PO4)s O1, s5[] 045 by the process: emission
of terbium, europium absorption °D, (Tb*") and °D, , (Eu**) as reported in the literature [25] [26] [27].
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Figure 5: Details with standardized spectra at 77K of the covering of the transition *Dg ----- F,
(—) of the ion Eu** (under not-selective excitation 337.1 nm) with two very weak lines of the ion Th*"
around 17500 cm™ (---) (under excitation 488 nm).

However, the recovery above allows a low energy transfer as shown by the analogy of the excitation spectra
(figure 6) in the °D, level of Tb*" ions, monitored in the °Dy ----- "F; transition of Tb* ion at 18490 cm™ and

Dy - ’F, transition of Eu*" jon at 16010 cm™ (frequency at which no transition ion Th* was observed).
Nonetheless, this transfer occurs but is very low, given the low intensity of the spectrum (b) compared to the

spectrum (a).
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Figure 6: Spectra of excitation at 77K for the observations:
(a) On the transition °D, ----- 'F5 of the ion Tb*" at 18490 cm™
(b) On the transition °Dg ----- 'F, of the ion Eu** at 1601 cm™

b) Study under excitation at 337.1 nm.

The energy transfer between the ion Tb*" and Eu®" ion in these oxyapatites, from the °D, level (Tb*) is very
low, we consider that this energy transfer could occur between other higher levels of these ions, especially under
excitation at 337.1nm (nitrogen laser).

b -1) Study of the oxyapatite Cag Th;(PO,) 6 Oy, s[]os:

The emission spectrum obtained at 77K in the case for this oxyapatite terbic under excitation at 337,1nm is
reported in figure 7a. This spectrum corresponds to transitions from the level transmitter D, to ‘Fg, 54 levels.
The most intense spectral line centred on 18500cm™ (in green) is part of 5D4 ----- ’F; transitions, however,

°D, ----- 'F, transitions centred around 17000 cm ™ are very low intensity.

b-2) Study of the oxyapatite Cag g Eug 1 (PO4) 6 O1,05[] 0.05:

The fluorescence obtained at 77K for the oxyapatite Cag ¢ Eug, 1(PO4)s O1, 05[] 0,05 after excitation with 337,1 nm
(29665cm™) is reported in figure 7b. The spectrum is recorded in the entire visible range. No line issued from
the °D, level is observed. Two weak lines registered on about 19000 cm ™ are due to the °D; ----- "F, emission,
while all the spectrum and particularly the most intense peak centred at 17500 cm™ are characteristics of

°Dg ----- 'F 1, emission of the sites B (Eu** in position I1).

However, literature reports predominance of sites A in this kind of oxyapatites [28], it follows that the lines at
337.1 nm selectively excite minority sites.

b'3) StUdy of the Oxyapatite Ca&g Thy EUO’1 (PO4) 6 01’55[]0_45:
The oxyapatite presented in this work contains both terbium and europium. The fluorescence registered at 77 K

after excitation at 337.1 nm is reported in figure 7c; this standardized spectrum is recorded under the same
conditions as the previous two spectra. It is composed of emission lines from Eu** and Tb** ions.
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Figure 7: Spectra of fluorescence at 77K under excitation 337.1 hm
(a) terbic Oxypatite (x=1), (b) Oxyapatite europic (x=0,1)
(c) terbic Oxyapatite doped with the europium (X1,=1, Xg,=0,1)

Comparison of this spectrum with the previous ones, show that most of the emission is due to the fluorescence
of the Eu® ion unlike the previous case. It is the emission from A sites of europium, emission on the lines of
europium is 20 times more intense than in the case of oxyapatite which did not contain terbium (spectra b),
while the emission on the lines of the Tb® ion is 6 times lower than that obtained in oxyapatites which
contained only terbium (spectra a).

In this oxyapatite, europium contributes strongly to the de-excitation of the ion Tb**. From this result it is clear
that the emission of the Eu®* ion is mainly due to the transfer of the energy absorbed by the ion Tb*". Without
specifying the transitions involved in this transfer and according to the excitation spectra. We can say that the
energy transfer takes place only from higher levels of Tb* ion (level °Dy).

Given the highly disturbed levels found in oxyapatites structures, energy transfer between Tb** and Eu®* appears
to involve different mechanisms from those given in the literature. For example, in oxysulfures [29], the transfer
is done by the following process:

D, (Tb*) + Fy (EU*) ----- F, (TB*) + °Dy (EU*).

In the Eug, ThogPsO14 the transfer is done by the following interaction:

D, (Tb*) + 'Fy (EU®) - ", (TB*) + °D, (Eu*") + 120 cm™ and not by the interaction:

D, (Tb*) + Fy (EU*) ----- Fs (Tb*) + °D, (Eu*") + 600 cm™.
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Conclusion

The study of these three apatite compounds allowed us to show that under excitation at 337.1 nm, emission of
Eu®* ion is considerably increased by the transfer of energy absorbed by the ion Th**. So that, as we have
commented in this work, the emission of europium is 20 times more intense, however, the emission of terbium
is 6 times lower.

By this energy transfer, the emission arises from Eu®" ions at sites A in 6h position, however, in the case of
direct excitation; the minority sites called B in Eu** ions are involved. Note that, even if by direct excitation or
via of the T ion in higher levels, the energy transfer between Eu®* ions (sites A and B) is not detectable in the
transitions arising from the level °Dy.

The excitation spectra in the °D, levels of the Tb*" ion show, according to the very small overlap of emission
and absorption spectra respectively from Th** and Eu®*, that the energy transfer observed mainly involves high
levels of the Th*" ion, mainly °D;or above.
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