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AIMS AND SCOPE 

Radiation Effects and Defects in Solids publishes experimental and theoretical papers of both a fundamental and applied nature that contribute 

to the understanding of either phenomena induced by the interaction of radiation with condensed matter or defects in solids introduced not only 

by radiation but also by other processes. Papers are categorised in three groups. 

Section A: Radiation Effects— Suitable topics include, but are limited to, atomic collisions, radiation induced atomic and 

molecular processes in solids, the stopping and rangeof ions and radiation damage, sputtering and mixinginsolids, radiation-induced 

transport phenomena and the role of defects and impurities introduced by radiation. Papers in ion implantation in metals and 

semiconductors as well as on radiation effects in insulators and superconductors, in fusion and fission devices and in space research 

are considered. Studies on fission tracks, isotope dating and ion beam analytic techniques are also welcome. 

SectionB.-CrystalLatticeDefectsandAmorphousMaterials—Topics covered include atomicand electronic properties of defects, 

influence of defects on lattice properties and processes, the latice-defect approach to solid state reactions such as clustering, 

precipitation, laser annealing and the role of impurities, the defects dynamics in a non-steady state such as under particle or 
electromagnetic irradiation orduringarapidtemperaturechangeand problems associated with the metastable nature of amorphous 

materials. 

Section C: Radiation Effects and Defects in Solids Express — This section is available separately on subscription and presents 

significant short notes and communications in camera-ready form from the above fields for the fastest possible publication. 

Notes for contributors can be found at the back of the journal. (Continued on inside back cover) 
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X-RAY STORAGE PHOSPHORS 

J. M. SPAETH, TH. HANGLEITER, F. K. KOSCHNICK and TH. PAWLIK 

Universität-GH Paderborn, Fachbereich Physik, 33095 Paderborn, Germany 

In X-ray storage phosphors an image is formed and stored by generation of room temperature stable radiation- 
induced electron and hole trap centres. The image is read-out by recording a photo-stimulated luminescence (PSL) 
from a doped activator, generally stimulating the electron trap centres. The best-known and hitherto most efficient 
X-ray storage phosphor is BaFBr:Eu2+. However, the exact mechanism of its functioning is not yet understood. 
The present discussion of the storage and read-out mechanisms is critically reviewed. New results about the role 
of oxygen contamination of BaFBnEu2* are presented: if there is much less oxygen present than Eu2+, then the 
PSL efficiency decreases and the stimulation energy increases. A new efficient X-ray storage phosphor is 
presented: Cs2NaYF6 doped with trivalent rare earth activators. Its properties are described and preliminary results 
on X-radiation-induced radiation damage centres in undoped Cs2NaYF6 are presented. 

Key words: Phosphors, X-ray imaging, ODEPR, elpasolites, fluorohalides, radiation damage. 

1    INTRODUCTION 

X-ray storage phosphors are materials capable of storing images produced by the 
absorption of X-radiation. Upon X-irradiation of the phosphor, radiation-induced defects 
are generated, which must be stable at room temperature (at least for a few minutes) for the 
practical use. It is generally believed that electron and hole trap centres are involved in the 
image formation. For the read-out process usually the electron trap centres are photo- 
excited, and the luminescence of a doped activator, in many cases a rare earth ion, is 
recorded. The X-ray storage phosphors can offer a number of advantages compared to 
conventional X-ray films which makes the search for a good X-ray storage phosphor a 
challenge: efficient ones are more sensitive and have a much higher dynamical range 
(104-105) for the image formation compared to conventional film, and they offer the 
possibility to obtain immediately digitized X-ray images. One of the main problems is still 
the poorer spatial resolution due to light scattering effects in the screens from the small 
phosphor cristallites during the read-out process. Many systems have been proposed (for a 
concise review see e.g. '). The best-known X-ray storage phosphor, and seemingly so far 
the best one which is commercially used already, is BaFBnEu2"1".2 In spite of many efforts 
to understand the mechanism of the storage and read-out process, no complete 
understanding has yet been achieved. On the contrary, many controversial ideas have 
been published in recent years about the nature and role of the electron and hole trap 
centres and their reactions during read-out. It was shown recently that BaFBnEu2"1" 
contains a rather high level (typically 100 ppm) of oxygen contamination and that this 
impurity greatly influences the formation of electron trap centres.3,4 

In this article, the present discussion of the mechanisms for storage and read-out is 
critically reviewed. Then, new experimental results about the role of the oxygen 
contamination in BaFBr:Eu2+ are presented. Finally, we present a new efficient X-ray 
storage phosphor: Cs2NaYF6 doped with trivalent activators, e.g. rare earth ions. 
Cs2NaYF6 is a member of the elpasolite crystal family. Preliminary results on radiation 
damage centres in undoped Cs2NaYF6 are also presented. 
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2   THE STORAGE PHOSPHOR BaFBr:Eu2+ 

2.1 Imaging Centres and Read-out Process 

In a simplistic view, the mechanism might be the following: 
X-irradiation produces room temperature stable electron and hole trap centres. Upon 

photo-stimulation of the electron trap centres, the electron recombines with the hole trap 
centre, then there is a radiationless transfer of the recombination energy to the activator 
which is brought to an excited state from which it decays emitting the photo-stimulated 
luminescence PSL (in case of Eu2+ at 390 nm). However, not even in the well studied 
system BaFBr:Eu2+ the mechanism is understood. Three groups have investigated this 
material very intensely in recent years: a group at Fuji (Takahashi et al.), one at Siemens 
(v. Seggern et al.) and our group in collaboration with Eastman Kodak (Eachus et al). 

There is general agreement that X-irradiation generates F centres as electron trap 
centres. In BaFBr, which has the matlockite structure,5 two F centres are possible, F(Br~) 
centres and F(F~) centres, where electrons are trapped at Br" vacancies or F" vacancies, 
respectively. Their generation mechanism, however, is controversial. In order to form an F 
centre after creating an electron-hole pair by the X-irradiation, one either needs to have a 
halide vacancy present in the crystal or one must generate it during the radiation damage 
process. 

Takahashi et al.6,1 assumed that Br" vacancies are present in the material. However, he 
gives no experimental evidence for this assumption. Riiter et al.s showed that 
photostimulable centres can be created by using vacuum UV-light (> 6.7 ev) instead of 
X-rays and concluded that the decay of self-trapped excitons into F and H centres (Br2~ 
ions on a halide lattice site, see e.g.9), provide the necessary mechanism to create F centres. 

However, so far H centres were not detected, neither by EPR, nor by ODEPR which is 
more sensitive, in spite of a search for them including production of F centres with X- 
irradiation at low temperature (4 K) where H centres are stable. It was shown recently in 
KBr that H centres can be detected using the magnetic circular dichrolism of the optical 
absorption (MCDA) and MCDA-detected EPR. 

In the earlier work on BaFBr it was overlooked that it is extremely difficult to produce 
BaFBr powders or single crystals which are not contaminated with oxygen. BaFCl and 
BaFBr scavenge oxygen from their growth environment.11'12 Oxygen is incorporated 
mainly as O2- on F" sites accompanied by a Br" vacancy for charge compensation. Upon 
X-irradiation at low temperature (< 120 K) Vk(Br2") centres and F(Br") centres are formed, 
the latter being near the 0F

2" centres. Above 120 K, the Vk(Br2") centres become mobile. 
0F

2~ centres react with them and an 0F" centre is formed. Above 200 K, the F centre can 
diffuse away and become isolated.3'4 The production of F(Br") centres is strongly 
influenced by the oxygen contamination. It cannot be excluded that the samples used by 
Riiter et al. [8] did also contain sufficient oxygen contamination to account for the 
production of F(Br") centres with UV-light. 

Interestingly, F(F") centres are not formed by X-irradiation below about 250 K. They 
are formed by X-irradiation at room temperature, but their concentration does not seem to 
be influenced by the oxygen contamination directly. F(F") centre formation apparently 
needs thermal activation.1 

When measuring the photostimulation as a function of photon energy, two peaks are 
usually observed; one peaking at 2.15 eV, and one around 2.65 eV. The two peaks are 
clearly resolved when using single crystals and polarized light (e.g. E _L c axis). The 
spectral shape of the photostimulation curve agrees very well with the optical absorption 
bands of F(F~) centres (peak at 2.65 eV for E _l_ c) and F(Br") centres (peak at 2.15 eV for 
E _L c). There is only one absorption band for E J_ c for each F centre which was clearly 
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identified by magneto-optical techniques.15 It was argued by Thorns et al. [16] that only 
F(Br~) centres are photostimulable and the two peaks observed in the photostimulation 
curve were associated with those centres. We observed, however, that both F(F~) and 
F(Br~) centers are photostimulable. When measuring first the optical density of F(F") and 
F(Br~) centres and stimulating the PSL by photoexciting e.g. in the F(Br~) band, then the 
optical absorption band of F(Br~) centres is reduced after exhaustion of the PSL, however, 
that of the F(F") centres is not affected. When bleaching into the F(F~) band, there is also a 
PSL effect. Thus, both F(F~) and F(Br") centres are photostimulable. 

Very little is known about the hole centres. Takahashi et al.6'1'11 claim that upon 
electron and hole creation by X-rays holes are trapped at Eu2+ and form Eu3+. Upon photo- 
stimulation of F centres, the F electrons move through the conduction band and recombine 
with Eu3+, exciting Eu2+ to the 4f65d state, from which the 390 nm luminescence occurs. 
Thus, in their model the PSL process requires thermal activation since the excited F centres 
have relaxed excited states below the conduction band. According to Takahashi et al., the 
thermal activation energy is 37 meV for F(Br~) and 1.3 meV for F(F"). Neither v. Seggern 
et al. nor Eachus et al. nor our group have been able to identify Eu3+ centres after X- 
irradiation. The EPR signal of Eu2+ did not change upon prolonged X-irradiation, nor 
could the Eu3+ luminescence be observed. Furthermore, the observation of an efficient 
PSL effect by stimulating F(Bf~) centres at 1.5 K contradicts the model that electrons move 
through the conduction band upon photostimulation of F centres. 

No spectroscopic identification has yet been presented for the hole trap centres involved 
in the PSL process. It has been proposed, though, on the basis of several different 
experimental findings, that the recombination between electron and holes takes place via 
tunneling and that a kind of 'aggregates' between F centres, hole centres and the activator 
Eu2+ must be formed during X-irradiation. It was found that the decay of the 
photostimulated luminescence under continuous stimulation is temperature independent18 

and that the increase in the PSL intensity is proportional to the X-ray dose.19 This latter 
result implies that retrapping of electrons after photostimulation does not occur, which 
makes electron hole recombination via tunneling more likely than via the conduction band. 
Direct evidence for a spatial correlation between F centres, Off centres and Eu2+ was given 
with cross-relaxation spectroscopy using magneto-optical techniques.3'20 

Indirect evidence for the formation of triple aggregate centres was also found in the so- 
called replenishment effect. When at low temperature (4 K) the phosphor is stimulated and 
the PSL exhausted, it can be replenished by annealing to temperature above 200 K.21 It 
seems that after exhaustion of the aggregate formed first, new aggregates can be formed by 
thermally activated motion of either hole trap or electron trap centres or both. The size of 
the effect depends on the amount of oxygen contamination. 

So far, the 0F~ centre (and under certain preparation conditions also 0Br
_ centres) is the 

only identified hole centre formed by X-irradiation at temperatures above 120 K.22 

Whether or not it is the hole centre searched for, is not yet clear. In order to get further 
insight, it is important to vary the oxygen contents in the samples. First new results on the 
role of oxygen are presented in the next section. 

2.2    Variation of the Oxygen Contents 

A series of single crystals was grown with the Bridgman-Stockbarger method in graphite 
crucibles varying the oxygen contents. In order to avoid oxygen contamination before 
crystal growth, the BaBr2 and BaF2 powders were placed into a vitrous carbon boat in a 
quartz tube, heated to 1050°C where they were molten. The melt was then treated for 2.5 
hours with a mixture of Ar and Br2 gas. After cooling to room temperature, the powders 
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thus treated were loaded into the graphite crucibles in a glove box to avoid new oxygen 
contamination. For back-doping of oxygen, BaO was added. 

Doping levels are: 500 ppm Eu2+(added as EuF2) and 0, 200, 500 and 2000 ppm oxygen 
added as BaO to the melt. Those doping levels were not measured in the grown crystals, but 
refer to the melt doping. We are pretty sure that the '0' oxygen level actually does not mean 
that no residual oxygen contamination could be achieved. However, its level could be 
reduced by about a factor of 20 compared to crystals grown without the Br2 treatment 
before crystal growth. The optical density measured in the series of single crystals (E _L c) 
after 10 minutes exposure to X-irradiation at room temperature (65 kV, 6 mA) showed 
practically 'no' absorption of F(Br~) centres for the 'oxygen-free' sample, while with 
increasing oxygen contents more and more optical absorption of F(Br~) centres was 
measured. A measurement of the MCDA confirms that with increasing oxygen contents 
more F(Br") centres are formed after the same time of X-ray exposure. However, for '0' 
oxygen doping level, a small number of F(Br~) and also 0F~ centres were still detected. An 
interesting observation was that the ratio between F(Br") and F(F") centres is larger at high 
oxygen level, while at low oxygen contents more F(F") centres were generated compared to 
F(Br~) centres. Whether or not the number of F(Br~) centres measured corresponds already 
to the saturation values for the corresponding oxygen contents was not investigated. 

It was found previously13 that in BaFBr, contaminated with oxygen, the number of 
F(Br~) centres saturates when the X-ray dose reaches a certain value, while that of F(F") 
centres continues to increase with increasing X-ray dose. 

A measurement of the luminescence band of 0F
2"~ centres peaking at 2.4 eV and of 

the Eu2+ luminescence peaking at 3.18 eV at room temperature, both excited at 5.0 eV 
(247 nm) confirms that the '0' and 200 ppm doping levels contain very little oxygen 
while the 500 and 2000 ppm samples clearly show the O2" band. According to the 
luminescence measurements, the oxygen content does not differ much for 0 and 200 ppm 
and for 500 and 2000 ppm. The results obtained with the MCDA are similar to that. An 
interesting observation was also that in the samples with high oxygen contents the Eu2+ 

luminescence was much smaller compared to those with low oxygen contents. 
In the 2.4 eV luminescence of 0F

2~ it was possible to measure an EPR spectrum by 
detecting the microwave-induced change in the luminescence intensity. The EPR spectrum 
is due to an excited triplet state of 0F

2~ with a fine structure interaction. The four 
centre orientations measured point to the presence of a nearby Br" vacancy confirming the 
earlier results on the low temperature generation of F(Br~) centres (see above). Details 
about the ODEPR results will be published elsewhere.23 

The most important result we obtained for the different oxygen contents was the 
influence on the PSL effect. As seen in Figure 1, the PSL intensity measured at room 
temperature after the same X-ray exposure is about a factor of 2.5 higher for oxygen-rich 
BaFBr compared to oxygen-poor material. Also the decay time of the PSL under 
continuous excitation becomes larger for the oxygen-poor sample. Thus, the stimulation 
energy needed for the read-out process is higher for oxygen-poor BaFBr. Within 
experimental error the same observation is made for read-out at 10 K. 

It seems that oxygen is involved in various ways into the mechanism: 

i   it provides the vacancies for the F(Br~) generation 
ii it seems to positively influence the formation of photostimulable 'aggregate' centres in 

that less stimulation energy is needed for read-out and a higher PSL intensity results 
after short stimulation. 

We know from cross relaxation spectroscopy that 0F
_ centres are spatially correlated 

to Eu2+, as are the F(Br) centres. It is conceivable that some 0F" are near Eu2+ together 
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FIGURE 1    PSL of BaFBr:Eu2+ under continuous excitation at 575 nm in the F(Br") band at 300 K for 
nominal oxygen contents of 0 and 2000 ppm oxygen. 

with an F centre and then forming such a triple aggregate needed. The improved 
performance in oxygen-rich material seems to indicate this. One might speculate that there 
is an optimum oxygen content with respect to the Eu2+ doping level. 

F(F") centres are also photostimulable. It is not clear how they are generated. Upon 
prolonged X-irradiation, the number of F(Br") centres decreases after reaching their 
saturation value in oxygen containing BaFBr and that of F(F") centres more or less starts to 
increase when F(Br ) begins to decrease.13 The F(F") production does not seem to be 
related directly to the oxygen contents. One might therefore think that an intrinsic hole 
centre is associated with them, unless they are formed by an X-ray-induced conversion of 
F(Br ) centres. To obtain further insight, an aim must be to produce BaFBr:Eu2+, in which 
the residual oxygen contamination is very small and then study the F(F") centre 
generation. 

3    A NEW X-RAY STORAGE PHOSPHOR: CS2NaYF6:A
3+ 

Cs2NaYF6 is a cubic crystal of the family of the elpasolites.24 It has a site with octahedral 
symmetry for the trivalent Y3+ and thus for any trivalent activator ion A3+ (see Figure 2). 
The heavy Cs+ ions provide a good stopping power for X-rays. After X-irradiation at room 
temperature, a broad absorption band is created peaking at about 2.5 eV (500 nm) and 
extending to 1.90 eV (650 nm) towards lower energy. This absorption band originates in 
paramagnetic centres, since several temperature and magnetic field dependent MCDA 
bands are measured in the spectral range where the optical absorption is found (see below). 
When the Cs2NaYF6 is doped with Ce3+, the photoluminescence of Ce3+ peaking at 



6/[504] J. M. SPAETH ET AL. 

W     »=Na+       0=Y3+      0=F" 

FIGURE 2   Crystal structure of the cubic elpasolite Cs2NaYF6. 
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FIGURE 3    PSL intensity of Cs2NaYF6:Ce3+ as a function of X-irradiation time. Aem. = 357.9 nm, 
Aexc. = 632.8 nm, 300 K. 

358 nm due to the 5d-4f transitions can be excited in the broad absorption band described 
above. The Ce3+ doped Cs2NaYF6 shows a PSL effect. Figure 3 shows that the PSL 
intensity increases linearily with the X-ray dose. For this measurement, the PSL was 
excited at 633 nm in the red flank of the broad X-ray induced absorption band. 

The PSL emission band is identical with the prompt X-ray induced luminescence of 
Ce3+. A comparison of the decay times of the PSL emission excited at 500 nm with a flash 
lamp of 5 ns pulse decay time and of the direct excitation of Ce3+ at 306 nm shows that the 
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FIGURE 4   PSL after flash light reduced read-out at 500 nm and direct luminescence excited by flash light at 
306 nm of Cs2NaYF6:Ce3+, measured at room temperature. 

decay times of both emissions are identical within experimental error, i.e. 42 ns at room 
temperature (Figure 4). This is qualitatively the same result as found for BaFBr:Eu2+: the 
bottleneck for the PSL decay time is the radiative life time of the activator ion. Thus one 
can assume also for this system that electron-hole recombination occurs via a tunneling 
process and not via the conduction band. 

PSL effects have also been observed for other activators, e.g. Pr3+ and Sb3+. For Pr3+, 
two bands at about 500 nm and 600 nm can be excited which, however, coincide with the 
broad X-ray induced absorption band while Sb3+ emits at about 350 nm. For a practical 
use, the PSL decay time of Pr3+ is too lojig (4 ms); that of Sb3+ is much faster. When 
crudely comparing the Cs2NaYF6:Ce phosphor with BaFBr:Eu2+ with respect to 
sensitivity and stimulation energy needed for read-out, the performance of the new 
phosphor is not as good yet, but of the same order of magnitude. However, research on this 
material is still in its very beginning. 

No F centres have yet been reported in Cs2NaYF6, and it is, of course, speculated that 
the broad absorption band created by X-irradiation is due to F centres. In this crystal, an 
electron trapped at a F"site would have 4 nearest Cs+ ions and one nearest Y3+ as well as 
one nearest Na+ ion (see Figure 2). Figure 5 shows the MCDA spectrum measured in the 
spectral region between 300 and 800 nm and Figure 6 the MCDA-detected EPR-spectrum 
measured at 575 nm as a microwave-induced change of the MCDA (see e.g.25) after X- 
irradiation of the undoped crystal. 

An isotropic broad EPR line at g « 2 with a half width of 67 mT is found superimposed 
on a narrow EPR line with a half width of 8 mT with opposite sign, i.e. upon inducing 
microwave tansitions the MCDA decreases for the broad line, but increases for the narrow 
line in contrast to what is usually found when using this method. 

The narrow line is slightly angular dependent.Its g-value is higher compared to that of 
the broad centre by Ag « 0.01. (A precise determination of the absolute g-values has not 
yet been made). The two EPR lines cannot be measured separately by choosing different 
wavelengths in the MCDA spectrum. The superimposed ODEPR spectra of Figure 6 are 
measured always in all portions of the MCDA between 400 and 650 nm. Whether the low 
MCDA at higher wavelengths does also belong to the two EPR lines is not yet clear. It also 
grows upon increasing the X-ray dose. 
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FIGURE 5    MCDA of undoped Cs2NaYF6 after irradiation with X-rays at room temperature. The dashed curve 
is a decomposition into two derivative like MCDA bands. T = 1.5 K. 

A.=575nm 

6BO    700    7Z0    740    760    7B0    BOO    B20    B40    860    BBO    900    920 

magnetic field CmTl 

FIGURE 6   ODEPR spectra recorded as MCDA-detected EPR in the MCDA at X = 575 nm, T = 1.5 K after 
irradiation of undoped Cs2NaYF6 at room temperature with X-rays. 

The ODEPR spectrum cannot be due to one centre only. When studying the 
dynamical behaviour of the MCDA in the middle of the narrow EPR line and in the flank 
of the broad EPR line, one can see that two different spin lattice relaxation times are 
involved. 

We tentatively assign the broad EPR line to F centres. The F centre EPR line width in 
CsCl and CsBr is AB1/2 = 82.5 mT26'27 and g = 1.97 for CsCl, g = 1.96 for CsBr. 
Considering that in CsBr and CsCl there are 8 nearest Cs+ neighbours and here only 4 (the 
Cs+ interactions (I = 7/2) will dominate the line width), it seems reasonable to assign the 
broad EPR spectrum to F centres. The narrower line is probably due to an impurity, 
possibly 0F~. The slight positive g-shift, compared to that of the F centre and the line 
width AB i/2 of 8 mT which is found to be 6 mT for OF~ measured with ODEPR in 
BaFBr, suggests this as a plausible idea. The ODEPR spectra must come from an impurity 
with a nucleus without a nuclear moment. All lattice nuclei have nuclear moments with a 
100% abundance and are therefore unlikely to be at the centre of the paramagnetic defect. 
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FIGURE 7    MCDA spectra measured as a function of increasing room temperature X-irradiation time. 

Fluorides are also known to be easily contaminated with oxygen. There is probably a 
spatial correlation between the F centre and the paramagnetic impurity resulting in strong 
cross-relaxation effects. This may be the reason why both EPR spectra, that of the F centre 
and that of the impurity, are measured in all MCDA bands. Depending on the spin lattice 
relaxation processes, this can lead to a reversal of sign for the ODEPR effect, as was 
recently observed for spatially correlated F-H centre pairs in KBr.28 The MCDA is 
probably the superposition of two derivative like MCDA-bands, one having the zero- 
transition at 435 nm, one at 515 nm (see dashed lines in Figure 5 for the decomposition). 
We assign the first one to the paramagnetic impurity (0F~?), the other one to the F centre. 
A derivative like structure is expected for an s-p like transition in the F centre and was also 
observed for OF" in BaFBr.3'4 The MCDA bands grow as a function of increasing time of 
room temperature X-irradiation. 

Interestingly, the bands between 400 and 650 nm grow in the same way and it seems 
that a saturation value can be reached (see Figure 7). This observation further supports the 
assumption that an impurity provides the necessary vacancy to create the F centre and that 
the impurity also captures the hole. The observed increases of the MCDA bands with X- 
irradiation could be explained if the MCDA at 435 nm is due to OF", that at 515 nm due to 
F centres and if both have a strong spatial correlation. 

Further studies are needed to establish safely the nature of the electron and hole trap 
centres and to find out whether impurities play a dominant role as it seems to be in 
BaFBr:Eu2+ also. 

4   CONCLUSION 

The mechanism in BaFBr:Eu2+ is still not fully understood. It seems that the oxygen 
contamination does play an important role for the functioning of this X-ray storage 
phosphor, probably a beneficial one. A new efficient X-ray storage phosphor was found in 
Cs2NaYF6, and it seems plausible to assume that also other members of the Elpasolite 
family are interesting for this application. 
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FLUORESCENCE LINE NARROWING IN Mn4+ DOPED 
GADOLINIUM GALLIUM GARNET1 

A. SUCHOCKI," M. POTEMSKI,b A. BRENIER,C C. PEDRINI,C AND G. BOULONc 

"Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02-668 Warszawa, 
Poland.; bHigh Magnetic Field Laboratory, MPIFKF&CNRS BP 166; 38042 Grenoble 

Cedex 9, France.; cLaboratoire de Physico-Chimie des Materiaux Luminescents, 
Universite Claude Bernard Lyon 1;43, Bd. du 11 Novembre 1918 

69622 Villeurbanne, France 

The laser excitation and luminescence spectra of the R-lines of the Mn4+ in gadolinium gallium garnet show that 
the large broadening which they exhibit is partially related to presence of charge-compensating Ca2+ ions, even 
for the case of manganese center without close compensation. Remaining part of the broadening is due to 
antiferromagnetic exchange interaction between Mn4+ and surrounding them six Gd3+ ions. The spectra remain 
broadened in magnetic fields below 6 T and the higher magnetic fields up to 20 T removes the broadening related 
to the spin-spin interaction. Luminescence and excitation spectra at 2.2 K show that the transitions occur between 
levels which magnetic numbers differ by 0 or ± 1. The estimated value of the spin-spin exchange constant for the 
ground state of Mn4+ is approximately equal to J ss 1.9 cm-1. 

Key words: spin-spin exchange interaction, inhomogeneous broadening, solid-state laser materials. 

The Mn4+ ion, which has the same electronic structure as Cr3"*" ion, exhibits quite different 
character of the luminescence spectra in Gadolinium Gallium Garnet (GGG) than the latter 
one. The spectra of usually sharp 4A2 <-> 2E transitions for various Mn4+ sites are much 
broader than for chromium ions and they are located at different energy than in the case of 
Cr3+. There are several reasons for such behavior. Since manganese ion is smaller than the 
chromium one the crystal field strength for Mn4+ is much larger than for Cr3"1". 
Additionally, codoping by divalent Ca2+ or Mg2+ ions is required in order to obtain the 
manganese ions in the 4+ state. Codoping effects in large disorder of crystal structure and 
inhomogeneous broadening of the electronic transitions. We were able to identify the 
various Mn4+ centers in the GGG crystal1 using luminescence polarization techniques and 
codoping by various dopants, which occupy different sites in the GGG host. The Mn4+ 

centers with compensating Ca2+ ion located closely to the manganese ion (most probably 
as nearest neighbor) and the centers without such compensation have been found in the 
crystal. Nevertheless it remained unclear why the width of the 4A2 <-> 2E transition was in 
the order of a few tens of wave numbers, in contradiction to the case of the chromium 
dopant where the width of the same transitions is in the order of a few wave numbers. 
Additionally the spectral shape of this transitions is not Gaussian and exhibits rather 
complicated structure. 

In order to obtain better insight into the nature of the observed broadening we use 
photoluminescence (PL) and photoluminescence excitation (PLE) techniques with 
relatively high resolution in presence of strong magnetic fields up to 20 T at temperature 

'A. Suchocki has been supported by the grant CIPA3510PL921612 of the Commission of the European 
Communities. The work has been partially supported by the grant 02 0493 91 01 of the Polish State Committee 
for Scientific Research. 
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FIGURE 1    Luminescence spectra of GGG:Mn4+ in the region of R-lines, excited by the various wavelengths 
of the dye laser at temperature T = 2.2 K (without magnetic field). 

T = 2.2 K. The PL and PLE spectra were obtained with use of a cw dye laser with DCM 
dye, pumped by argon-ion laser. We studied luminescence associated with Mn4+ centers 
without close compensation.1 

Figure 1 shows luminescence spectra of 2E —> 4A2 transition, excited by various 
wavelength of dye laser. The excitation spectra, observed at different wavelength in the 
region of the R-lines luminescence are presented in Figure 2. Both, PL and PLE spectra 
depend on the wavelength of excitation or observation, respectively. This is a proof that 
the broadening is partially related to the crystal inhomogenity, most probably related to 
more distant than nearest neighbor charge compensation by Ca2+ ions. Although the laser 
excitation removes part of the observed broadening, the PL spectra remain still broadened. 

The remaining part of the broadening cannot be related to crystal disorder and it is 
associated with antiferromagnetic exchange interaction between the Mn4+ ions and their 
six cation nearest-neighbors which are the Gd3+ ions. The theory, originated from Murphy 
and Ohlmann,2 describes the interaction in presence of magnetic field by the following 
Hamiltonian: 

Ht = — /SMITS + gMnMßSMnB + gGdMßS B « — /SM^S + go^B^ B (1) 

where / is the exchange integral, SMH» S and S are the spin of Mn4+ ion, total spin of six 
Gd3+ ions and total spin of the interacting system, respectively, gMn ~ gGd ~ g0 « 2 and 
/zB is Bohr magneton. The expectation values of the Hamiltonian without magnetic field 
are equal to: 

Eexp = -(J/2)-[S(S + 1) - S(S + 1) - SMn(SMn + 1) (2) 
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FIGURE 2   Examples of the excitation spectra of GGG:Mn4+ luminescence for various wavelengths of 
recording at temperature T = 2.2 K (without magnetic field). 

The ground state and excited states of the system are split into a quasi-continuum band of 
exchange coupled sublevels having different total spin quantum number 5. These levels 
are additionally split by the Zeeman interaction if external magnetic field is applied. At 2.2 
K fluorescence occurs only between first excited Zeeman sub-level and certain Zeeman 
sub-levels of the ground state with magnetic number which differs by O, ±1. Additionally, 
the total spin of gadolinium ions is conserved. 

Strong magnetic field (above 6 T) applied to the sample (in Faraday configuration, 
along [111] axis of the crystal) removes the remaining part of the broadening and 
originally broad PL bands split into several lines, associated with transitions to Zeeman 
sub-levels of the ground state. Figure 3 shows the luminescence spectra at magnetic field 
B = 14 T, excited by 659.28 nm. Similar spectra were obtained by excitation with 
different wavelengths. The separation between different peaks in the PL spectrum are 
dependent on the magnetic field, which allows to associate the observed lines in the spectra 
with particular transitions between the Zeeman sublevels. The value of the exchange 
integral J for the ground state of the Mn4+ ions, estimated from the Figure 3 is equal to 
1.9 cm-1. This value is relatively large, similar to that obtained by Murphy and Ohlmann 
for GdAlC^Cr3-1-.2 Yamaga et al. obtained value of J«0.25-0.33 cm-1 for 
GSAG:Cr3+.3 
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FIGURE 3    Luminescence spectrum of GGG:Mn4+ excited by the 659.28 nm dye laser line at temperature 
T = 2.2 K and with magnetic field B = 14 T. 
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The optical properties of Ni2+-ion impurities in a new crystal, the inverted fluoroperovskite BaLiF3, have been 
studied. In particular we have investigated the fine structure of the transition by means of absorption and emission 
spectra^ By analogy to previous results we have assigned the structured absorption band around 1200 nm to the 
A2 -> Ti transition. Four zero-phonon lines are clearly visible in the absorption spectrum. The emission in the 

region 1250-1600 nm, due to the same 3A2 -> 3T] transition, consists of two sharp lines with their vibrational 
sidebands. 

Key words: Spectroscopy, Ni2+, Perovskite. 

1    INTRODUCTION 

The development of tunable solid-state lasers has renewed the interest in the study of 
impurity ions in solids whose electronic transitions are broadened by strong electron- 
phonon coupling. 

In order to have different laser systems available to cover the interesting near infrared 
spectral region it is important to study the spectroscopic properties of specific impurity 
ions in several materials.1 In particular, host crystals doped with Ni2+ (d* configuration) 
show broad vibronically allowed absorption and emission bands.2"5 

Although the laser emission of the Ni2+ ion has been investigated since 1963,6 c.w. 
laser operation at room temperature has not yet been achieved.7'8 However the chemical 
stability of the Ni2+ ion and the presence of several pump bands stimulated the interest in 
the search for new crystals as hosts for Ni2+. In this work, the basic spectroscopic 
properties of Ni2+ in BaLiF3 perovskite will be described. 

The fluoroperovskite type materials, described by the general formula AMF3 (A and M 
mono and divalent cation, respectively), crystallize in the cubic system; they belong to the 
space group O* or Pm3m 9. The coordination number of the monovalent ion is 12 while that 
of the divalent ion is 6. BaLiF3 is an inverted perovskite compared to the normal 
perovskite (KMgF3) with the Ba and Li in exchanged position and therefore with the 
monovalent Li+ surrounded by a octahedron of 6 F" ions and the divalent Ba2+ surrounded 
by 12 F" ions at the corner of a cube-octahedron (see Figure la and lb). The symmetry of 
both metal sites is Oh and the Ni2+ ion could occupy either of them. However the crystal 

f Permanent address: Dip. Matematica e Fisica—Universitä di Camerino, Via Madonna delle Carceri, 62032 
Camerino—Italy. 
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FIGURE 1    Crystal structure of BaLiF3 fluoroperovskite showing the octahedral (Li+) site (left) and 
cubo-octahedral (Ba2+) site (right). 

field that Ni2+ ion would experience in the two lattic sites should be very different: the 
field splitting between the eg and t2g d-orbitals in the two cases would be 

^cube-oct = — ~^oct- 

2   RESULTS AND DISCUSSION 

The absorption spectrum of BaLiF3:Ni2+ for the sample 0.3 mol% Ni concentration and 
5.3 mm thick is shown in Figure 2. The general structure of the spectrum is quite similar to 
those of KMgF3:Ni2+ and KNiF3, and three main, broad, absorption bands peaking at 
1180 nm, 700 nm and 390 nm are displayed. Moreover there is a narrow structure at about 
650 nm, that overlaps the 700 nm band and a weaker absorption band peaking at 500 nm. 

The similarity of this spectrum of BaLiF3:Ni2+ with that of KMgF3:Ni2+ where the 
Ni2+ is known to replace the Mg2+ in octahedral site 3, suggests the same Ni + 
coordination in both systems. At first sight one could suppose that Ni2+ should replace the 
equally charged Ba2+. However the preference of Ni2+ for the Li+ rather than the Ba + site 
could be attributed to the similar ionic radii of Ni2+ (0.69 Ä) and Li+ (0.68 Ä) while that of 
Ba2+ is very different (1.34 Ä). The Ni2+ ion in the Li+ site requires charge compensation 
which may be provided by either a Li+ vacancy or by a Ba2+ vacancy, charge 
compensating for two Ni2+ ions. 

The main absorption bands were thus attributed to transitions to levels originating from 
crystal field splitting of the d orbitals and from the electron-electron interaction of Ni2+ ion 
in an octahedral environment, according to the classical Tanabe—Sugano diagram. These 
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FIGURE 2   Absorption spectrum at 10 K of BaLiF3:Ni2+ 0.3 mol%. 

bands correspond to electronic transitions between the ground state, 3A2g, and four excited 
states of symmetries 3T2g, 

3T\ , xEg and 3Th.   respectively. 
Figure 3 shows part of the absorption spectrum on an expanded scale. Following the 

same arguments given in reference' we attribute the 1150 nm band (3A2g —> 3T2g) to a 
magnetic dipole transition containing superposition of zero-phonon lines and broader 
phonon side bands. In the octahedral symmetry, the first excited level (3T2g) splits in four 
spin-orbit components while the ground state remains degenerate. The lines at 1222 nm 
(8183.3 cm"1), 1247 nm (8019.3 cm"1), 1302 nm (7680.5 cm"1) and 1330 nm 
(7518.8 cm"1) can be interpreted as the no-phonon transitions to the r2, r5, T4, T3 

spin-orbit components of the state 3T2g, respectively. 
The spin-orbit splitting between the 1222 nm and the 1247 lines is 164cm"1 and 

between the 1302 nm and the 1330 lines is 161.7cm"1. The related lines in KMgF3:Ni2+ 

and KZnF3:Ni2+ systems have a spin-orbit splitting very close to the above values.3 

The above interpretation for the four zero-phonon lines is also supported to some extent 
by the calculated magnetic dipole oscillator strengths of the four spin-orbit lines.10 

However experimental assignment of the observed 3A2g —> 3T2g transition of Ni2+ in 
octahedral sites3,4'10 point to much larger intensities for transitions into the T3 and F4 

states, while those into the T5 and T2 states are almost completely obscured by the 
overlapping phonon sidebands. 

A different interpretation can thus be the assignments of the more intense 1222 nm and 
1247 nm lines to the T4 and T3 no-phonon lines of the Ni2+ in octahedral site while the 
two less intense lines (with the same energy separation) could be due to Ni2+ in a different 
lattice site or with different neighbours producing a lower crystal field. 

Figure 3 shows also the infrared emission spectra at 10 K. It is evident the 
coincidence of the zero-phonon emission lines at 1247 nm and 1330 nm, with two of the 
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FIGURE 3    Infrared absorption and emission spectra of BaLiF3:Ni2+ at 10 K. 

absorption lines. This observation could be explained by assuming the presence of two 
emitting sites, with transitions from the lowest level of the 3T2g multiplet at 1247 nm and 
1330 nm respectively. 

The same emission bands are excited by pumping either in the 3A2g —> 3T2 absorption 
(Nd-YAG laser) or in the 3A2g —> 3Ti absorption (He-Ne laser): we could not determine if 
the relaxation 3Ti —> 3T2 is radiative or nonradiative. 

Magnetic circular dichroism and excited state absorption experiments are presently in 
progress to obtain a more complete description of Ni2+ in this system. 
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New elpasolites like A2KMF6 doped with Cr3+ have been investigated by means of optical and EPR techniques. 
It is shown that though the structural phase transition undergone by Rb2KGaF6 at T = 129 K is much stronger 
than that corresponding to Rb2KInF6, the emission band at 10 K of the latter is much broader than that for the 
former. This inhomogeneous broadening is correlated with the increase experienced by the EPR bandwidth below 
150 K reflecting only local changes around Cr3+. An analysis of zero phonon lines through the fluoroelpasolite 
series reveals that they are very sensitive to changes of the Cr3+-F~ distance, R. It is shown that changes AR, in 
the perfect lattice induce changes on R given by AR = fR„ where f is only 0.15. At variance with the findings for 
MnF6

4", the present results indicate that an increase of R tends to decrease the Stokes shift. The origin of this fact 
is discussed. Finally, the present results indicate that R increases (about 0.2 pm) in the phase transition of 
Rb2KGaFj although the lattice volume decreases. 

Key words: fluoroelpasolites doped with Cr3"1"; luminescence of Cr3"1"; EPR of Cr3+; Phase transitions; Influence 
of the Cr-F distance. 

1    INTRODUCTION 

Currently a great deal of work is focused on Cr3+ doped fluoride crystals and glasses. 
Among fluoride lattices, elpasolites have received a particular attention and so the 
spectroscopic properties of systems like K2NaGaF6:Cr3+ have been investigated at 
different temperatures and pressures.1'2 

In the present work we report optical and EPR results on some new elpasolites (like 
A2KMF6; A = Rb,Tl; M = Ga, In, Cr) doped with Cr3+. Apart from studying the optical 
properties of these new systems and the structural phase transitions undergone by the 
lattice, a particular attention is paid to the variation of optical properties through the 
fluoroelpasolite series. In particular, the use of the experimental zero-phonon line (ZPL) 
for detecting variations of the Cr3+-F_ distance along the series is explored. In this line, 
the local changes around the Cr3+ impurity induced by the first order phase transition in 
Rb2KGaF6 are also studied by means of the jumps experienced by optical and EPR 
parameters. 

2   EXPERIMENTAL 

Single crystal of Rb2KGaF6, Rb2KInF6, and K2NaGaF6 doped with 1 mol% of CrF3 were 
grown using the same procedure of Ref. 4. Powder samples of Tl2KCrF6 were employed 
in these experiments. 

The excitation and emission spectra at different temperatures were obtained with a 
Jobin-Yvon JY-3D fluorimeter and a Scientific Instruments 202 closed circuit cryostat 
equipped with an APD-K controller. 

[517]/19 
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FIGURE 1    Variation of the excitation and emission first moments as well as the gyromagnetic factor, g, with 
the temperature for Rb2KGaF6:Cr3+. The abrupt jumps are associated with the structural phase transition 
temperature at Tc = 129 K. 

The time resolved low temperature emission spectra were performed on a Jobin-Yvon 
HR-320 monochromator and photon counting techniques. Crystals were excited with the 
chopped light of a Coherent Innova 302 krypton Laser operating at 647 nm. For lifetime 
measurements, the luminescence signal was digitized with a Tektronix 2340 A scope. 

3    RESULTS 

Figure 2 depicts the 4T2 -*■ 4A2 luminescence band of Cr3+ doped K2NaGaF6, Rb2KGaF6, 
and Rb2KInF6, recorded at 10 K. In the first two cases a rich vibrational structure (mainly 
due to progressions involving the even a]g and eg modes of the CrF6

3~ complex as well as 
false origins associated to the odd ti„ and t2u modes) is observed. The assignment of peaks 
was discussed in previous works.3,4 Figure 1 depicts the temperature dependence of the first 
moment associated with the emission as well as to the 4T2 —> 4A2 excitation band. The 
temperature dependence of the g factor for a powder sample is also included. The three 
parameters clearly reveal the existence of the phase transition at Tc = 129 K upon cooling. 
In spite of this fact the vibrational structure seen in Figure 2 for Rb2KGaF6:Cr3+ can be 
well understood2 assuming a local cubic CrF6

3~ complex in the ground state. By contrast, 
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FIGURE 2    Emission spectra at T = 10 K of the K2NaGaF6, Rb2KGaF6 and Rb2KInF6 crystals doped with Cr3+ 

I he Zero-phonon line is indicated by ZPL. Note that the inhomogeneous broadening of the ZPL for 
Rb2KInF6:Cr + ( AH = 100 cm ') is one order of magnitude higher than for K2NaGaF6:Cr3+ and 
Rb2KGaF6:Cr+. 

the structural phase transitions observed at 280 K and 260 K in Rb2KInF6:Cr3+ are very 
weak and have no important influence upon excitation and emission peaks of Cr3"1". 

EPR spectra on Rb2KInF6:Cr3+ show however that below 150 K the bandwidth 
increases progressively from AHpp = 30 G to AHpp £* 45 G. This fact would be 
associated with local changes around Cr3+ and can be correlated with the significant 
broadening displayed by the luminescence band of Rb2KInF6:Cr3+ when compared to that 
of Rb2KGaF6:Cr3+ and K2NaGaF6:Cr3+. Further investigation about this inhomogenous 
broadening in Rb2KInF6:Cr3+ is under way. 

As it has been found for Mn2+ doped fluoroperovskites, Figure 2 indicates that the 
position of the ZPL energy is very sensitive to the host lattice where the CrFfi

3" is 
embedded and thus reflects very well the changes in the Cr3+-F" distance induced by the 
chemical pressure of the rest of the lattice. The values of the ZPL (measured at 10 K) 
together with the values of absorption and emission peaks and the lifetime value r„ 
measured at 10 K are given in Table I. Because of Fano resonances, there is an uncertainty 
on the peak energy associated with the 4A2 -> 4T2 transition. The value of Eabs given in 
Table I has always been taken in the second resonance. Table I sees that when the M—F 
distance, R0, of the perfect lattice increases, the ZPL energy decreases. This situation is 
thus similar to that found for other systems assuming that ZPL mainly reflects lODq, this 
quantity being proportional to R"n with n being close to five. 

Nevertheless if we compare the ZPL of Rb2KInF6:Cr3+ and K2NaGaF6:Cr3+ given in 
Table I this analysis would lead to a difference, AR, between the corresponding R values 
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Table I 
Structural and spectroscopic parameters of fluoroelpasolites doped with Cr3+. Thepeak energies, Eabs and Ee 

and the Stokes shift, AES, are measured at room temperature. Units are given in cm    and errors are ±100 cm 
The accuracy of the ZPL energy is given in parenthesis. #: Present work. 

Compound M-F (Ä) Eabs ■f-em AES ZPL T0(/is) Ref. 

K2NaAlF6 1.80 16 200 13 500 2700 15 142 (2) - 3 

K2NaGaF6 1.87 16 000 13 520 2480 15 045 (2) 545 1,2,# 

Rb2KGaF6 1.89 15 950 13 600 2350 14 383 (2) 500 4,# 

K2NaScF6 1.98 15 850 13 200 2650 14 280 (5) 600 2 

Rb2KInF6 2.02 15 770 13 200 2570 14 230 (10) 600 # 

Tl2KCrF6 - 15 650 13 370 2280 14 190 (10) 440 # 

equal to about 2.3 pm and thus much smaller than ARD = 15 pm. The ratio 
AR/R0 = 0.15 is about one half that observed for Mn2+ in fluoroperovskites and reflects 
the smaller compressibility of CrF6

3~ when compared to that of MnF6
4 . 

In spite of the uncertainties upon Eabs, Table I points out that the Stokes shift, AES, does 
not increase when R increase as it has been found for Mn2+ in fluoroperovskites. By 
contrast, it seems that for Cr3+ doped fluoroperovskites, AES tends to exhibit an opposite 
behaviour. It has been pointed6 out that AES ex R6

T-2("+I) where 7 is the Gruneisen 
constant for stretching modes of the complex and the exponent n reflects the R dependence 
of lODq through the relation lODq oc R-". Thus the present situation is compatible with 
7 < 2 (as obtained in Refs 2 and 7) while values of 7 lying between 2 and 3 lead to an 
opposite behaviour. 

As a final point, the results reported in Figure 1 allow us to explore the local changes 
around Cr3+ indued by the structural phase transition at Tc = 129K. The decrement 
experienced by the excitation and emission first moment together with the increase 
experienced by g0 - g are all compatible with an increase of the average Cr +-F distance. 
This result is surprising as the volume of the perfect lattice experiences a decrement but the 
increase experienced by the Cr3+-F' distance below the phase transition temperature 
would be SR S 0.2 pm. Moreover, the absolute value of the jump expenenced by the 
emission first moment (260 cm"1) is certainly higher than that corresponding to the 
excitation one. This asymmetry can be explained assuming that there is also a small 
splitting of the 4T2 state (of about 500 cm"1) in the tetragonal phase, leading to a slightly 
elongated octahedron. The emission at T = 100 K comes essentially from the lowest 
sublevel which is an orbital doublet and thus experiences a supplementary shift to that 
undergone by the excitation band. 
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Optical absorption, time resolved luminescence and fluorescence decay measurements of Ni2+-doped fluoro- 
clorozirconate glasses are reported. Time resolved luminescence measurements were taken exciting the samples at 
different wavelengths. The position of the orange emission band ('T2g(D) -> 3A2g(F)) moves to the blue when 
the excitation is changed to higher energies. For a fixed excitation wavelength, the emission moves also to the 
blue when the time of measurement after the laser pulse increases. The fluorescence decays are non-exponential 
and depend of the detection wavelength. They are slower for the shorter detection wavelengths. The results show 
a distribution of Ni2+ sites with different 'crystal field' environments. 

Key words: Glasses, Spectroscopy, 3d ions. 

1    INTRODUCTION 

In the last years a considerable effort has been devoted to the characterization of the optical 
properties of ZrF4 glasses doped with 3d ions (in particular with Ni2+ ions1-2). Recently, 
Ni2+ doped fluorozirconate glasses have been studied by time resolved spectroscopy 
techniques. Ni2+ sites disorder was indicated by inhomogeneous broadening of emissions 
and by non-exponential fluorescence decays. The purpose of this work is to give a detailed 
description of the optical properties of Ni2+ ions in fluoroclorozirconate glasses using this 
kind of spectroscopy. 

2   EXPERIMENTAL DETAILS 

The starting composition (in mol%) of the glasses was 53ZrF4, 14BaF2, 6BaCl2, 4LaF3, 
3A1F3 and 20NaCl. This composition was modified in order to get samples with 1 mol% of 
NiF2. 

Emission spectra were obtained with a pulsed tunable dye laser. Fluorescence was 
detected with a Hamamatsu R-928 photomultiplier tube for the visible and a C30817 RCA 
silicon avalanche photodiode for the near infrared. Measurements were taken at 1 OK in a 
CTI Cryogenics cooler. 

3    RESULTS 

Figure 1 shows the absorption spectrum of Ni2+ ions in ZBLANaCl glass. The observed 
transition energies were 6800 cm-1, 11140 cm-1, 12760 cm-1, and 21140 cm"1. The 
emission of Ni2+ ions excited at 21000 cm"1 and taken 1 /YS after the laser pulse is also 
presented in Figure 1. The energies of the observed emission bands are 11070 cm-1, 
12270 cm-1, and 16180 cm-1. No measurements were taken at energies lower than 
8500 cm-1. 
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HGURE 1    Absorption (solid line) and time resolved emission excited at 21000 cm ' (dash line) spectra of 
Ni2+ ions in ZBLANaCl. The energy labels are for absorption. 
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FIGURE 2   Time resolved emission spectra of orange emission of Ni2+ ions in ZBLANaCl. The curves are 
normalized to same intensity. 
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FIGURE 3    Fluorescence decays for orange and near infrared emissions of Ni2+ ions in ZBLANaCl detected at 
the energies given in the figure. 

Figure 2 shows the time resolved emission spectra for the orange emission excited at 
21000 cm"1 and measured at 0.1 /xs, 1 /zs, 6 ps, and 15 [is after the laser pulse. A shift to 
higher energies of about 600 cm"1 is observed. Similar spectra are obtained when the 
excitation is at 22730 cm"1 or 19800 cm"1, with a shift to the red of about 700 cm"1 when 
we go to lower excitation energies. Time resolved emission spectra for the near infrared 
emission taken with the same conditions as for the orange one, show that there is a shift of 
100 cm"1 of the emission spectra with time. 

Fluorescence decay measurements (excited at 21000 cm-1) have been carried out for 
the orange, and the near infrared emissions at several detection wavelengths. They are 
plotted in Figure 3. The decay for the orange emission has been detected at 15150 cm"1, 
15920 cm"1, and 16800 cm"1. It is faster for the lower detection energies. The decay for 
the near infrared emission has been detected at 12120 cm"1, 12230 cm"1, and 
12345 cm"1. It is similar for the three detection wavelengths. 

4   DISCUSSION 

The absorption and emission bands given in Figure 1 for ZBLANaCl, are very similar to 
those found in fluorozirconate glasses3 but with an energy shift to lower energies which 
depends on the studied transition. The correspondence of absorption and emission band 
energies for ZBLANaCl and fluorozirconate glasses,3 suggests that the same assignments 
are valid. These energy level assignments from low to high energy in Figure 1 are 
A2g(F) ^3 T2g(F),   3Tlg(F),   1Eg(D)   and   3Tlg(P)   transitions   for   absorption   and 
T2g(D) -> 3T2g(F), and 3A2g(F) transitions for emission. 
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The results given in Figure 2 can be explained assuming a distribution of ions with 
different energy levels and transition probabilities. At very short times all the excited ions 
begin to decay and the emission is broad. At longer times those ions with highest transition 
probabilities have already disappeared and the emission is narrower. Because ions with 
higher transition probabilities are those with the 'T^ (D) level energy closer to the 1Eg(D) 
level and hence lower 1T2g(D) -> 3A2g(F) transition energies, the emission band moves to 
higher energies as long as the delay increases. For the near infrared emission 
(1T2g(D) -> 3T2g(F)), the crystal field energy curves of these levels are almost parallel 
so that a change of the crystal field does not result in a change of the transition energy 
between these levels, although it does exist a distribution in transition probabilities. So the 
near infrared emission does not shift. 

The results presented in Figure 3 are complementary to those in Figures 2. The ions 
with higher 1T2g(D) -> 3A2g(F) transition energies have lower transition probabilities, so 
that the decay is longer for shorter detection wavelengths. For the near infrared emission 
the decay is almost independent of the detection because all the ions emit in almost the 
same wavelength and the value obtained is a kind of average of those for the orange 
emission. 

5    CONCLUSIONS 

It has been shown that the optical properties of Ni2+ ions in ZBLANaCl glasses are 
characterized by inhomogeneous broadening of the absorption and emission bands and by 
non-exponential fluorescence decays. The 1T2g(D) -»3A2g(F) emission moves 600 cm""1 

to higher energies when the delay of measurement after the laser pulse changes from 0.1 /JS 

to 15 us, whilst the 'T2g(D) -> 3T2g(F) emission moves 100 cm-"1. The orange decay is 
slower for shorter emission wavelengths. These results indicate a distribution of Ni2+ sites 
with different 'crystal field' environments. 

This research was sponsored by Spanish DGICYT. Contract #PB90-0918. M. A. 
Bunuel thanks D.G.A. for financial support. 
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CHARGE EXCHANGE PROCESSES BETWEEN 
IMPURITY IONS AND THE HOST CRYSTAL IN WIDE 

BAND-GAP CRYSTALS 
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The point of this article is to investigate under what conditions the sum of a donor transition of an impurity ion, 
Mn+ -> M(n+1>+ + e(CB), and an acceptor transition M(n+1>+ + e(VB) -> Mn+ is equal to the band gap of the 
host. Our recent work on Ti3+, Ti4+ in aluminate host crystals provides the best of the few examples where both a 
donor and an acceptor transition are known. 

Key words: photoconductivity, charge transfer, impurity trapped exciton, transition and rare-earth metal ions, 
titanium doped aluminates. 

1    CHARGE EXCHANGE PROCESSES—PHOTOIONIZATION 
AND CHARGE TRANSFER 

Photoionization and charge transfer of impurity ions in crystals are respectively the 
electron donor and electron acceptor transitions of the impurity. These exchange processes 
are the major phenomena observed in semiconductor hosts, while localized transitions are 
of secondary importance. On the other hand, in wide band gap ionic crystals, charge 
exchange is of less importance than localized processes. It is becoming clear, however, that 
one must pay attention to all such transitions in order to understand fully the electronic 
properties of an impurity-crystal system.1 

If the donor and acceptor processes are written as chemical reactions, we have 

Mn+ -> M(n+1>+ + e(CB)       ED(donor) (1) 

e(VB) + M<n+1)+ -> Mn+       EA(acceptor) (2) 

their sum is 

e(VB) -» e(CB) AE 

AE = ED + EA = EG 

(3) 

(4) 

where EG is the band gap of the host. Here then is a relation between the photoionization 
threshold, ED, and the charge transfer energy, EA. The first point of this paper is to explore 
this relationship to see if it is true and useful under whatever restrictions will be necessary, 

Eqs. 1 and 2 refer to the relaxed states of the species involved, and in order to have a 
unique meaning, 1) the electron in Eq. (2) must come from the top of the valence band and 
the hole must be 'infinitely' distant from the acceptor and 2) the electron in Eq. (1) must go 
to the bottom of the conduction band and be 'infinitely' distant from the donor. Only under 
these conditions can Eq. (4) be true. Therefore, the main problem addressed in this paper 
will be the relationship between spectroscopic data and these idealized EA and ED 
quantities. 

There are not many examples in wide band-gap crystals where both a charge transfer 
and a photoionization threshold are known. Figure 1 shows the charge transfer bands for 
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FIGURE 1    Charge transfer spectra of the divalent transition metal ions in LiCl at 10 K. The lines connect 
equivalent sub bands in each spectrum. The energy ordering is TT —> t, a —>t, rr —> e, a —> e (see Ref. 2), where IT, 

a are Cl~ orbitals and t, e are 3d metal orbitals. 

the series of divalent transition metal ions from V through Cu in LiCl crystal.2 Notice that 
there are up to four peaks in these spectra. The charge transfer multiplet is caused by the 
interaction of the hole on the {Cl~)f with the M+ d-electrons. The figure illustratesjhe 
analysis of these peaks, from which a weighted average charge transfer^ energy EA is 
obtained. If a plot of EA versus atomic number is made, it is found that EA is given by a 
simple formula 

El = C-\2 (5) 

where C = 180300 ± 3700 cur1 and I2 is the second ionization potential. Adherence to 
such a relationship as Eq. (5) is the surest way to prove that the transitions are of the charge 
transfer type. The parameter C should probably depend on the metal ion to a certain extent, 
since different ions distort the LiCl lattice differently. 

To complete the comparison to Eq. (4) we would need to measure the photoionization 
energy of the monovalent transition metal ions. We know that Cu+ is a stable species in 
LiCl and must have an ionization energy of at least several eV. The first charge transfer 
band for Cu2+ has its zero phonon origin at about 3.0 eV and the gap energy of LiCl is 
9.3 eV, giving an estimated photoionization energy of 6.3 eV ignoring the refinements 
discussed above. This energy lies above the 3d —> 4s and below the 3d —> 4p transition of 
Cu+ in LiCl. So far, however, no photoconductivity measurement has been made on this 
crystal. 
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FIGURE 2   Photoionization energies of the divalent rare earths in SrF2, showing the calculated values (Eq. 6) 
and observed values. 

The other monovalent transition metal ions must have lower ionization potentials than 
Cu+. Since they are difficult to prepare, there have not been any measurements as yet. 
Several of them such as Cr1+ are ESR active, and by irradiating them in an ESR cavity the 
ionization energies could be found. Since Cr2+ begins its charge transfer absorption at 
46000 cm"1 or 5.8 eV, Cr1+ should begin ionizing at 3.5 eV in the near UV. 

There has been an extensive series of measurements of the photoionization threshold of 
the divalent rare earths in CaF2, SrF2, BaF2.

3 These results are shown in Figure 2 for SrF2 

and compared to another simple formula 

En = E] PI I3 - C = I3 - [EM+AEM + Epoi + EA] (6) 

Here, C is shown as the sum of the electrostatic potential at the host metal site, EM, the 
change caused by the impurity, AEM, the polarization energy due to removal of an 
electron and the electron affinity of the host crystal. C reduces the ionization energy from 
I3 « 20 eV to around 5 eV. Although we have good data for the photoionization 
thresholds, no one to my knowledge has positively identified charge transfer bands of 
fluoride to trivalent rare earth as was shown for LiCl with transition metal ions. According 
to Eq. (4), a charge transfer band of Eu3+ in SrF2 should occur at 12 - 5 = 7 eV, i.e. in the 
near vacuum UV region. This is actually close to a band in KCaF3:Eu3+ identified by 
Garcia, et al. as a fluoride to Eu3+ charge transfer band.4 

Before spending any more time on these pathological cases where only EA or only ED 

are known, an example will be given where both are known, namely for the case of Ti3+, 
Ti4+ in some aluminate hosts. The data are from work in our laboratory at Princeton.5 
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FIGURE 3 Absorption spectrum of Al203:Ti3+, 0.013% Ti3+, 0.00015% Ti4+. The 20 000 and 37000 cm"1 

bands belong to Ti3+; the 43000 cm""1 band to Ti4+. The one-step and two-step photocurrent spectra are also 
shown with the 2T2 —> 2E zero phonon energy (16000 cm-1) added to the two-step photocurrent. T = 300 K. 

Figure 3 shows the photoconductivity spectrum of Al203:Ti3+ along with an absorption 
spectrum. The sample is one having 0.013 mole percent Ti3+ and about 0.00016 mole 
percent Ti4+. The photocurrent corresponds to the ionization of Ti3+ and the subsequent 
trapping of the electrons down-field. The photocurrent is markedly reduced when the 
sample is changed to one having a high concentration of Ti4+: the Ti4+ acts as a trap and it 
reduces the free path of the electrons leading to a smaller photocurrent. Figure 3 also 
shows the two-step photocurrent (similar to the excited state absorption) when the 
experiment is done with two lasers, one to excite the local 2T2 —> 2E transition of Ti3+, and 
the other to scan the 2E —> conduction band transition. This experiment positively 
identifies the Ti3+ as the ionizing species. The photocurrent in the two-step experiment 
occurs at about 0.4 eV higher energy. This is due to the very different configuration of the 
initial state, 2E, compared to the ground state 2T2 in the one-step photoionization. 
Transitions from 2E are strongly displaced in the eg coordinate compared to the 2T2 state 
due to the Jahn-Teller effect. The overlap with the zero phonon level in the conduction 
band is very small and we cannot determine a zero phonon threshold for photoionization 
from the two-step data. Similar experiments were done with YAIO3, MgAl2C>4, Y3Al50i2, 
LaMgAlnOig. 

The presence of Ti4+ is shown by the strong absorption in the UV and vacuum UV. We 
have a series of samples of A1203 having very different Ti3+/Ti4+ ratios to help distinguish 
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the absorption bands of the two oxidation states. It is now accepted that the strong band at 
45 000 cm"1 is due to charge transfer, oxygen to Ti4+. There is a much stronger vacuum 
UV band at 56000 cm"1 which we have shown is also due to the same charge transfer. 
The two bands are analogous to the charge transfer multiplets of the transition metal ions 
in LiCl shown in Figure 1. 

We can use the data on Ti3+, Ti4+ to see if Eq. (4) is obeyed. Figure 4 will clarify the 
application of Eq. (4) to the actual data. This diagram (Figure 4) shows how the zero 
phonon transition energies E%>(0) and E°°(0) (with electron or hole at 'infinite' distance 
from D or A) add up to the band gap EG and that the vertical transition sum is greater than 
EG. The diagram does not show observable transitions, however, because the hole and 
electron are supposed to be far enough from the acceptor, or donor so as to have a 
negligible effect on the total energy of the transition. In a spectroscopically observable 
transition there must be finite overlap between the initial and final state wavefunctions. 
Therefore some corrections must be applied to the spectroscopic data. 
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FIGURE 5    Excitation and emission spectra of Ti4+ in A1203. These spectra correspond to distantly- 
compensated Ti4+. T = 300 K. 

Before considering these corrections in detail and before bringing out some further 
spectroscopic studies, we can get an approximate idea of the applicability of Eq. (4). The 
onset of observable photocurrent in Al203:Ti3+ could be taken as the apparent threshold 
energy, ED. But its value depends on the noise level and for one-step photoconductivity it 
also depends on the possible presence of ionizing impurities. So it is not expected to be 
very accurate. Taking the value from Figure 3 we have a provisional number 
ED = 38000 cm-1. 

The acceptor zero phonon energy must be somewhere below the onset of the lower 
energy charge transfer band. Figure 5 shows the excitation and emission spectra of 
Al203:Ti4+. The blue luminescence peaking at 420 nm is thought to be the reverse process 
of charge transfer absorption, and if so the zero phonon line is about halfway between the 
onset of absorption and the onset of emission. This choice gives a provisional value 
EA = 34000 cm"1. The sum ED + EA = 72000 cm"1. The band gap of A1203 is about 
9.2eV = 74200 cm"1 according to recent data.6 These numbers are close and show that it 
might be worthwhile to get better values of ED and EA. 
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FIGURE 6    Polarized absorption spectra of the 2700 Ä band of Ti3+ and the polarized photocurrent spectra 
T = 300 K. 

2    SPECTROSCOPY OF IONIZATION AND CHARGE TRANSFER PROCESSES 

With more careful spectroscopy and analysis of the data, somewhat more reliable 
values of ED and EA can be found. 

Since Ti3+ has no localized excited states in the vicinity of the ionization threshold, we 
should see distinct transitions to the conduction band or at slightly lower energies an 
impurity-trapped exciton. The exciton at lower temperature does not give charge carriers 
and it therefore gives a lower limit of the ionization threshold. 

Figure 6 shows the polarized absorption spectrum of the 2700 Ä band of Al203:Ti3+. 
This band has been given several assignments by others, including Fe3+ impurity and 
3d -> 4s transition in Ti3+. However, it must be a Ti3+ band because its ratio to the 
2T2 —> 2E band is constant for different samples if the comparison is made for a single 
polarization. We don't believe it is a local d —> s transition because this should occur at a 
higher energy (10 eV in free Ti3+). Figure 6 also shows the photocurrent in a and -K 

polarizations. Notice that the photocurrent polarization ratio is the same as the absorption 
polarization ratio, and also notice that the current begins to be noticeable only at the high 
energy side of the 2700 Ä band. If this band represents an exciton, it would not generate 
charge carriers except by thermal excitation, in agreement with the above facts. 
Furthermore if it is an exciton it should decay non-radiatively into the Ti3+ manifold of 
states at temperatures where the thermal ionization rate is small compared to the decay 
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FIGURE 7   Exciton band excitation efficiency of the Ti3+ 2E -> 2T2 luminescence as a function of temperature 
from 10 to 250 K. 

rate. The decay into the Ti3+ manifold generates the red luminescence, 2E —> 2T2. Figure 7 
shows the excitation efficiency of the red luminescence as a function of temperature. There 
is a sharp rise below 30 K which we take to mean that the radiationless decay into the Ti3+ 

states is competing favorably with the ionization rate. The detailed kinetics of this process 
will be presented in another publication. Quantitatively, the 2700 Ä band has all of the 
properties expected for an impurity-trapped exciton, and we can use it to give an accurate 
value for the photoionization threshold. Although we have yet to do a series of absorption 
and photoconductivity measurements at liquid helium temperature we can say that the zero 
phonon photoionization threshold for Al203:Ti3+ is 38000 ± 500 cm"1. 

An accurate value for the charge transfer zero phonon energy is more difficult to get. 
We used the halfway point between the onset of the blue emission and the fluorescence 
excitation in the estimate made above. But the lifetime of the blue emission peaking at 
420 nm is 30 fis at 300 K while the oscillator strength of the 230 nm absorption band is 
close to 0.1. These are not compatible and the emission cannot arise from the same upper 
state giving rise to the 230 nm band. Our hypothesis is that the emission is due to a lower 
triplet state of the charge transfer manifold. 

When the hole on the 0= lattice is well separated from the Ti3+ ion, the single-triplet 
splitting goes to zero. Therefore a weighted average of the singlet and triplet levels should 
represent the EA value we seek. 

We can fit the lifetime, intensity and band shift of this luminescence from the paper by 
Bruce Evans7 as a function of temperature to a model having a triplet state about 
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1700 ± 200 cm"1 below a singlet. Furthermore, it is straightforward to fit the data to a 
perturbation theory of the singlet-triplet mixing in this system, using the measured 
multiplet splitting of the 2T2 state of Ti3+ to get a value for the spin-orbit parameter. The 
origin of the charge transfer transition corrected as above for the singlet-triplet splitting is 
supposed to represent the transition coming from the top of the valence band to the Ti4+. 
This value is 33 000 ± 500 cm"1. 

Finally, using these more refined values of ED and EA we have 
ED + EA = 38 000 ± 500 + 33 000 ± 500 = 71000 ± 700 while EG = 74 200. This is 
about as close as we are going to get without doing a series of low temperature 
experiments. The difference EG - (ED + EA) = 3200 cm-1 is quite possibly the energy 
difference due to the attraction of the hole for the electron trapped on Ti3+. The singlet- 
triplet weighted average is not the only correction for separating hole and electron. There 
may well be a significant energy of attraction in view of the fact that the charge transfer 
multiplet is about 10 000 cm~' wide. This attractive energy is the most difficult component 
of EA to estimate reliably and there does not seem to be a simple experimental 
measurement to get it. Except for this it has been possible to find ED and EA from 
spectroscopic data for Ti3+, Ti4+ in A1203. 

The case if Ti3+, Ti4+ is a fortunate one for our purpose because we could both locate 
an impurity centered exciton level and could observe the charge transfer emission band. 
Neither of these features is to be expected for most of the other transition metal ions. 

An exciton band is only observable when the localized transitions do not interfere. Ti3+ 

has only one localized transition which is too low in energy to interfere with the ionization 
level. In most of the divalent rare earths in CaF2, etc, the 4f -> 5d bands cover up the 
exciton level, but in a few cases such as BaF2:Tm2+, an exciton level should be exposed. 

Charge transfer emission bands are also relatively rare. If there is a ladder of localized 
states lower than the charge transfer energy, the excitation would decay into them and no 
charge transfer luminescence would be observed. 

3    CONCLUSION 

Our one good example shows the weak point in trying to get spectroscopic values for ED 

and EA. If we had more such examples we might see a systematic behavior of the 
discrepancy EG - (EA + ED) and then could try to rationalize it with a model of the hole- 
electron attraction. There are other chemical systems where one could look for an exciton 
band and a charge transfer multiplet, systems for which enough accuracy would be 
available for an evaluation of EG - (EA + ED). Another caution in the use of Eq. (4) is that 
true band gaps are often not known accurately, and compilations exist showing grossly 
incorrect values. At least, Eq. (4) can give useful estimates if for any two of the three 
quantities a reasonable zero phonon energy can be found. 
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THE ROLE OF DIFFERENT CHARGE STATES OF 
IMPURITY IONS IN PHOTOCONDUCTIVITY 

OF INSULATORS 

S. A. BASUN 

A. F. Ioffe Physico-Technical Institute, 194021 St. Petersburg, Russia 

The results of experimental studies of stationary photoconductivity of single-crystal Al2C>3:Ti3+, Y3Al50i2:Ti3+, 
YA103:Ti3+, and l^GerO^Cr34" where the photocurrent is induced by two-step photoionization of 3d-ions via 
intermediate metastable state, are presented. The dependence of stationary two-step excited photocurrent j on 
optical pumping density P (j~Pn, n = 2, 3/2 for different cases) appears to be very informative for studies of all 
steps of photoelectric processes including photoionization of 3d-ions, capture by traps and release of photocarriers 
and their recombination. 

Key words: doped insulators, Li2Ge70i5:Cr3+, photoconductivity, two step photoionization, trapped carriers. 

1    INTRODUCTION 

The processes of photoionization of impurity ions in insulating crystals are basic for 
several applications (holographic storage in photorefractive and photochromic media, hole 
burning, X-ray luminescent screens etc.). The spectral dependencies of photoelectric 
response give fundamental information on photoionization thresholds and relative 
positions of impurity and host lattice energies.1-2 Of special interest is photoelectric 
behaviour of some oxide crystals doped with transition metal 3d-ions like Ti3+ and Cr34" 
which have metastable states and can be excited in visible region.3-7 The photoionization 
of these ions with visible light takes place as a result of two-step optical process involving 
intermediate excited state. Such two-quantum photoionization is responsible for important 
features in hologram recording and reading,8'9 in photon-gated hole burning10 and is 
closely connected to the excited state absorption (ESA) phenomenon which is important 
for lasing.11 

2    STATIONARY PHOTOCURRENT IN DOPED CRYSTALS 

The measurements of DC photocurrent were used in studies of photoelectric properties of 
oxides doped with 3d-ions. The advantage of two-step photoionization of ions is usually 
sure knowledge of the first step nature as the excitation of dominating charge state of ion 
M (Ti3+ or Cr3"1") into metastable state. Photoelectrons in conduction band (CB) are 
assumed to appear as a result of second step. The basic expression for stationary 
photocurrent is 

j = e-r-L~r-E-s~r- E/n+ (i) 

where e is electron charge, T - the photoionization rate, L - the mean displacement of an 
electron in electric field E. L ~ /z-E-T ~ ES, where /z is free electron mobility, T is total 
lifetime of free electron in CB, and S ~ T- mean free path of an electron passed from 
generation until recombination: S""1 = oyn+ where o> is the recombination cross-section 
and n+ - the concentration of ionized 3d-ions M+ which serve as recombination centers. 
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FIGURE 1    Pumping power dependence of stationary photocurrent in LGO:Cr (full circles) and LGO:Cr,Mg 
(open circles). T = 77 K, E = 100 kV/cm, Aexc = 514.5 nm. Laser beam diameter 0.2 mm (LGO:Cr) and 0.5 mm 
(LGO:Cr, Mg). Straight lines j~P2 (LGO:Cr) and j~P3/2 (LGO:Cr, Mg). 

The concentration n+ = n° + n+ where n°+ is the initial concentration of M+ in sample and 
n*+ - the concentration additionally created by photoionization of dominant M ions. As it 
can be seen, j strongly depends on valence state content of 3d-ions (on n°) which can be 
changed in sample by changing of crystal growth conditions and by codoping. 
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FIGURE 2 Photocurrent kinetics for LGO:Cr, Mg sample excited with Ar laser (514.5 nm) and overlapped cw 
YAG:Nd laser (1060 nm, 2W). Beam diameters 1 mm, T = 77 K, E = 100 kV/cm. Switch on/off sequence: Ar 
laser pumping PAr (a), YAG:Nd laser pumping PNd (b), photocurrent j (c-d). PAr = 10"2 W (c), 10"3 W (d), 10~4 

W (e). 

In the case A (n° >>n*+) the photocurrent quadratically depends on pumping intensity P 
for two-step photoionization (r ~ P2):j ~ T/n°+ ~ P2/n°. This was confirmed 
experimentally for Ti3+ in A1203, 

3YAG,4 and YA103
5 and for Cr3* in Li2Ge70i5 

(LGO)6 (see Figure 1). The study of YA103:Ti crystals with different Ti4+ content 
(different n°) shows the strong decrease of photocurrent with increase of n°. 

In the opposite case B (n°f «n*+) the dependence j ~ P3/2 can be derived from (l),7 

taking into account that exciting light plays two different roles - i) producing (in the two- 
step process) M+ ions and free electrons which rapidly become tapped but still remain 
excited (potential) charge carriers, and ii) releasing the trapped electrons (in one-photon 
process), thus giving them a possibility 'to find' M+ ions and recombine disappearing as 
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excited carriers. The dependence j ~ P3/2 was observed in LGO:Cr, Mg crystals where 
codoping by Mg2+ (substituting Li+) reduces strongly the content of intrinsic 
recombination centers (Cr4+) in the sample.7 

The different role of trapping and optical release of electrons in cases A and B was 
directly proved in experiments with IR irradiation (cw YAG:Nd laser) of Cr34" doped LGO 
crystals. After visible excitation switch off, photocurrent drops to zero value with current 
amplifier response time ( ~ 20 s). Switch on of IR light results in steep rise of photocurrent 
with subsequent slow decay (no stationary conductivity is observed under 1.06 (j, 
irradiation only). This behaviour is observed for both kinds of samples - LGO:Cr and 
LGO:Cr, Mg. Repeated IR irradiation switch on gives no current. This shows that i) 1.06 \i 
irradiation is able only to release trapped electrons, and ii) visible irradiation is necessary 
to produce trapped electrons (it seems reasonable to think that it is also suitable for trapped 
electron release). 

When visible irradiation of LGO:Cr, Mg samples is on during long period of time, a 
stationary level of n+ is achieved causing a stationary photocurrent magnitude determined 
by (1). Switch on of additional IR irradiation (see Figure 2) results in steep rise of 
photocurrent due to accelerated escape of trapped electrons. Then n^ drops to a new 
stationary value which is lower than the previous one because of more effective 
recombination in the conditions of fast one-photon optical release of electrons from traps. 
Therefore - in accordance with (1) - the new stationary value of photocurrent increases. 
This effect is the stronger, the weaker is visible irradiation relative to IR light (Figure 2), 
and it is observed only for LGO:Cr, Mg samples (case B). For the case of LGO:Cr 
samples, practically no effect of additional IR irradiation on photocurrent magnitude is 
observed. Indeed, in this case (A) n° is initially large and cannot be changed markedly by 
irradiation, hence the current also remains unchanged. 
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One-color two-photon excitation spectra of the 4f' -» 5d' transitions of Ce3+ in LiYF4 have been investigated at 
5 K from 33 400 to 44 000 cm '.A sharp lorentzian line peaking at 33 439.4 cm"1 with a width of 2 6 cm"1 is 
observed on the low energy side of a band extending up to 35 200 cm"1. The line and the band are observed to 
exhibit different polarization dependences. A second band with a maximum peaking around 41 977 cm 
observed to extend from 40 000 up to 44 000 cm"1. No sharp line associated to this band is seen. 

Key words: Ce3+, LiYF4> two-photon absorption. 

1    INTRODUCTION 

The advantages of two-photon absorption (TPA) spectroscopy are well known. Using this 
technique, energy levels lying in the ultraviolet domain may be reached using visible 
sources. In the limit of the electric-dipole approximation, TPA transitions between states 
belonging to configurations of opposite parities are forbidden. However, for ions at 
noncentrosymmetric sites, odd components of the static crystal-field will mix states 
belonging to opposite-parity configurations. Moreover, interactions with odd-parity 
phonons will result in a similar configuration mixing. These mixings make 
4P _> 4fn-i_5d TPA transitions allowed, just as they are responsible for the intensity of 
intraconfigurational 4fn -> 4fn one-photon forced-electric-dipole transitions. 

Indeed, 4f' -> 5d* TPA transitions of Ce3+ have already been observed in crystals in 
which cerium ions occupy noncentrosymmetric sites,1-5 but never in LiYF4, up to now. 
Usually, these transitions give rise to broad vibronic bands. Associated sharp zero-phonon 
lines are also observed.1'3-5 The Ce:LiYF4 system is well known to be an ultraviolet solid 
state laser material.6 The Ce3+ ion enter the Y3+ sublattice without requiring any charge 
compensation. Moreover the substitution produces little lattice distorsion since both ions 
have very close ionic radii.7 Under these conditions, the crystal-field experienced by the 
cerium ions has the S4 symmetry of the Y3+ site.7 At room temperature, the one-photon 
absorption spectrum exhibits four bands peaking at 295, 245, 208 and 198 nm.6'7 The 
300 K one-photon emission spectrum is composed of a broad band in the region of 
300-350 nm with two resolved peaks at 310 and 325 nm arising from electric dipole 
transitions from the lowest 5d] state to the 2F5/2 and 2F7/2 manifolds of the 4f! 

configuration.6-7 The fluorescence lifetime for Ce3+:LiYF4 was found to be on the order of 
40 ns at 5 K.7 

2   EXPERIMENTAL DETAILS 

The Ce:LiYF4 crystal used in this study was grown at M.I.T. with an estimated cerium 
concentration of 1 mol%. The suitable laser beam for two-photon excitation of Ce3+ ions 
was delivered by a pulsed XeCl excimer pumped-dye laser from Lumonics (Excimer-500 
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FIGURE 1    TPE spectram of Ce3+:LiYF4 at 5 K: zero-phonon line and lowest energy band (transitions to the 
lowest 5d' Stark level). 

and Hyperdye-300 models), using Rhodamine 590, Rhodamine 610, Coumarine 460 and 
Courmarine 480 dyes to cover the spectral range from 33 400 to 44 000 cm-1. The linear 
polarization of the beam could be varied thanks to a Soleil-Babinet compensator adjusted 
so as to play the role of a half-wave plate in the selected spectral range. The beam was 
focused onto the sample mounted in a liquid-helium bath cryostat thanks to a f = 150 mm 
lens. The ultraviolet fluorescence induced by two-photon excitation of Ce3+ ions was 
collected with the aid of a set of two quartz lenses forming the image of the sample onto 
the entrance slit of a Jarrell-Ash monochromator (dispersion: 6 nm with a 1 mm slitwidth). 
To block any visible scattered radiation from the laser, a MTO H325 filter with a 100 nm 
passing band centered at 325 nm was introduced at the entrance of this monochromator. 
The signal at the output of the 6256 S EMI phototube was integrated and averaged in a 
SRS 250 boxcar. Due to the weakness of the two-photon signals, the input impedance of 
the boxcar was set at 1 Mfi, preventing taking full advantage of time-resolved 
spectroscopy techniques. A 3ns delay and a 5 /zs width were used for the boxcar gate. 
Since the TPA transitions investigated in this work give rise to broad bands, the spectra 
should be corrected for the variations of the dye efficiency over the corresponding spectral 
range. The energy of the impinging laser beam was measured thanks to a Molectron J3-05 
joulemeter, the output signal being processed in a second SRS 250 boxcar. Both signals at 
the output of the boxcars were then processed in an analog-digital converter coupled with a 
computer monitoring the scanning of the dye-laser and monochromator gratings as well. 



TPA SPECTROSCOPY OF Ce3+ IN LiYF4 [541]/43 

33432 33436 33440 33444   cm"1 

FIGURE 2   TPE spectrum of Ce3+:LiYF4 at 5 K: lorentzian fit (continuous line) of the zero-phonon line. 

3    RESULTS 

The 5 K two-photon excitation (TPE) spectrum shown in Figure. 1 exhibits a sharp line on 
the low energy side of a broad band. The line has a lorentzian shape with a peak at 
33 439.4 cm"1 and a 2.6 cm"1 width (Figure. 2). The band extends up to 35 200 cm-1 

with a maximum at about 33 980 cm"1 (« 294 nm). It corresponds to the lowest energy 
band observed in the one-photon absorption spectrum.6'7 The line could be a zero-phonon 
line associated to this vibronic band. It is to be noted that such a zero-phonon line was not 
observed in the room temperature one-photon absorption spectra.6,7 Since absorption at 
5 K occurs from the lowest Stark component of the 2F5/2 multiplet, both line and band are 
to be attributed to TPA transitions to the lowest 5a1 Stark level. Both line and band were 
observed to be anisotropic. However, they do not exhibit the same polarization 
dependence, showing the role of the symmetry of the phonons involved in the TPA 
vibronic transitions. Measurements of the band polarization were achieved at different 
wavelengths corresponding to small, intermediate, and large frequency shifts from the 
zero-phonon line. They do not show significant differences, contrasting with the 
observation that the phonon sideband for Ce3+:CaF2 is anisotropic at small frequency 
shifts from the zero-phonon line and independent of the polarization at larger shifts.1,8 

A second band extending from 40 000 to 44 000 cm"1 was also observed (Figure 3). It 
has a gaussian shape with a peak around 41 977 cm"1 (« 238 nm). It corresponds to the 
band appearing at 245 nm in the room temperature one-photon absorption spectrum.6,7 No 
zero-phonon line associated to this band was observed. This band is to be attributed to 
TPA vibronic transitions to the first excited 5d! Stark level. It also exhibits an anisotropic 
polarization dependence. 

The spectra of the ultraviolet emission following two-photon excitation in the zero- 
phonon line and the two bands have been recorded at 5 K. The three spectra are similar. 
They exhibit two resolved bands with maxima at 304 and 324 nm (respectively 32 895 
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FIGURE 3    TPE spectrum of Ce3+:LiYF4 at 5 K: transitions to the first excited 5d' Stark level. 

and 30 864 cm-1). No zero-phonon line was observed when the excitation was achieved 
in the bands. A shift of about 544 cm"1 is found between the position of the zero-phonon 
line observed in the TPE spectrum and the maximum of the high energy band appearing in 
the emission spectra. This shift is about half the energy gap between the two-photon 
absorption and one-photon emission peaks associated with the 2F5/2 level (« 1085 cm-1). 
This last result is inconsistent with the 2000 cm-1 Stokesshift reported in Refs. 6. 
However, correcting the one-photon emission spectrum shown in this reference for the 
self-absorption around 300 nm may result in a reduced value of the Stokesshift. 
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Optical properties of Yb3+ ions in CaxCdi_xF2 (x = 0.30) crystals are investigated. Photoluminescence and 
absorption spectra of the intra-ion transitions were measured in a wide temperature range (4 - 300 K). It was found 
that position and shape of the Yb3+ zero-phonon emission lines exhibit a noticeable temperature dependence, 
particularly at temperatures T < 50 K. In the same temperature limits, the position and the shape of the Yb3+ zero- 
phonon absorption lines do not change significantly. It was found that the measured shift between energy of the 
emission and absorption zero-phonon lines is due to the efficient energy migration among the Yb3+ ions. 

Key words: CaxCdi_xF2 ionic crystals, Yb impurity, optical properties. 

The rare earth ions have been extensively studied ion variuos crystal hosts because of the 
potential applications for phosphors or lasers. For example, many ionic crystals doped with 
Yb3+ and Er3+ ions reveal the property of efficient infrared to visible light up-conversion. 
One of the causes of high efficiency of such process is the fast energy migration among 
ytterbium ions. In this paper we present results of optical studies of the Yb3+ ions in 
Cao.30Cdo.70F2 crystal. 

The CaxCdi_xF2:Yb crystals studied in this paper were grown by the modified 
Bridgman-Stockbarger method (see, e.g.,1). Such procedure allows to introduce rare earth 
(RE) impurities with concentration varying from 0.01 mol% up to several mol%.2 The 
CaxCdi_xF2 mixed crystals posses a fluorite structure3 which consists of a regular cubic 
fluorine F~ sublattice with every second cube centered by Ca2+ or Cd2+. The cation is at a 
site of cubic point symmetry and is coordinated to eight F~~ ions. The Yb3+ ion tends to 
replace the cation in the host lattice. In the cubic crystal field the J = 7/2 manifold of the 
free Yb3+ ion is split into a T$ quartet and T^ and Tj doublets, and the J = 5/2 manifold is 
split into iy and IY (Figure 1). It is worth mentioning that the extra positive charge of the 
Yb3+ ion replacing cation in the host lattice may be compensated in a variety of ways, each 
of which gives rise to a site of different symmetry, and than a different optical spectrum. 
For example, tetragonal site is caused by the presence of a charge compensating F~ ion 
occupying the empty body center site adjacent to the RE3+ ion along a [100] direction.5 

Low temperature photoluminescence (PL) spectra of the Yb3+ in heavily doped 
Cao.3oCd0.7oF2:Yb (2 mol%) crystals consist of sharp lines at 10 201 cm-1, 10 241 cm-1, 
10 334 cm-1,10 394 cm-1 and broad phonon replica band 10 181-9500 cm-1 (Figure 2). 
Detailed PL measurements have shown that the shape and position of all these sharp lines 
are temperature dependent, especially at 4 K-50 K. It is worth mentioning that in the same 
temperature range we have not observed any change of the shape and energy position of 
the absorption lines. A careful analysis of the shape of these emission and absorption lines 
shows that they are inhomogeneously broadened and are related to the same electronic 
transition between one ground and one excited states of the Yb3+ ions in different cation 
sites of the mixed CaxCdi_xF2 crystal. Following the ideas proposed by Stapor and 
Langer6 for CdF2:Yb, we have analyzed, as an example, the temperature evolution of 
shape of the 10 201 cm-1 emission line. If we assume that energy migration among Yb3+ 

ions is much faster than their intrinsic relaxation, it is possible to use the Fermi-Dirac 
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FIGURE 1    The energy levels of Yb3+ in Cal?2 in sites of cubic and tetragonal symmetry (after Voronko et a/.4). 

statistics to describe population of the Yb3+ excited states: 

n(E) is the distribution function of the Yb3+ ions concentration. E is the transition energy 
of the Yb3+ ions. Dispersion of n(E) comes from changes of the local environment of the 
impurity ions in the host crystal and can be approximated by the absorption spectrum of 
the Yb3+ zero-phonon line measured at 4 K. Due to the fact that the distribution function 
n(E) considerably changes its value, the energy C, of the Fermi quasi-level should be 
calculated separately for each temperature by use of the following formula: 

/n-(E,T),E = /1+exp;;^0/kVE (2) 

The only parameter which should be found from the experimental data is the total 
population of the excited Yb3+ ions. The above simple model gives a good description of 
the temperature dependence of the position and the shape of the Yb3+ zero-phonon 
emission lines measured at T > 10 K. 



OPTICAL SPECTROSCOPY OF Yb3+ IONS IN CaxCd,_xF2 [545]/47 

V) 

"E 
Z3 

-Q 

CO 

C 
(D 

c 
o 
CO 

CD 
> 
re 
CD 
cr 

9400  9600  9800 10000 10200 10400 10600 

Energy  [cm"1] 

FIGURE 2   The emission spectra of the Yb3+ ion in Cao.3oCdo.7oF2:Yb (2 mol%) excited by 920 nm line of 
Ti-sapphire laser, measured at few temperatures. 
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The paramagnetic rare earth ions Yb3+, Ce3+ and Gd3+ and the transition metal ion Cr3+ were investigated in the 
cubic elpasolite crystal Cs2NaYF6 with ENDOR. The superhyperfine (shf) interaction parameters of the first ]9F, 
23Na and 133Cs shells were determined. In the case of Gd3+ they were analyzed in an overlap model of the 
transferred hyperfine interaction including exchange polarisation. 

Key words: Elpasolites, rare earth ions, EPR, ENDOR, Exchange polarisation. 

1    INTRODUCTION 

Cs2NaYF6 has gained interest recently for various applications (laser crystals, X-ray 
scintillators, and X-ray storage phosphors) because of the fact that trivalent and 
monovalent cations can be incorporated as dopants. They are situated in a natural cubic 
crystalline environment without the need for charge compensation. 

We report on ENDOR-investigations of the trivalent Rare Earth ions Ce3+, Yb3+ and 
Gd3+ and of the transition metal ion Cr3+ in the cubic elpasolite crystal Cs2NaYF6. The 
analysis of the ENDOR-spectra shows that the Rare Earth ions are incorporated 
substitutionally on the cubic Y3+ site with an octahedron of fluorines in the first shell. The 
parameters of the syperhyperfine interaction with the nearest F~, Na+ and Cs+ neighbours 
were measured. In the case of Gd3+ they are analyzed using the overlap model of the 
transferred hyperfine (THF) interaction including exchange polarisation. 

2   EXPERIMENTAL RESULTS 

2.1 EPR Measurements 

Ce3+ 
The investigation of Ce3+ in Cs2NaYF6 is interesting because of its properties as a 
luminescent activator with a fast decay time in X-ray scintillators and storage 
phosphors. [1] The ground state of the Ce3+ ion (4fi,2F5/2) is a T7 doublet. The electron 
g-factor calculated for the T7 ground state is g = (-)10/7 = (-) 1.429. In Cs2NaYF6 the 
EPR line of Ce3+ is observed below 20 K at 713 mT in the X-band (f = 9.38 GHz). This 
corresponds to an electronic g-factor of (-)0.942. AB1/2 is about 3.5 mT. The difference 
of the observed and the calculated g-factor for a pure T7 state is due to the admixture of the 
excited state doublet J — 7/2 into the ground state doublet J = 5/2. It is larger in the case 
of Cs2NaYF6 than in the case of Cs2NaYCl6 (g = (-)1.266) [2]. If the magnetic field is in 
a (100) direction a splitting of the EPR-line is observed that can be attributed to shf 
interactions with the six neighbouring fluorines. Ce has no nuclear spin. 
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FIGURE 1    crystal structure of Cs2NaYF6. 
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FIGURE 2   ENDOR angular dependence of Gd3+ measured on the central fine-structure line 
(ms = -1/2« 1/2), B = 336.7 mT, 10 K. the magnetic field is varied in a {110} plane. Squares: experimental 
line positions; lines: calculated line positions using the parameters in Table in. The ENDOR lines around 
13.5 MHz come from the second fluorine shell. 

Yb3+ 

The EPR line of Yb3+ (4f13,
2F7/2) is observed below 20 K at 260.2 mT in the X-band 

corresponding to a g-factor of (-)2.581 close to the calculated value for the T6 ground 
state (-2.667). The spectrum is split due to hyperfme interaction with "the two isotopes of 
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Yb with nuclear spin (mYb I = 1/2,14.4%,173Yb I = 5/2,16.2%). ENDOR spectra 
were measured at 10 K only on the EPR line of the even isotope with no nuclear spin. 

Gd3+ 
In cubic Cs2NaYF6 the EPR lines of Gd3+ (4f7 

8S7/2) are observed around g = 2. The 
EPR spectrum is anistropic and split into 7 lines due to the cubic fine structure terms b4 

and b6. We obtained the following Spin Hamiltonian parameters: 

g = 1.987; b4 = -0.99 mT; b6 = 0.115 mT(at T = 20 K) 

The EPR of Gd3+ can be observed at room temperature. 

Cr3+ 
The EPR line due to Cr3+ (3d5,

6 S5/2) in Cs2NaYF6 is isotropic with g = 1.972. 
It is superimposed on the Gd3+ resonance in all crystals because Gd3+ was present as 

an accidental impurity. 

2.2   ENDOR Measurements 

2.2.1. ENDOR measurements of Gd3+ Good ENDOR signals were obtained at 
temperatures around 10 K. The crystal Cs2NaYF6 has no cleavage planes. It had to be 
oriented with the Laue method. The ENDOR angular dependencies show that the crystal 
was still misaligned by about 5°. This results for example in a splitting of the lines 2 and 3 
of the ENDOR spectra of Gd3+ (Figure 2) which should be superimposed if the axis of 
rotation were a (110) axis. Figure 2 shows the ENDOR-angular dependence of Gd3+ in 
Cs2NaYF6 measured at 10 K on the central ms (1/2 <-> -1/2) transition which is almost 
isotropic in EPR. The magnetic field is rotated in a {110}-plane. The solid lines are the 
calculated line positions of the 19F shf-interactions of the first shell using the parameters in 
Table ni and a numerical diagonalisation of the usual spin Hamiltonian including the 
influence of the cubic fine structure terms on the electron spin in an effective spin model. 
The anisotropic part b of the shf-interaction with the second shell (133Cs) and the third 
shell (23Na) can be explained by a classical point-dipole-dipole interaction assuming a 
point dipole for the unpaired electron and the nuclei (bdd in Table HI). However, for the 
first shell (19F) the anisotropic constant b is much smaller than expected from this 
approximation. Furthermore the analysis of the ENDOR spectra of the first shell F 
neighbours yields that the isotropic shf constant a and the anisotropic shf constant b have 
opposite signs. This suggests a negative transferred hyperfine contribution to both a and b 
resulting from a spin polarisation of the Gd3+ 5s and 5p shells due to the inner unpaired 
4f7 electrons. In a simple model this polarisation is transferred by ion overlap as was 
shown to explain a similar observation in CsCaF3.[3] 

2.2.2. Overlap model for the transferred hyperfine interaction (THF) We calculated 
the wave functions for a Gd3+ ion in the Local Spin Density Approximation of the Density 
Functional Theory and the overlap matrix elements with the nearest neighbour 19F ligands 
(see e.g. [4]). 

The calculation of the transferred hyperfine interaction can be expressed as: 

AE-      <#/>> W 
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with 

HTHF = MB^J8. Si   I    Ste-nXl-i-!)' 
(2) 

Si is the spin of electron i, I the spin of the 19F nucleus and 6(0) refers to the 19F nucleus. 
The wavefunction is the determinant: 

\lfXip2 . . . tpufafa ■ ■ ■ <t>M\ 

h<t>2 ■ ■ 

(3) 

the F-orbitals   Is,  2s,  2p. tplip2...(fN are the Gd3+  orbitals 4f,  5s, 
((pi T^ </» I) 

If we consider only cr-overlap (7r-overlap is negligible) the result for the isotropic part of 
the shf-interaction is: 

7        4 2 
AE = -al = -MBgiMKMo E |(¥>i|2s)02s(O) + (</5i|ls)0ls(O)| s; 

Z J i 

where i runs over 4f, 5s and 5p of Gd3+. For the anisotropic part we get: 

7AtBglMKM0 
AE = 7bl = 

47T 
(2/d3)+-r2p

3I]|^i|2p}|zsi 

(4) 

(5) 

<f,ls(0) = 14.67; <^2s(0) = -3.43;r^3 = 6.705 (all in atomic units) 

The shf constants can be calculated according to equation (4) and (5) by taking into 
account that the (pi (Gd3+ 5s, 5p) are different for spin up and spin down. This leads in the 
summations to non-vanishing terms from the 5 s and 5p Gd3+ orbitals and to a negative 
spin transfer to the nearest F" neighbours. In Table I and II the various contributions are 
listed. As can be seen from the last row in both tables, there is agreement with the 
experimental values within a factor of about 2-3, which seems satisfactory in view of the 
simple model used. For example, no lattice relaxation effects were taken into account. The 
inwards relaxation of F~ would improve the theoretical results since the overlap terms 
increase. 

24      26      28       30       32       34       36       38       40 

frequency [MHz] 

FIGURE 3    ENDOR angular dependence of Ce3+. The magnetic field is varied in a {110} plane. B = 713 mT, 
T = 8 K. Squares: experimental line positions; lines: calculated line positions using the parameters in Table III. 
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Table I 
Overlap contributions to the anisotropic THF constant b (d = 4.295 a.u.) 

TyPe Overlap (10 2)    b/h (MHz) Type Overlap (10"2)       b/h (MHz) 

<5sT|2p> 11.17 l_0145 <5pT|2p> 11.73 1      „ 
< 5s | |2p > 11.50 ;     °-145 < 5pj, |2p > 12.25 ) ~ °' 

< 4f T |2p > 2.057 

243 

total bov/h = -0.31        bov/h(exp) = -0.72 

Table II 
Overlap contributions to the isotropic THF constant a of Gd3+-centres in Cs2NaYF6 

Type Overlap (10^2)     a* (MHz) Type Overlap (1Q-2)        a* (MHz) 

<5sT|ls> 0.0319 1 <5pT|ls> 0.189 1 
<5s|jls> 0.0327 I -0.411 <5p||ls> 0.217 I 
<5sT|2s> 2.569 J  < 5p T |2s > 5.609 \ ^M 
<5sl|2s> 2.709 ' <5pl|2s> 6.021 J 
<4ft|ls> 0.137 \ 
< 4f t |2s > 1.782 f +1'UUU 

total aov/h = -1.43 (a^,, = -3.66) 

2.2.3 ENDOR measurements of Ce3+, Yb3+ and Cr3+ ENDOR measurements were 
performed in X-band for Ce3+, Yb3+ and Cr3+ at around 10 K. The ENDOR angular 
dependence of the first shell of Ce3+ is shown in Figure 3. 

The shf interaction parameters for both Yb3+ and Ce3+ are listed in Table m. A 
comparison of the shf interaction parameters of Yb3+ and Ce3+ is interesting because of 
their different electronic structure: Ce3+ has one electron in the 4f shell and Yb3+ has one 
hole in the filled 4f shell. 

A comparison of the parameters (Table III) shows that the shf constant a and b of Yb3+ 

have opposite sign indicating a negative transferred hyperfine effect on the isotropic and 
anisotropic shf interaction whereas in the case of Ce3+ they have the same sign. The latter 
indicates a positive contribution to a and b (of approximately the same magnitude if the 
different electron g factors are taken into account). This leads to larger value of b than is 
expected from the point dipole-dipole interaction. Additionally the isotropic shf constant 
of the second shell (Cs) of Yb3+ is almost zero whereas in the case of Ce3+ the main part 
of the interaction is isotropic with the anisotropic part being almost zero. This can be 
explained by a 4f wavefunction which is directed toward 8 Cs+ neighbours in the case of 
Ce +. In Yb3+ the opposite occurs with the wavefunction of the hold avoiding the Cs+ 
neighbours. 

The unpaired spin density of Cr3+ is located almost entirely within the first F shell, the 
nearest cations show only the anisotropic shf constant of the classical point dipole dipole 
approximation. 

3    CONCLUSIONS 

We find that in our simple overlap model both sign and size of the isotropic shf-interaction 
of Gd + can be accounted for. The anisotropic part of the shf-interaction is mainly of point 
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dipole nature. An improvement of the overlap model should include the modification of 
the outer orbitals by crystalline potentials and a relaxation of the F neighbours toward 
Gd3+. 

Table III 
Superhyperfine interaction parameters of Ce3+, Yb3+ and Cr3+ in Cs2NaYF6 a is the isotropic shf constant, b is 
the anisotropic shf constant (see e.g. [5]), bdd is the classical point dipole-dipole interaction, q is the quadrupole 

interaction parameter. Only relative signs can be determined, b/h was chosen to be positive (see text). 

centre shell a/h [MHz] b/h [MHz] q/h [MHz] bdd/h [MHz] 

F       11.76 4.62 2.99 
Ce3+        Cs       0.555 0.002 0.081 

Na       0.136 0.069      0.074       0.105 

F -22.07 6.198 8.19 
Yb3+ Cs -0.006 0.239 0.221 

Na -0.001 0.255 0.016 0.287 

F 2.37 12.56 6.26 
Cr3+ Cs -0.01 0.15 0.170 

Na -0.081 0.214 0.134 0.220 

F -3.662 5.585 6.30 
Gd3+ Cs 0.076 0.173 0.170 

Na 0.066 0.217 0.028 0.221 
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OPTICAL AND EPR SPECTROSCOPY OF IMPURITY 
MANGANESE IONS IN DISORDERED Ca3Ga2Ge4Oi4 

SINGLE CRYSTALS 

A. E. NOSENKO, R. YE. LESHCHUK and B. V. PADLYAK 

Ivan Franko State University, Lviv, Ukraine 

The results of optical and EPR spectroscopy of the impurity manganese ions in trigonal Ca3Ga2Ge4014 single 
crystals (space group P321 - D^) are presented. It is shown that impurity manganese ions are incorporated into 
the Ca3Ga2Ge40i4 lattice in Mn3+ (3d4) valence state, substituting gallium cations in octahedral la-sites (local 
symmetry D3). The heat treatment of Ca3Ga2Ge4014:Mn crystals in vacuum leads to the reduction of Mn3+ ions 
to divalent state. The influence of structural disordering caused by the statistical filling of the octahedral (la) and 
tetrahedral (3f) positions of Ga3+ and Ge4+ ions on the spectroscopic characteristics of impurity manganese ions 
is discussed. 

Key words: Ca-gallogermanate single crystals, disordered structure, impurity ions, optical absorption and 
luminescence spectra, electron paramagnetic resonance spectroscopy, heat treatment effect. 

1    INTRODUCTION 

The change of valence state of the impurity transition metal ions leads to significant 
variations of spectral properties of crystals. Therefore, determination of all possible 
valence states of activator ions and their stability have a basic significance in physics of 
activated crystals. It is well known, that the impurity manganese ions are incorporated into 
crystals in Mn2+ Mn3+ and Mn4+ valence states depending on growth conditions, 
activators and co-activators concentrations and other factors.1,2 The problems of impurity 
manganese ions isomorphism are closely connected with the possibilities of control of 
their valence states by external influences (ionizing irradiation, heat treatment, etc.). 

2   THE STRUCTURE OF Ca-GALLOGERMANATE CRYSTALS AND 
EXPERIMENTAL PROCEDURE 

The crystal structure of Ca3Ga2Ge40i4 type is described in the Ref. ,3,4 It belongs to 
the space group symmetry P321 - D2 (Z = 1) with the unit cell parameters as follows: 
a = 8.076 Ä, c = 4.974 Ä. This structure consists of tetrahedral layers oriented 
perpendicular to the c-axis separated by the intra-layers formed of distorted oxygen 
Thomson cubes (3e-positions occupied by large Ca2+ ions) and octahedra. The tetrahedral 
layers consist of the oxygen tetrahedral of two types: the first ones are placed on the three- 
fold axes (2d-positions) and others are grouped around the octahedra by the three-fold rule 
(3f-positions). On the basis of X-ray data analysis and spectral characteristics of 
Ca3Ga2Ge40i4 crystals it was shown that these crystals belong to materials with 
disordered structure.3-6 

The basic crystallographic characteristics of positions and types of active paramagnetic 
centers in Ca-gallogermanate crystal structure are presented in Table I. Table I shows that 
in cation positions the substitution centers of trigonal (la- and 2d-positions) and monocline 
(3e- and 3f-positions) symmetry only can be formed. The centers of tricline symmetry only 
can be formed in the anion (oxygen) lg-positions. 

[553]/55 
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250 600    a.nm 

40000 30000 20000 v,cm -1 

FIGURE 1    Optical spectra of Ca3Ga2Ge40i4 (1) and Ca3Ga2Ge4Oi4:Mn (2-5) single crystals at 300 K: 
a) polarized absorption cr-spectrum (1, 2) and 7r-spectrum (3); b) luminescence excitation (4) and luminescence 
(5) after heat treatment in vacuum. 
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FIGURE 2   The energy level structure of Mn3+ ions in the octahedral (la) positions of Ca3Ga2Ge4Oi4 crystals. 

The large (diameter-15, length-100 mm) Ca3Ga2Ge4Oi4 crystals of high optical quality 
doped with impurity manganese ions at concentrations from 10"4 to 10"1 at.% were 
obtained by Czochralski method from platinum crucibles. 

The EPR spectra were investigated using an RE-1306 commercial X-band 
(y = 9.4 GHz) EPR spectrometer operating in the high-frequency (100 kHz) modulation 
mode of the magnetic field and in 77 -=- 300 K temperature range. Samples were oriented 
in accordance with their habit and also by X-ray diffraction method with an accuracy of 
± 0.5°. The EPR spectra were investigated in (0001) and (1010) crystallographic planes. 

Optical absorption spectra were measured by a 'Specord M40' spectrophotometer. The 
luminescence spectra were investigated using an SDL-2 standard spectrometer at 
77 -T- 300 K. 

The heat treatment of samples was carried out in vacuum (p 9ä 10"3 Pa), oxygen and 
argon atmospheres in 1000 -=-1300 K temperature range. 
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H.KOB 

FIGURE 3    EPR spectra of Mn2+ ions in Ca3Ga2Ge40i4 crystals for the H || c (a) and H _L c (b) orientations at 
300 K. 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

The optical absorption spectra of Ca3Ga2Ge40i4 and Ca3Ga2Ge40i4:Mn are presented in 
Figure 1. The nominally pure Ca3Ga2Ge40i4 crystals are transparent in UV-region up to 
260 nm (Figure 1, curve 1). The characteristic optical absorption bands of Mn3+ (5D0, 3d4) 
ions in octahedral oxygen environment were observed in the spectra of Ca3Ga2Ge40i4:Mn 
crystals. The energy levels scheme of Mn3+ ions in octahedral la-sites (local symmetry 
D3) of Ca-gallogermanate structure is presented in Figure 2. The ground state 5D0 of Mn3+ 

ions is split into lower 5Eg and higher 5T2g levels, by the crystal field of octahedral 
symmetry7. The lowering of crystal local symmetry to trigonal one leads to the additional 
splitting of 5E2g and 5T2g electron levels (Figure 2). Therefore two absorption bands of 
different polarization in the visible (25 000-16 000 cm"1) region of Ca3Ga2Ge4Oi4:Mn 
spectrum correspond to optical transitions from ground 5Eg(

5Ai) level to 5Bi,5B2 

component of 5T2g level of Mn3+ ions. The absorption bands of small intensity in the red 
region of spectrum are attributed to 5Eg(

5A!) => 5T2g(
5A0 transition. Additional intensive 

absorption in UV-region of spectrum was identified as the O2" => Mn3+ charge transfer 
band transitions. 

EPR spectra of manganese ions in Ca3Ga2Ge40i4:Mn crystal at 77 and 300 K have not 
been detected, what also supports the manganese ions are incorporated in a Mn3+ valence 
state only. 

Ions with 3d4-configuration are know to be non-stable and readily transferable either to 
3d5-configuration that is stable at low field or 3d3-configuration, what is stable at high 
field.1 The oxygen heat treatment of Ca3Ga2Ge40i4:Mn samples does not changes the 
optical and EPR spectra. The heat treatment in vacuum leads to discolouring of 
Ca3Ga2Ge40i4:Mn crystals. The characteristic for Mn2+ ions intensive luminescence in 
the 20 000 4-14 000 cm"1 spectral region excited in 27 000, 24 500 and 21 000 cm"1 
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bands was also observed in the thermal chemical coloured crystals (Figure lb). The ground 
state of Mn2+ ions is a 6S sextet. The 4G, 4P, 4D and 4F quartet levels are situated above 6S 
level. The crystal field of trigonal symmetry split the four quartet levels into ten 
sublevels.1,7 The 27 000, 24 500, 21 000 cm"1 bands in the excitation spectrum are 
identified as a transitions from the ground 6Aig level to 4T2g(D), 4Aig, 4Eg(

4G) 
and 4T2g(G) levels of Mn2+ ions, respectively. The luminescence band centered at 
16 000 cm-1 corresponds to the 4Tig =>■ 6Aig transition of Mn2+ ions. 

Table I 
Crystallographic characteristics of positions and basic types of impurity paramagnetic centers in the crystals with 

Ca-gallogermanate structure. 

Type of positions, a 2(a, b) 2(c, d) 2(e,f) lg 

Local (point) group 
symmetry of positi- 
ons, Ga 

32 (D3) 3(C3) 2(C2) 1(C.) 

W^f 1/1 2/2 3/3 6/6 

The filling posi- 
tion in crystal la 2d 3e 3f lg 

Distribution of ca- 
tions on Crystallo- 
graphic positions 

Ga:Ge =1:4 Ge Ca 
Ga:Ge 
= 3:2 0 

Coordination to 
oxygen 6 4 8 4 - 

Type of oxygen 
polyhedron 

octahedron tetrahed- 
ron 

Thomson 
cube 

tetra- 
hedron- 

- 

Type of impurity pa- 
ramagnetic centers trigonal trigonal monoclinic 

tricli- 
nic 

Number of magneto- 
nonequivalent 
positions 

1 2 3 3 6 

Axes of the paramag- 
netic centers +++ - - + + - - + - -   

Notes: 1. ka—number (multiplicity) of equivalent points of space lattices in unit cell; k^—magnetic multiplicity 
of EPR spectrum. 2. The populations of la- and 3f-positions both by Ga3+ and Ge4+ cations are obtained from 
the analysis of interatomic distances.3 

The vacuum heat treatment also clears the EPR spectra response of Mn2+ ions with 
isotropic g-factor (g = 2.0043 ± 0.0005) and well resolved 55Mn nuclei (nuclear spin 
I = 5/2, natural contents -100%) hyperfine structure (HFS) of central 
(Ms =-1/2 <=> + 3/2) transition and unresolved HFS of the other four 
(Ms = ± 1/2 <£> ± 3/2 and Ms - ± 3/2 <£> ± 5/2) fine structure transitions (Figure 3). 
At the same time in the annealed samples at Hi. [0001] orientation the other EPR 
spectrum with a single unresolved central line (AH1/2 — 32 Oe) and g-factor similar to the 
g-factor of a free electron (ge = 2.0023) was also observed. Most probably, this spectrum 
belongs to Fe3+ impurity ions (6S5/2-ground state, 3d5-configuration). The heat treatment 
in oxygen atmosphere leads to disappearance of the EPR spectra and restoration of the 
initial optical absorption spectra. The thermal chemical colouring of Ca3Ga2Ge40i4:Mn 
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crystals results in change of charge state of manganese ions (Mn3+ =4> Mn2+) at the 
expense of diffusion and release of oxygen ions from the crystals. Since the Mn2+ 

paramagnetic centers have a trigonal local symmetry D3 (magnetic multiplicity of EPR 
spectrum k™ = 1 and axis Z || c || [0001], one can say, that the change of charge state of 
Mn ions takes place in the octahedral (la) sites of Ca-gallogermanate lattice (Table I). 

The unusual EPR spectrum of Mn2+ ions in octahedral la-sites of Ca3Ga2Ge40i4 
single crystals can be interpreted as follows. The position of central transition of Mn2+ 

EPR spectrum fine structure for the first approximation does not depend on crystal field 
variations caused by disordering of Ca-gallogermanate crystal structure. Therefore, the 
characteristic of 55Mn isotope hyperfine structure (Az = (90.9 ±0.5)-10"4 cm-1 at 
300 K) of central transition was observed. The resolved HFS of Ms = ± 1/2 <£> ± 3/2 
and Ms = ± 3/2 o ± 5/2 transitions was non observable, since their positions depend on 
crystalline field variations. They consist of 2N = 64 (N = 6-oxygen coordination at la- 
sites) hyperfine sextets. These sextets are somewhat shifted about one another because of 
variations in the local crystal field, which are produced by statistical filling of Ga3+ and 
Ge4+ cations, that are second nearest neighbours of Mn2+ ions at Ca-gallogermanate 
lattice la-sites, in tetrahedral positions. It should be noted, that the full parameterization of 
Mn2+ and other 3dn-ions EPR spectra in Ca3Ga2Ge40i4 crystals is very difficult because 
of structural peculiarities in disordered compounds and this is the subject of a separate 
investigations. 
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INTERACTION OF IMPURITY CENTRES IN 
Cs2CdI4-Mn CRYSTALS 
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Department of physics, Lviv state university, 50, Dragomanova St., Lviv, UA290005, 
Ukraine 

The article deals with the investigation of interaction of impurity centres, formed by Mn2+-ions in Cs2CdLi single 
crystals dependly on the method and intensity of excitation and temperature change rate in different 
crystallographic phases of crystal. 

Key words: Impurity centres, luminescence, phase transitions, energy transfer. 

1    INTRODUCTION 

Cs2Cdl4 crystals belong to compounds with /3-K2SO4 type structure and have the next 
phase transitions (PT) sequence: 

Pnma & Tj = 332 K «■ IC(q = 0.26) <S> Tc = 260 K & P2i/n <S> Ti = 184 K <s> PI 

Its lattice is formed by tetrahedral complexes [Cd2+Lt] -bonded with themselves by Cs+ 

ions. Impurity Mn2+ ions form in these crystals two types of centres, related to the 
substitutions of Cd2+ and Cs+ ions. The substitution of Cd2+ ions to Mn2+ ions leads to 
the formation [Mn2+l4]2~ centres (G-centres). The Mncs together with Vcs vacancies (for 
balance the excess charge) form [MncsVcs]~ complexes (R-centres). G- and R-centers give 
rise the luminescence at 2.30 and 1.7 eV respectivitely.2 

2   RESULTS AND DISCUSSION 

The previous experimental data show,2'3 that MnCci and MnCs ions occupy neighboring 
positions in lattice. This results in interaction between them, consisting in excitation 
energy transfer from G- to R-centers. It results in quenching of G- and sensitization of 
R-centres, which are observed in temperature region 184... 332 K.3 The efficiency of 
interaction (??) strongly depends on temperature of crystals, as well as the distance and 
mutual positions of both centres, which vary during the rotation of tetrahedra and shifts of 
cation in A+ sublattice. It was estimated as 

77 = 1 - IQ/IGO 

where IQ and IQO represent the intensity of G-emission with and without energy transfer 
process respectively. The efficiency of interaction of G- and R-centers depends strongly 
from the manner of exitation and relative concentration of both centres. Figure 1 shows the 
temperature dependences of luminescence intensity of G-centres CsaCdLj-Mn crystals 
at intracentre. (hi/ = 2.54 eV, s = 1013photon/(cm * s)) and N2-laser excitation 
(hv = 3.68 eV, s = 1018photon/(cm* s)). One can see the quenching of G-emission, 
which is the largest around Tc = 260 K. During quenching of G-emission simultaneos 
sensitization of R-emission is observed in this temperature region, and the highest 
efficiency of sensitization is observed around Tc as well (Figure 2). 

[559J/61 



62/[560] I. BOLESTA AND Y. FURGALA 

250-,  I          i i 1 1 1— nil -UUUL—A—„,..4.—.,mA„MM..^..,~.M«J 

l-U-ll-ll   1  II  1-1  1   1   |V4  1  1  1  1-H-gM 

■ h Q-- —Q Intracentre excitation r 

o 

\ 
O-- - - -o Interband excitation - 

150- m 

. 

^ 

1 \ #\ T 

H 
«   <? dV 

bO- 

se0 
0^ ra 

100 200 

TEMPERATURE, K 
300 

FIGURE 1    The temperature dependencies of G-emission of Cs2CdLt-Mn single crystals at intracentre and 
interband excitation. 
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FIGURE 2   Temperature dependences of G- and R-emission of Cs2CdL(-Mn crystals at intracentre excitation at 
different temperature change rates. Arrows indicate the regime of measurement: cooling or heating. 
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The quenching of G-emission and sensitization of R-emission strongly depends on 
temperature change rate dT/dt. The increase of dT/dt leads to reduce of the both processes. 
(Figure 3). At high values of dT/dt (more than 10 K/min) I(T) dependenses for both 
luminescent bands consist of two extrema at temperatures below and above Tc, and 
temperature difference between these extremes increase with the dT/dt increasing. The 
dependence of efficiency of quenching of G-centres on temperature change rate give 
evidence the important role of the mutual positions of both centres in the crystalline lattice 
for the energy transfer process. The reduction of energy transfer at higher temperature 
change rate shows that the reconstruction of the crystalline structure depends on the 
velosity of temperature change dT/dt. The high value of dT/dt (10 K/min and more) proves 
the mutual positions of both centres is unchanged, i.e. the temperature reconstruction of 
lattice is 'frozen'. It is one of the reason for existence of global dynamic hysteresis in 
A2BX4 type crystals.5 

The Cs2Cdl4 single crystals with /3-K2S04 type structure undergo also the phase 
transitions into Sr2GeS4(P2!/n = C2h) type structure4 This PT is realized at keeping of 
crystals on air and last during one week and more. The spectral parameters of 
luminescence centres are changed during these PT, in particular the relative intensity of R- 
emission increase in comparison to intensity of G-emission. As a result, after PT at N2- 
laser excitation the R-emission is dominant in spectra, and the I(T) dependences of G- 
emission changes (Figure 4). These changes are connected with the disappearance the 
process of quenching in 184... 332 K temperature range, and the I(T) dependence have 
exponential form. Those form of I(T) dependence shows the absence of the tetrahedra 
rotation and mutual shifts in Cs+ sublattice in Sr2GeS4 crystalline type of Cs2Cdi4 in 
agreement with crystallographic data.1 
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FIGURE 4   Temperature dependences of G-emission of Cs2CdL,-Mn single crystals with different ratio of 
relative intensity of G- and R-emissions. 

3    CONCLUSION 

The interaction of impurity centres in Cs2CdL;-Mn single crystals are caused by its 
neighboring location in lattice and strongly depend on the mutual positions. The efficiency 
of interaction reflect the change the mutual positions of centres in lattice and, therefore 
reflect the motion of atoms (or groups of atoms) during the temperature change and at FT. 
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BLUE AVALANCHE UPCONVERSION IN YAG:Tm 
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We report on the investigation of the photon avalanche effect in YAG: 5 at% Tm at room temperature leading to 
intense blue emission after pumping at 616.4 nm. A theoretical model based on rate equations reproduces quite 
well the experimental results under low and intermediate excitation density. Above this, an extra blue intensity is 
observed and additional terms should be included in the model. 

Key words: photon avalanche, upconversion, rare-earth spectroscopy. 

1    INTRODUCTION 

We have recently demonstrated the first observation of blue upconverted fluorescence via 
photon avalanche pumping in YAG:Tm3+ at any temperature.1 Blue upconversion 
emission attributed to the *G4 —> 3H6 transition of Tm3+ ions has been observed, in a 5 
at% sample, using cw pumping with a single red dye laser at a wavelength resonant with 
the excited state absorption transition 3F4 —> !G4. The first step is assumed to come from a 
very weak non resonant absorption in the phonon sideband of the 3F2 manifold. The rapid 
non-radiative relaxation populates the 3H4 metastable state and an efficient cross relaxation 
fills the 3F4 reservoir from which the excited state absorption occurs as shown in Figure 1. 
Different regimes are recognized depending upon a pump power threshold. 

Here, we present a theoretical model which was firstly developed for a similar process 
involving Nd3+ ions in YLF.2 This model, adapted to the case of Tm3+, describes the 
dynamics of the avalanche below and above the power threshold as well as the power 
dependence of the blue upconverted fluorescence intensity at room temperature. 

2    EXPERIMENTAL 

The cw red laser beam was tightly focused into the sample at room temperature. The 
upconverted fluorescence was spectrally analysed through a monochromator as shown in 
Figure 2. The transmitted light as well as the upconverted fluorescence intensities have 
been recorded as a function of time for different pump power. As reported earlier for low 
temperature,1 a threshold mechanism is observed, illustrated in Figure 3 by several 
transient signal records below, above and at the threshold. This behaviour is the known 
signature of the avalanche process.3 This threshold increases with temperature from 7 mW 
at BCK1 to 15 mW at room temperature. At about twice this threshold power, the 
upconverted fluorescence shows a new increase and, at the same time, UV fluorescences 
appear arising from the relaxation of the XD2 and 1l^ states. However, these emissions 
remain weaker than the blue fluorescence from 'G4. 

Direct excitation into the relevant excited states, namely 3H4, 'G4 and ^2, has been 
performed on low concentrated thulium doped YAG to reach their respective radiative 
lifetimes as well as on more highly concentrated samples to get information about the 
transfer rates.4 
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3    THEORETICAL MODEL 

These experimental results were analysed using a theoretical model based on population 
equations of the relevant levels as shown in Figure 1. Taking account of the various 
relaxations, the rate equations are: 

ni = -(Wir + Ri)ni + (b2iW2r + W2nr + 2n0s2)n2 + (b3iW3r + n0s3)n3 

= -(Wir + Ri)ni + W2m2 + W3m3 

h2 = R0n0 - (W2r + W2nr + s2n0)n2 + (b32W3r + s3n0)n3 

= R0n0 - (W2r + W2nr + s2n0)n2 + W32n3 

h3 = Rini - (W3r + s3n0)n3 

n0 + ni + n2 + n3 = 1 

where Wir and Wjnr are the radiative probability and the multiphonon relaxation rate of the 
ith level, respectively. 

Solving numerically the above system leads to the dotted lines represented on the 
Figure 3. Satisfactory agreement is obtained below the threshold and just above while, at 
high power, the deviation is quite significant. 

The threshold (Rim) is determined by the equilibrium condition between loss and self- 
storage involving the 3F4 metastable state: 

Rith + Wir = Rith(r3W31 + r2W2iT3W32) 

where T\ is the measured lifetime of the ith level. 
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As the 3F4 level is the most metastable state, that is to say n higher than r3 and T2, and 
assuming only a weak depletion of the ground state population, the rate equations can be 
solved analytically: 

n3 = T3R!ni 

n2 = T2RO + T2r3 \V32Rin! 

ni = -Wlr(l - Ri/Rith)ni + R0r2W21 

Then, at the threshold, the time necessary to reach stationary populations is proportional 
to: 

where a\ is the absorption cross section from level i. 

4   DISCUSSION 

From the experimental results, it is clear that two regimes of absorbed power can be 
defined: 

(i) at approximately twice the threshold, the transient signals are well fitted by the 
numerical simulation with the parameters: s2 = 40000+/— 5000 s_1, 
s3 = 7000 +/- 1000 s"1 and R0/R, = 0.04 + / - 0.01; 

(ii) at higher pump power, an extra blue intensity is not explained at the present time; it 
could arise from emission from higher excited states which is in resonance with the 
blue emitting light of the 'G^ In that case, additional terms in the theoretical model 
have to be considered. 

Finally, evidence of a photon avalanche has been recently found in Tm3+ doped YAG 
planar waveguides with a threshold even lower than in the bulk material which looks 
promising for laser application. 

5    CONCLUSION 

Blue upconverted fluorescence via photon avalanche pumping in YAG:Tm has been 
demonstrated at room temperature. A theoretical model reproduces quite well the power 
dependence of the fluorescence signal up to about twice the power threshold. Above this, 
other relaxations involving higher excited states must be considered to remove the 
apparent discrepancy. 
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NEW SPECTROSCOPIC EFFECTS OF 
FERROELECTRIC PHASE TRANSITION 

IN Li2Ge7Oi5 CRYSTALS DOPED WITH 3d3-IONS 

A. A. KAPLYANSKII, S. A. BASUN and S. P. FEOFILOV 

A. F. Ioffe Physico-Technical Institute, 194021 St. Petersburg, Russia 

In Li2Ge70]5(LGO) crystals doped with Cr3+ and Mn4+ ions the transformation of luminescence spectra in the 
region of R-lines at ferroelectric phase transition D2h —> C2v in LGO was used to determine the point group 
symmetry and microstructure of 3d3-centers. In experiments on pseudo-Stark splitting of R-lines in external 
electric field, the phase transition induced polarization of 3d3-ions was observed, the induced dipole moments 
being directed perpendicular to ferroelectric axis of C2V phase. 

Key words: Li2Ge7015:Cr3+, I^GeyO^Mn4*, center symmetry, charge compensation, dipole moment, 
phase transition. 

1    INTRODUCTION 

Orthorhombic lithium heptagermanate crystals Li2Ge7Oi5(LGO) in paraelectric phase 
(T > Tc = 10°C) belong to centrosymmetric D2n class, whereas in ferroelectric phase 
(T < Tc = 10°C)—to polar C2v class.1'2 In doped LGO:Cr3+ crystals Cr3+ ions replace 
Ge4+ in octahedral coordination (GeOö) and their optical spectra are typical for Cr3+ in 
high octahedral crystal field.3 Narrow R-lines (2E —► 4A2 transitions) are observed only at 
low temperatures in the luminescence spectra of LGO ferrophase. 

2   MULTISITE LUMINESCENCE SPECTRA OF Cr3+ IONS IN LGO 

In luminescence spectra of LGO:Cr at T = 77 K (Figure la) two pairs of lines Rr -R2, 
R', —R2 are observed indicating the existence of two types of Cr3+-centers in ferrophase.3 

In spectra of LGO:Cr,Mg crystals containing Mg2+ ions, additional R-lines are observed 
located both in shortwavelength side (pair mRt-mR2) and in longwavelength side (two 
pairs 'Ri -lR2, % -' R2) relative to dominant Rt -R2, R^ -R2 lines (Figure lb). Multisite 
spectra are typical for doped crystals with heterovalent substitution being connected 
usually with different mechanisms of local charge compensation of excess impurity 
charge. 

3    POINT SYMMETRY OF Cr3+ SITES IN LGO AND PHASE TRANSITION 
INDUCED SPLITTING OF THEIR R-LINES 

In LGO paraphase D2h (axes 'a', 'b', 'c') the point symmetry group of octahedral Ge4+ 

position which is occupied by Cr3+ ion belongs to monoclinic group C2 with only two- 
fold symmetry axis parallel to rhombic axis 'b' (Figure 2). Any positively charged defect 
in Cr3+ environment which locally compensates the negative excess charge of Cr3+(Ge4+) 
should in general case reduce the center symmetry until triclinic Ct. The possible 
symmetries of Cr3+-centers (C2 or CO may be determined from the behaviour of optical 
spectra at ferroelectric phase transition (PT) D2h —> C2v (see also 4). At D2h —> C2v PT 
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FIGURE 1    Luminescence spectra of samples LGO:0.05%Cr (a) and LGO:0.01 %Cr, 0.02%Mg (b) at T = 77 K. 
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FIGURE 2   Fragments of LGO paraphase lattice in projection on planes 'be' (a) and 'ab' (b). Octahedron Ge06 

with surrounding tetrahedra GeC>4 is shown. Small open circle—position of octahedral Ge4+ substituted by 
3d3-ion. Large circles—Li+ ion positions: regular 1 (open circle), regular 2 (dark circle), and 
nonstoichometric interstitial (dotted open circle). 

with ferroelectric axis 'c' optical spectra of Q -centers should split into doublets whereas 
no splitting should occur for C2-centres.4 

As it was shown,5 pairs of spectra lines Ri -R[, R2-R2 which have in ferrophase very 
close spectral positions, intensities, and decay times, merge into one pair at T —> Tc which 
indicates the triclinic Ci-symmetry of corresponding Cr3+-centers in paraphase. According 
to5,6 the charge compensation in such centers (Cr3+Li+-centers) dominating both in 
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LGO:Cr and LGO:Cr,Mg is provided by interstitial Li+ ion located in nearest empty 
octahedral position (see Figure 2b). Similarly, close doublet 'Ri, 'Rj (and corresponding 
'R2, 'R2 lines) which is observed in LGO:Cr,Mg ferrophase, we interpret as the PT induced 
doublet splitting of R-spectra belonging to Cr3+Mg2+(l)-centers with Ci-symmetry (in 
paraphase). The charge compensation in these centers is realized by means of Mg2+ ions 
substituting nearest regular Li+-ion in position Li(l) (see Figure 2a). The single pair 
mRi —mR2 observed in ferrophase LGO:Cr,Mg spectrum indicates the singlet splitting of 
spectra at Ü2h —* C2V PT, which is indicative for monoclinic C2-centers in paraphase. We 
suppose that in these Cr3+Mg2+(2)-centers charge compensation is provided by Mg2+ ion 
substituting regular Li+ in Li(2) position (see Figure 2a). 

The interpretation is confirmed by observation of single Ri—R2 pair 
(15013—15 113 cm""1 at 77K) in the luminescence spectrum of isoelectronic Mn4+ in 
LGO ferrophase, which indicates the monoclinic C2-symmetry of Mn4+-centers (in 
paraphase). Namely this point group describes in paraphase the symmetry of Ge4+ position 
which is occupied by isovalent Mn4+ when no charge compensation is needed. 

To interpret the relative spectral position of R-lines for different Cr3+-centers (Figure 
1), the polar (C2) symmetry of Cr3+-ion in octahedral Ge4+ position should be taken into 
account. Due to C2-symmetry, Cr3+ has permanent electric dipole moment Db along C2I |b. 
The 4Ä2—2E transition frequency in Cr3+-ions should possess linear Stark shift Av in 
microscopic Coulomb field E produced by positively charged compensating defect. From 
geometric considerations (see Figure 2), Av has opposite sign for two Mg2+ compensated 
centers with Mg2+ in Li(l) or Li(2) positions relative to nonstoichometric Li+ 

compensated center where Db A. Ec and Av = 0. This explains the relative 
spectral position of R-lines belonging to Cr3+Li+, Cr3+Mg2+(2), and Cr3+Mg2+(1) 
centers.4 Similar Stark shift is especially large for UV charge transfer bands of Cr3+ center 
which reveal the giant (~ 0.6 eV) difference in spectral position of UV bands belonging to 
Cr3+Li+ and Cr3+Mg2+(2) centers4 

4   PSEUDO-STARK SPLITTING OF R-LINES AND PHASE TRANSITION 
INDUCED POLARIZATION OF 3d3-IONS 

In paraelectric phase Ü2h of LGO, the 3d3-ion in monoclinic inversionless sites with point 
symmetry C2 has permanent electric dipole moment D directed in lattice along two-fold 
symmetry axis of center C2I jb. Ferroelectric PT D2h —> C2V with polar axis c JL b which 
reduces the center symmetry C2 —► Q, induces in principle additional 'c' and 'a' dipole 
moment components 

Qxx «xy 0 
%x 
0 

ayy 

0 
0 D'= I ayx    ayy     0    \ff       x||a,y||c,z||b (1) 
xy/ 

where 77(0,77,0) is order parameter of PT with transformation properties of polar vector | |c 
and aik is the second rank tensor for C2-symmetry. It follows from (1) that values of PT 
induced dipole components ~ 77 ~ (Tc — T) ' . 

The PT induced dipole moments were observed directly in experiments on pseudo- 
Stark splitting of Ri-lines of monoclinic 3d3-centers in ferroelectric phase LGO in external 
electric field. The prominent doublet linear in field splitting of Ri-line was observed both 
for mRi-line of Cr3+Mg2+(2) center and for Ri-line of Mn4+ center in the external field | |a. 
It is interesting that PT induced dipoles Da are directed in lattice perpendicular to its 
ferroelectric axis 'c'. 
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EXCITED STATE ABSORPTION IN HOLMIUM DOPED 
Gd3Ga5012 GARNET 
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Laboratoire de Physico-Chimie des Materiaux Luminescents, URA CNRS N°442, 
Universite Claude Bernard-Lyon I, 43 B? 11 Novembre 1918, 69622 Villeurbanne cedex, 

France. 

The purpose of the present work is the direct measurement of the 5I7 -> 5S2 - 5F4(Ho) excited state absorption in 
Gd3Gd5012 garnet with a two beam experiment. The result is compared with the cross-section deduced from the 
5S2 - 5F4 -> 5I7 emission spectrum, using Mc Cumber relations. The result is also compared to the laser 
excitation spectrum near 753 nm of the green emission recorded in a previous work [1]. 

Key words: excited-state absorption, photoluminescence. 

1 INTRODUCTION 

In a previous work [1] we have obtained the conversion of infrared laser light (near 
753 nm) into a green emission from the Ho ions in Gd3Gd5Oi2.;Yb:Tm:Ho garnet by a 
two step process: absorption from the ground states of the ions followed by a looping 
mechanism. The latter is composed by an excited state absorption from the 5I7(Ho) level 
corresponding to the transition: 5I7 -»■ 5S2 - 5F4(Ho) and by a positive feedback process 
involving the Tm ions. In this experiment we recorded the laser excitation spectrum near 
753 nm of the green emission: it is the image of the 5I7 -+ 5S2 - 5F4(Ho) excited state 
absorption. The purpose of the present work is the direct measurement of such an excited 
state absorption with a two beam experiment. The calibration of the cross-section (cm2) is 
obtained by measuring the decreasing due to the pump beam of the 5I8 -> 5S2 - 5F4(Ho) 
absorption from the 5I8 Ho ground state. The result is compared with the excited state 
absorption cross-section deduced from the 5S2 - 5S4 -> 5I7(Ho) emission spectrum, using 
Mc Cumber relations. The result is also compared to the laser excitation spectrum near 
753 nm of the green emission recorded in our previous work. 

2 EXPERIMENTAL METHODS 

We used a Ho(3%)-Yb(5%) doped Gd3Gd50I2 crystal grown at the laboratory by the 
Czochralski method. The probe beam, provided by a CW tungsten lamp, was slightly 
focused on the sample and detected in the 735-765 nm range through a Jobin-Yvon HRS2 
monochromator by a Hamamatsu AsGa photomultiplier. The slits were 0.16 mm and the 
resolution 1.2 nm/mm slit. The pump beam was crossing perpendicularly and overlapping 
the probe beam inside the crystal. It was expanded and focused after the sample by a 
cylindrical lens. The pump beam was provided by a pulsed Laser Analytical Systems dye 
laser pumped by a frequency doubled B. M. Industries pulsed YAG:Nd laser. The pulse 
duration was a few ns, the wavelength 639 nm corresponding to the 5I8 -> 5F5(Ho) 
transition, the energy was 54 mJ/pulse. The signal corresponding to the probe beam given 
by the photomultiplier was sent in two Stanford Research System SR 250 boxcar averages. 
The gate of the first one was delayed 45 ms. This delay is long enough for all the Ho ions 
excited by the pump pulse to return to the 5I8 ground state. So the output signal of the first 
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FIGURE (b)   5l7 -> 5S2 - 5F4 excited-state absorption cross-section measured using Mc Cumber relations. 

boxcar is nothing else than the baseline of the probe beam. The gate of the second boxcar 
was delayed 1.56 ms. This delay is long enough for the 5F5 and 5I6(Ho) populations 
induced by the pump to return to zero (the 5F5 and 5I6(Ho) lifetimes are respectively a few 
tens of ßs and 550 fis) and short enough for the 5I7 level was still strongly populated after 
the pump pulse (the 5I7 lifetime is 10 ms). So the output signal of the second boxcar 
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FIGURE (c)   Excitation spectrum of the 5S2 - 5F4 fluorescence measured in a looping mechanism experiment. 

corresponds to the probe beam decreased by the 5I7 -► 5S2 - 5F4(Ho) excited state 
absorption due to the 5I7 population still existing 1.56 ms after the pump pulse. 

3    RESULTS 

The intensity of the probe beam when pumping the sample is: 

(1) T     T
    -""■ I = I0e-'7NL 

where I0 is the intensity of the probe beam without pumping, L is the path length inside the 
crystal, a is the I7 -> 5S2 - 5F4(Ho) absorption cross-section and N is the concentration 
(ions/cm ) of the 5I7 population. Expression (1) is valid because there is no absorption of 
the probe beam from the ground state in the 735-765 nm range. From (1) and exhibiting 
the A wavelength dependence we obtain the formula giving the cross-section: 

(2) aA=(l/NL)ln(I0(A)/I(A)) 

5F4 
The calibration factor NL was obtained by recording the decreasing of the 5I8 -> 5S2 - ~r4 

absorption from the 5I8 ground state due to the population N in the 5I7 level, in the 
535-543 nm range: 

(3) NL=(l/ff')ln(I'/I) 

where cx'(X') is the cross-section of the % -»5S2 - 5F4 absorption from the 5I8 ground 
state known from standard absorption measurements, I'(A') is the probe intensity under 
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pumping, I(A') the probe intensity without pumping, A' stands in the 535-543 nm range. 
The left side of (3) should not depend on the wavelength A', so NL was calculated by 
averaging the right side of (3) in the 535-543 nm range and was found to be 5.11 
1018 cm"2. Inserting this value in (2) results is the 5I7 -> 5S2 - 5F4(Ho) absorption 
cross-section represented in Figure (a). 

4   DISCUSSION AND CONCLUDING REMARKS 

We recorded the normalized emission spectrum f(w) of the 5S2 -
5 F4 -+

517 transition and 
we deduced from it the emission cross-section cre of this transition and the 
5j7 _>5 Sz _5 F4(HO) absorption cross-section <7a by using McCumber relations2 

connecting emission and absorption spectra. These relations are: 

(4) <7e(w) = f(J) (27Tc/o;n)2 and (5) aa = ae e
Rw/kT (N2/Ni)e 

where n is the index of refraction of the host solid, (N2/Ni )e is the ratio of the 5S2 -
5 F4 

and 5I7 populations at thermal equilibrium, calculated according to Boltzman law.1 The 
result for <ra(A) is represented in Figure (b). We give also in Figure (c) the CW laser 
excitation spectrum of the green Ho emission that we obtianed in our previous work1 in the 
735-765 nm range. 

We conclude that the two 5I7 -+
5 S2 -

5 F4 (Ho) absorption cross-section spectra 
obtained by two independent ways (Figure (a) and (b)) are in reasonable agreement despite 
some discrepancy in the values of the peak cross-sectionsand despite the fact that the 
spectrum (a) is much more noisy than (b). More the excitation spectrum of the green 
emission in Figure (c) is the image of the spectra (a) and (b) at least above 750 nm, 
confirming the interpretation on the origin of the green emission recorded in.1 Nevertheless 
below 750 nm a discrepancy exists between (b) and (c) but we have to keep in mind that 
the relation connecting (b) and (c) is not a simple relation of proportionality. 
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LUMINESCENCE OF YTTERBIUM DOPED 
LiNb03:MgO UNDER UV EXCITATION 

A. BREMER, C. MADEJ, C. PEDRINI and G. BOULON 

Laboratoire de Physico-Chimie des Materiaux Luminescents, URA CNRS iVc442, 
Universite Claude Bernard-Lyon I, 4313d 11 Novembre 1918, 69622 Willeurbanne Cedex, 

France 

The usual absorption and luminescence of the trivalent ytterbium ions stand in the 900-1100 nm range. Under 
355 nm laser excitation in ytterbium doped LiNb03:MgO we observed in addition a weak broad band 
emission extending from 700 to at least 900 nm. Its lifetime is about 1 ps. Its excitation spectrum is composed 
of at least one band near 325 nm. This unexpected luminescence has similarities with well-known luminescence in 
divalent ytterbium doped fluorides. 

Key words: photoluminescence, ytterbium, lithium niobate. 

1    INTRODUCTION 

We have grown at the laboratory by the Czochralski method at ytterbium doped 
LiNb03:MgO crystal from a congruent composition (L12O 48.55 molar %) in which we 
added Yb2Ü3 1.25 molar % and MgO 5 molar %. The usual absorption and luminescence 
of the trivalent Yb3+ ions stand in the 900-1100 nm range at room temperature and were 
of course observed. Under 355 nm laser excitation we observed in addition a weak broad 
band emission extending from 700 to at least 900 nm. Its lifetime is about 1 /xs. Its 
excitation spectrum is composed of at least one band near 325 nm. This unexpected 
luminescence has similarities with well-known luminescence in divalent Yb2+ doped CaF2 
or SrF2. 

2   EXPERIMENTAL RESULTS 

355 nm pulsed excitation from a frequency-tripled BM Industries Nd:YAG laser results in 
emissions which we recorded with an Hamamatsu R1767 photomultiplier through a Jobin- 
Yvon monochromator equipped with a 1 /xm blazed grating. Two different lifetimes of the 
luminescence exist so the emission spectra were obtained sending the signal in a Stanford 
Research Systems boxcar averager SRS250. Its gate was 2 ßs width and when it was not 
delayed we obtained the spectrum represented by the solid curve in Figure 1. It correspond 
to a lifetime of about 1 /xs. The huge peak at 1064 nm is a laser signal which could not be 
totally eliminated in the excitation beam. The two peaks near 770 and 1010 nm exist also 
in samples not doped with ytterbium and their origin is unknown. When the gate was 2 ms 
delayed we obtained the spectum represented by the dashed curve in Figure 1. It 
corresponds to a lifetime of about 1 ms. This spectrum stands in the range of the usual 
Yb3+ emission corresponding to the 2F5/2 —> 2F7/2 transition. In Figure 2 we give the 
comparison with the usual Yb3+ emission in the two polarizations obtained under 920 nm 
excitation. We observe a good similarity if we take into account the fact that the spectrum 
in dashed line in Figure 1 is a non-polarized one. 

We did not observed an increasing of the intensity of the emission by cooling the 
sample to liquid helium temperature. 
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FIGURE 1    Time resolved fluorescence of ytterbium doped LiNbC>3:MgO under 355 nm excitation at room 
temperature. Solid line: short lived component; Dashed line: long lived component. 

The excitation spectrum of the emission limited to the range 700-900 nm was recorded 
with a xenon lamp and a monochromator. It is represented at 10 K in Figure 3. The main 
peak is situated at 320 nm. The two peaks at 360 nm correspond to ]Ö2 absorption of 
thulium traces. 

3    CONCLUSION 

We report here the detection of unexpected emission and absorption bands in an ytterbium 
doped LiNb03:MgO crystal under uv excitation. The range of wavelengths and the 
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FIGURE 2   Luminescence of ytterbium doped LiNb03:MgO under 920 nm excitation at room temperature. 

lifetime of the emission are very different than the ones of the usual Yb3+ emission 
corresponding to the 2F5/2 —> 2F7/2 transition. A possible origin of this emission is traces 
of divalent ytterbium in the host but a more complete excitation spectrum extending up to 
100 nm is needed before giving a definitive interpretation. 
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FIGURE 3    Excitation spectrum of the 700-900 nm luminescence of ytterbium doped LiNb03:MgO. 
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OPTICAL DETECTION OF Eu3+ SITES IN 
Gd3Ga5Oi2:Eu3+ 
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and G. BOULON* 
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The trivalent rare earth ions occupy the eight-coordinated (dodecahedral) sites (D2 point symmetry) in 
Gd3Ga50i2:Eu3+ crystal. The flourescence of Eu3+ has been investigated using laser- excited site-selection 
spectroscopy. It was seen three distinct sites deduced from the spectra, one of them owing to the garnet site. The 
emission and excitation spectra of non-garnet site are consistent with the low symmetry point of C2V site. 

1    INTRODUCTION 

Rare-earth doped garnets are considered very important laser materials.1,2 

The knowledge of their structures and the determination of the rare earth multisites are 
essentials to the performance and the technology development of this material as laser light 
source in the mid-IR. 

The Gd3Ga50i2(GGG) type garnet has a cubic crystalline structure with eight 
molecules per unit cell. The Gd3+ ions are located in the dodecahedral D2 site and the 
Ga3+ ions are in S4 and Se sites. The rare earth Eu3+ ions are located generally in the Gd3+ 

positions. However, laser-excited site selection spectroscopy can give information about 
the different sites as well as their local symmetry. This information can be used for a 
complete understanding of the physical properties of this material. 

The Eu3+ ions are appropriate for site-selection spectroscopy study, because they have 
absorption and emission bands in the visible range; the luminescence spectrum is 
particulary simple since the fundamental 7F0 level is not decomposed by the crystalline 
field. 

In this paper, laser-excited site-selection spectroscopy has been utilized to determine the 
Eu3+ occupation sites in GGG. The experimental results indicated the existence of three 
different sites when analysing the emission spectra. Two of them are non-garnet sites. 

The GGG:Eu3+ sample was grown by Czochralski's technique in the Laboratoire de 
Physico-Chimie des Materiaux Luminescents (Lyon). The high resolution excitation and 
emission spectra were measured by exciting the crystal with a tunable dye laser pumped by 
an excimer laser. The luminescence was detected by a cooled S-20 photomultipler. The 
signals were recorded using an SR 400 two-channel gated photon counter and the sample 
was placed in a closed-cycle He cryostat for low temperature measurements. 

2   EXPERIMENTAL RESULTS 

We investigated the 5D0 —> 7F0 and 5D0 -* 7Fr fluorescent transitions of Eu3+ at 6 K, in 
GGG. The first transition is forbidden because AJ = 0, but can appear in the C„, Cnv and 
Cs symmetries.3 The emission spectra of the 5D0 -> 7F; transition at 596.3 nm at 6 K, 
showed the presence of an excitation band centered at 580.2 nm due to the 7F0 —► 5D0 

transition as is shown in Figure 1. This excitation ban shows the existence of a non-garnet 
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FIGURE 1    Emission spectra of the transition 5D0 -> 7Fi with excitation fixed at 580.2 nm at 12 K. The 
excitation spectra of the fundamental transition 7F0 —> 5D0 with emission fixed at 596.3 nm at 6 K is shown too. 

site probably with a C2v symmetry. The excitation of this transition at 580.2 nm 
(7Fo —>5 Do) shows the presence of emission bands corresponding to the 5D0 —> 7 Fi 
transition composed of three sharp lines centered at 590.4, 591.6 and 595.5 nm (1 site) 
(see Figure 1). 

This ion when excited at 527.5 nm shows the emission band due to 5D0 —>7 Fi 
transition which is exhibited in Figure 2. In this spectrum we observe the presence of 6 
more lines beside the 3 already identified lines. These lines have peaks at 591, 591.2, 
592.2, 592.5, 594.2 and 594.5 nm corresponding to different site symmetries. The 
identification of these lines with their symmetries could be obtained by specific excitation 
at different positions, Figure 3. For example, the excitation at 526.86 nm contributes with 
the lines: 591.2, 592.2 and 594.5 nm (site 3). The excitation at 527.6 nm exhibited lines 
peaking at 591.0, 592.5 and 594.2 nm (site 2). 

The (3) site is the D2 site, expected for Eu3+, the most abundant site in the lattice. 
The (2) site must have the D2h symmetry, showing also 3 lines. It can not be the Ga3+ 

site which has S4 or S(, symmetry. 
By using second order approximation in the crystalline field effects, it was possible to 

calculate the A£ and k\ parameters for the 5D0 -> 1¥i transition. We found for the (1) 
site: 224.28 and 88.9 cm"1; for the (3) site: 142.03 and 60.28 cm"1 and for the (2) site: 
126.15 and 54.48 cm"1. 

It was observed that the (1) site have the ligand ions closest that the (2) and (3) sites, 
due to the fact that A|(l) > Aj (2 and 3). 
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FIGURE 2   Emission spectra of the 5D0 -> 7Fi transition with excitation at 527.5 nm at 12 K. Emission spectra 
of the 5D0 -> 7F! transition with excitation at 527.6 nm at 12 K (inserted figure). 
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FIGURE 3    Emission spectra of the 5D0 -> 7Fi transition with excitation at a) 527.36 nm, b) 527.45 nm and 
c) 526.86 nm, at 6 K. 
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3    CONCLUSION 

The experimental results showed the presence of 3 non equivalent crystalline sites in 
GGG:Eu3+ crystal. These different sites were named (1), (2) and (3) sites could be 
identified by their group of emission lines of 5Do —> 7Fi transition when selectively 
excited at 580.2 nm and 527.6 nm respectively. 

By the observation of fundamental transition 7Fo —> 5Do, we could verify that the (1) 
site must have one of the C2, C2v, or Cs symmetry (most probably, C2V symmetry). 

The predominant site D2 has symmetry that corresponds to site type (3). The (2) site 
must have Ö2h symmetry. 
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STUDY OF BISTABLE (SHALLOW-DEEP) DEFECT 
SYSTEMS IN CdF2:M

3+ (M: In, Ga) 

YANG CAI and K. S. SONG 

Physics Department, University of Ottawa, Ottawa, Ont. Canada KIN 6N5 

Bistable (shallow-deep) defect systems associated with bivalent impurities (In, Ga, Y and Sc) in CdF2 are studied 
using the extended-ion approach, in which a very large cluster of atoms is treated. Two groups of trivalent 
impurity centres are found. With In and Ga, there is a low, but clearly identified, potential barrier which separates 
the deep level from the shallow one. In Sc and Y, only a simple shallow level state is obtained. The analysis of the 
result shows that the difference is to be attributed to the short range potential of the trivalent impurity centres. 

1    INTRODUCTION 

Cadmium fluoride, CdF2, has the fluorite structure with the lattice constant, ao, being 5.365 
Ä. CdF2 can be doped with numerous trivalent dopants, Sc, Y, and rare earth elements. 
Most of the trivalent metals in CdF2 produce stable shallow hydrogenic donor states. In1 

and Ga2 have shown unusual bistable behaviour. In room temperature absorption spectra 
of CdF2:In two strongly asymmetric bands are seen. One of these is in the visible light 
range (VIS), peaked at 3 eV, and another in the mid-infrared (mid-IR), at 0.2 eV. 
According to J. M. Langer et al.,1 the 0.2 eV-band indicates a weakly localized 
(In3+ +e~) state with a thermal ionization energy of 0.14 eV, while the 3 eV-band 
indicates a strongly localized In2+ state with a thermal ionization energy of only 0.25 eV 
(all thermal energies refer to 0 K), which means an enormous Stokes shift for the deeper 
state. The energy barrier separating the two states and leading to the metastable effects is 
about 0.17 eV. The absorption spectra of CdF2:Ga has similar asymmetric bands peaked at 
4 eV and 0.17 eV, respectively. 

The most general framework for the theoretical description of bistability occurring in 
crystal defects has been developed by Toyozawa.3 In the case of an electron bound to a 
charged impurity, the electron always has a localized but shallow state, and in addition 
may have a localized deep minimum stabilized by combined action of the short range 
impurity potential and the electron-phonon interaction. 

In this paper we present a brief report on the structure of the M3+ impurity with an 
excited electron bound to it (with M=In, Ga, Sc, and Y). The discrete structure of the 
lattice and detailed interaction between the excited electron and the impurity atom as well 
as the surrounding atoms of Cd2+ and F ~~ are explicitly taken into account within the 
approach of the extended-ion method. In order to compare the shallow and deep level 
states on the same footing, an identical treatment is applied to both states. The adiabatic 
potential energy is determined as a function of the configuration coordinate (c. c.) chosen 
(the nearest neighbour M3+— F~ distance). As expected, one finds a strongly relaxed 
lattice environment associated with the shallow (diffuse electron wavefunction) level, and 
an almost undistorted lattice environment for the deep (compact state) level. The most 
significant result is that the short range potential of the impurity atom core plays an 
important role in the appearance of the bistable state. 
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FIGURE 2   Potential energy curve for CdF2: (In
3+, Ga3+). Total energy of the system as a function of nearest 

M3+ — F~ distance (c. c). 

2   METHOD OF CALCULATION 

The total energy is taken to be the sum of the lattice distortion energy, the energy of the 
defect electron and the polarization energy of the crystal. We minimize the total energy for 
fixed values of the c.c. by allowing the positions of about 45 atoms to relax. 

The energy of the distorted lattice is made up of the Coulomb energy and the short 
range repulsion of the ions. The interionic potentials were determined with Gordon-Kim4 

approach. 
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To calculate the energy (and structure) of the defect electron, we use the extended-ion 
model.5' Analytical expressions are derived to calculate the overlap integral, the screened 
Coulomb and exchange terms of outer s, p and d orbital. A large number of atoms (up to 
1800) is considered. 

The impurity ion has a net charge of +e. This means that polarization effects will take 
on an important role in this problem, especially for the shallow state. We calculate this 
energy by the Mott-Littleton method including monopole-dipole and dipole-dipole terms. 
The polarizability employed here are from ref. (7) 

We have used two diffuse and one compact gaussion bases centred on the impurity to 
represent the defect electron. The Gaussion damping factors (a = 0.005 ~ 0.08 typically) 
are chosen such that the lowest energies are obtained in either the delocalized or localized 
state. The surrounding shells are relaxed up to the third. Details will be published later. 

3    RESULTS AND DISCUSSION 

We have found a bistable defect system for In and Ga and a single shallow level system for 
Sc and Y in agreement with experimental observations. The calculated adiabatic potential 
energy is shown for the four impurities in Figure 1-2. Here the c.c. is the nearest M3+-F ~ 
distance. 

In all four M3+ studies, a shallow level with a very diffuse wavefunction (the gaussion 
with damping factor a = 0.005 (in a. u.) of exp(—at2) has the largest weight) appears. 
With the shallow state, a large number of atoms which surround the trivalent impurity are 
subject to partly unscreened Coulomb field. This has been treated, as described above by 
Mott-Littleton method. Typically, we found the electronic polarization energy of about 
1.1 eV. The lattice 'collapses' toward the impurity atom by about 0.15 Ä (the first shell 
F~) due to the Coulomb attraction. 

With In and Ga replacing a host Cd atom, we obtained beside the shallow level one 
deeper level with a compact wavefunction (also s-like). Corresponding to the deep level, 
the lattice relaxation is almost negligible. The lattice responds as if to a In2+ (or Ga2+) ion. 
The electronic polarization is also quite small, ~ -0.1 eV. 

A potential barrier between the shallow and deep levels is seen in both CdF2:In and 
CdF2:Ga. It seems rather low, although it is not possible to attach great confidence to the 
value obtained (~ 0.1 eV). On the other hand, the energy difference between the shallow 
and deep levels is found to be about 0.2 eV in CdF2:In from Figure 1. This value is in good 
agreement with the one reported in Ref(l):0.11 eV. In the case of CdF2:Ga, there is no 
reported experimental value available. 

We now discuss on the factors which contribute to the appearance of the deep level, 
such as in In and Ga, but not in Sc and Y. It seems reasonable to associate the deep level 
with the first .s-like level of the free M2+ ion. These are the 5s(In2+), 4s(Ga2+), 5^(Y2+) 
and 4J(SC

2+
) levels. For the first two, In and Ga, the binding energy is about 28 eV and 

31 eV, respectively. In CdF2 lattice this value can be reduced by about 20 eV with the 
repulsive Madelung potential of the cation site. The resulting energy can be compared to 
the purely electronic energy of the deep level which is about (-)8 eV and (—)9 eV, 
respectively. Applying the same argument to the case of Sc and Y, one finds that the 
electron energy in lattice would be about zero. It seems reasonable therefore that the deep 
level does not show up in the case of Sc and Y due to this internal difference of the two 
groups of trivalent atoms. We predict that Tl3+ would show a deep level beside the shallow 
donor level in CdF2. The present example can be interpreted in terms of the effect of short 
range potential produced by the impurity atom in the context of the extrinsic self-trapping, 
proposed by Shinozuka and Toyozawa.3 
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POLARIZED CHARGE TRANSFER SPECTRA OF 
Cu2+ DOPED PEROVSKITE LAYERS 

(RNH3)2CdxMn1_xCl4(x = 0-1) 
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This work investigates the charge transfer spectra of CuCljj" complexes formed in the (RNH3)2CdxMni_xCl4 
crystal series. For x = 1, it is demonstrated that Cu complexes display an elongated D<th symmetry, forming an 
antiferrodistortive type structure which is similar to that found in the pure copper crystals. The presence of Mn 
induces an important enhancement of the charge transfer bands as well as significant redshifts. The results are 
interpreted in terms of distortions of the CuClJj" geometry which changes from D^elongated (x = 1) to nearly 
Ö4h compressed (x = 0). The transition energy, polarization and assignment of the charge transfer bands are 
analysed. 

Key words: CuClj" comples; D4h elongated and compressed symmetries; Charge Transfer spectra; 
(RNH3)2CdxMni_xCLt crystals. 

1    INTRODUCTION 

Hexacoordinated CuXg~ complexes display either dynamic or static Jahn-Teller 
distortions of tetragonal (D4h) or (D2h) symmetry. Such distortions are associated with 
electron-phonon couplings Eg (g> eg of the parent 2Eg octahedral states. Within a linear 
approximation, the equilibrium geometry of these complexes would correspond to any 
point (Qg, Qe) of the potential energy surface minima (mexican hat) which describes a 
circle in the Jahn-Teller active eg normal coordinate space. In this situation, either 
elongated or compressed D4h distortions along x, y or z and other orthorhombic 
intermediates are equally probable, the occurrence of a given equilibrium geometry is 
determined by high order couplings. At this stage, the crystal anisotropy of the host matrix 
can play a fundamental role for determining the kind of distortion displayed by these Cu2+ 

complexes.1'2 Consequently, this also affects the nature of theelectronic ground state, 
which can vary from 2Big (dx2_y2) in a D4h elongated complex to 2Aig(d3z2_r2) in a D4h 
compressed one, passing through intermediates mixed states for D2h distortions. 

These structural modifications have a strong influence not only on the EPR spectra, 
which are very dependent on the electronic ground state symmetry, but also in thier optical 
properties. In particular, the transition energy and polarization of both crystal field and 
Cl~ —► Cu2+ charge transfer (CT) bands are expected to show significant changes with the 
complex symmetry. 

It must be observed that CuXg~ complexes formed in either Cu pure-or doped 
insulating crystals usually display the elongated or nearly elongated D4h symmetry. An 
exception to this behaviour has been found in fluorides such as KCuAiFg or 
Ba2ZnF6:Cu2+ and K2ZnF4:Cu2+ 3 where CuFg~ shows D4h compressed distortions. 

In chlorides, this geometry has only been found at our knowledge in 
(enH2)MnCU:Cu2+,4 where a compressed D4h distortion around the Cu2+ was assumed 
for explaining the intense CT band at 20 800 cm"1. The existence of such a distortion was 

t UFR Chimie, Universite Joseph Fourier, Grenoble, France. 
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attributed to the crystal anisotropy of the 2-D layer compound (enH2)MnCl4, whose Mn2+ 

site with four long Mn-Cl in plane distances (2.65 Ä) could largely favour the formation of 
compressed Cu2+ units. Recent investigation devoted to synthesize the compressed 
complex in other chlorides lattices have been unsuccessful.5 

The aim of the present work is to investigate on the local structure of the CuCl6
4~ 

complexes formed in the mixed (RNH3)2Mni_xCdxCi4 (x = 0 - 1; R = Met, Et) crystals 
doped with 1 mol % Cu2+ through the polarized CT spectroscopy. This crystal family 
provides a wide range of metal -ligand distances for accommodating Cu2+ ions in D4h 

compressed sites: Req = 2.65 Ä and R^ = 2.56 Ä for x = 1, and Req = 2.58 Ä and 
Rax = 2.50 Ä for x = 0.6-7 

2   EXPERIMENTAL 

Single crystals of Cu2+ doped (RNH3)2CdxMni_xCi4 were grown by slow evaporation at 
36°C of acidified aqueous and methanolic solutions containing stoichiometric amounts of 
RNH3C1, CdCl2 and MnCl2 • 4H20. A 1 mol % of CuCl2 was added to the solutions. 
Square plates habits with well developed (001) planes were obtained. The formation of 
mixed crystals belonging to the orthorhombic Abma space group was checked by X-ray 
diffraction. The FULLPROF program8 was used for analysing X-ray data and for 
obtaining the lattice parameters. The real Mn, Cd and Cu concentrations were measured by 
atomic spectroscopy. The real Mn2+ fraction, x, is about 50% the nominal value. 

The polarized Optical Absorption (OA) spectra different temperatures have been 
obtained with the experimental setup described elsewhere.9 

3    RESULTS AND DISCUSSION 

3.1 Polarized OA Spectra of (RNH3)2CdCk:Cu2+ 

Figure 1 shows the polarized OA spectra of the (EtNH3)2CdCl4:Cu2+ single crystal along 
the three orthorhombic a, b and c directions at 300 and 10 K. Bands around 26 000 and 
36 000 cm-1 correspond to Cl" —> Cu2+ CT transitions of the CuCl6

4" complex formed. 
These transition energies and the band polarization, clearly indicate that CuCl6

4~ displays 
an elongated D4h symmetry with the axial Cu-Cl bonds, forming an antiferrodistortive type 
structure in the (001) plane. It should be noted that this situation contrasts with the local 
structure of the substituted Cd2+(CdClg~ D4h compressed), but it is similar to the 
corresponding CuCl6

4" complexes in the pure (EfNH3)2CuCl4
10 crystals. 

The present conclusion is supported by the following facts: 

1) The spectra show two intense bands at 25 770 and 36 460 cm"1 which are similar to 
the eu(7r + er) and eu(er + 7r) —> big(dx2_y2) CT transitions observed in CdCl2:Cu2+,n 

(EtNH3)2CuCl4
10 and TMACdCl3: Cu2+ n where elongated D4h complexes are formed. 

In fact, these CT bands for the compressed D4h complex should appear at 20 800 cm"1 as 
it was observed in (enH2)MnCl4:Cu2+ 4 and later confirmed by MS-Xa calculations.13 

2) The intensity of the band at 36 460 cm-1 which is polarized within the equatorial plane 
of the complex, is higher in c polarization. Obviously, this can not be explained by 
assuming that there is either a compressed or elongated axial distortion along the c axis. 
Moreover, the fact that the band intensity along c is twice the in-plane intensity, strongly 
suggests that two of the equatorial Cl" ligands correspond to Cl" out of the (001) plane. 
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(EtNH3)2CdCl4: Cu2 
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FIGURE 1    Polarized OA spectra of the (EtNH3)2CdCl4:Cu2+ single crystal at T = 
were recorded with E parallel to the three orthorhombic a, b and C directions. 

300 K and 10 K. Spectra 

The spectra of Figure 1 also reveal that these two ligands are not symmetrically 
equivalent to the two in plane Cl~ equatorial ligands, given that the first 
eu(7r + <r) -»t>ig(x

2 - y2) CT transition (D4h scheme) appears at 27 000 cm-1 in c 
polarization and at 25 770 cm"1 in a, b polarizations (Table I). This result clearly 
demonstrates that the real CuCl£" symmetry is D2h, like it is expected for orthorhombic 
crystals. 

The presence of two weak bands at 23 100 and 31 200 cm"1 in the T = 10 K spectra 
is noteworthy. The first band which is assigned to the a2u(ax; n + a) —► big(x2 - y2) CT 
transition, should be electric dipole forbidden within an elongated D4h scheme. However, 
small deviations from this symmetry toward D2h causes the ground state to transform into 
aig. This means that the unpaired electron wavefunction, mainly associated with dx2_y2, 
can be mixed with d3z2_r2. Thus CT transitions from the mainly ligand a2u (D4h) levels are 
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(MetNH3)2CdxMn1 xCl4: Cu 2+ 

40 36 32 28 24 20 16 12 

FIGURE 2   Evolution of CT spectra at T = 300 K along the (MetNH3)2CdxMn1_xCl4: Cu2+ series from x = 0 
to x = 1. Spectra were taken with E parallel to a. 

partially allowed by the electric dipole mechanism. Apart from symmetry, the spin-orbit 
interaction of the Cl ligands weakly allows this transition.12 

Table I shows CT band assignment; transition energies and oscillator strength for these 
crystals. 

3.2 Influence of The Chemical Pressure 

Figure 2 shows the CT spectra of the isomorphous (MetNH3)2CdxMni_xCl4 series. Apart 
from Mn2+, the effect of diluting Mn in the Cd network is to reduce the cation-Cl_ 

distances within the (001) plane. This is proved by X-ray diffraction which indicates that 
this distance changes from R = 2.65 Ä (x = 1)  to R = 2.58 A (x = 0). 

It is interesting to observe the enormous enhancement of the a2U —> big CT band on 
passing from x = 1 (D4h elongated) to x = 0 (D4h compressed from Ref [4]). Its oscillator 
strength increases by three orders of magnitude and its energy shifts from 23 100 cm-1 for 
x = 1 to 20 860 cm-1 for x = 0. The fact that the band intensity is proportional to x rather 
than to the cell volume, strongly suggests that the change of the complex geometry is 
mainly governed by the presence of neighbor Mn ions. An elongated geometry for x = 1 
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with in-plane axial bonds, is favoured given that the Cd-Cl distance, R = 2.65 Ä, is 
similar to the average Cu-Cl distances of the pure copper compound: R^ = 2.98 Ä and 
Req = 2.28 Ä.10 This situation is hard to be accomplished for x = 0 due to the bonding 
constrain imposed by the Mn. Therefore, the role play by the Mn is mainly to reduce and 
increase Rax and Req, respectively, leading to nearly compressed D4h with the axial Cu-Cl 
bond pointing along c. In this situation the CT band enhancement can be explained 
qualitatively by the increase of the overlap between the axial Cl~ <r-levels and the unpaired 
electron level which changes from x2 — y2 (zero overlap) to 3z2 — r2 or other 
intermediates. Moreover, this increase is also favoured by the reduction of the axial Cu- 
Cl distance of the elongated complex. The CT redshift of 2000 cm-1 observed for the first 
CT band from x = 1 to x = Ois consistent with previous MS-Xa calculation which predict 
transition energies for the eu —> alg CT transition around 21 000 cm-1.13 

Nevertheless, the enormous increase of the whole absorption bands on passing from 
x — 1 to x = 0 deserves further investigations. Another transition mechanisms involving 
Mn-Cu pairs as well as experiments using hydrostatic pressure techniques are currently 
investigated. 
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The optical properties of ABC13 :Mn2+ crystals are investigated in the 300-10 K temperature range. The variation 
of the peak energy and the Stokes shift along the series are explained in terms of slight differences in the Mn-Cl 
distance. The local structure around the Mn is determined by correlating optical spectroscopy and EXAFS 
techniques. Interestingly, the thermal shift of the 6Aig -* 4Tig excitation band is much smaller than that 
experienced by the corresponding emission band. This behaviour is explained by the phonon assisted mechanism 
involve in these transitions. The influence of the structural phase transition of the CsCaCi3 :Mn2+ at Tc = 95 K 
upon the thermal band shift is also analysed. 

Key words: Excitation and luminescence; ABCl3:Mn2+ perovskites; MnClg~ complex; Thermal Shift; Local 
structure around Mn2+; Influence of bond distances. 

1    INTRODUCTION 

The investigations devoted to correlate the optical properties of transition metal complexes 
with the metal-ligand distance, R, are important not only for a microscopic understanding 
of the variations of such properties with chemical or hydrostatic pressures but also for 
explaining their temperature dependence. In fact, the temperature dependence of 
spectroscopic parameters such as the peak energy, Stokes shift and lifetime with the 
temperature is governed by two main contributions: 1) the explicit contribution which is 
associated with variations in the thermal population at constant volume, and 2) the implicit 
contribution which reflects the changes induced by thermal expansion effects. The 
importance of these contributions can not be revealed unless the variation of these 
parameters with R has been properly established. In the case of luminiscent materials, such 
correlations are difficult to make in concentrated materials since the emission band is 
greatly influenced by the exciton dynamics in exchange coupled systems. Though, this 
problem can be largely overcome using diluted materials, difficulties arise to determine 
bond distances around the impurity. 

The aim of this work is to investigate the excitation and luminescence spectra as well as 
the lifetime in the 10-300 K temperature range of MnClg"" complexes formed in the 
ABCI3: Mn2+ perovskite crystals. In the present case, the selected crystal family provides 
a wide range of molecular cell volumes1 (Aa = 0.66 Ä) for accomodating the Mn 
impurity which is important to stablish structural correlations. In this way, we report the 
first local structural determinations on KMgCi3:Mn2+ and RbCaCl3:Mn2+ through 
EXAFS which confirm the previous Mn-Cl distance estimates based on the variation of the 
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FIGURE 1    Time resolved emission and excitation spectra of the KMgCl3: Mn2+ crystal at 10 and 300 K. 

crystal field parameter, lODq, along the whole ABCI3 :Mn2+ series.1 Attention will be also 
paid on the variations experienced by the peak energy and the Stokes shift with 
temperature. The results of this investigation are compared with those previously found for 
MnF£" in ABF3:Mn2+.2 

2   EXPERIMENTAL 

Single crystals of MnCl2-doped KMgCl3, KCaCl3; RbCdCl3, RbCaCl3, CsSrCl3, RbSrCl3 

were grown by the Bridgman technique as described elsewhere.1 The time resolved 
emission and excitation spectra as well as the lifetime at different temperatures were 
obtained by usual procedures.2 The EXAFS experiments have been performed in the XAS- 
3 (DCI) station at LURE (Orsay) using the fluorescene mode. Suitable spectra could be 
obtained for KMgCl3: Mn2+ and RbCaCl3:Mn2+. No Mn signal was detected for the 
remainder crystals due to the intense X-ray fluorescence from the Cs and Cd ions as well 
as to some hydration problems with KCaCl3 :Mn2+ and CsSrCl3 :Mn2+. EXAFS data were 
analysed using the Michalowicz software package program,3 kindly provided by the 
author. In both cases, the EXAFS oscillations associated with the first coordination sphere 
around Mn are well described by an octahedral MnClg" unit with Mn-Cl distances, 
R = 2.51 and 2.53 A(AR = 0.02 A) for KMgCl3:Mn2+ and RbCaCl3:Mn2+, respec- 
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Table I 
Structural and spectroscopic parameters of ABCI3: Mn2+ crystals. Bond distances and peak 

energies are given in Ä and cm"1, respectively. AEex and AEem are the thermal shifts from 10 K to 300 K for 
excitation and emission, respectively. The r0 and hwa parameters were obtained from data of Figure 2. Units in 

ms and cm-1, respectively. 

Compound       R(Mn-Cl)        4Tlg Excit. 

300 K 10K 

Emission       Stokes shift    AEex   AEem     T0    hwu 

300 K 10K 300 K 

KMgCl3:Mn2+ 2.51 

KCaCl3:Mn2+ 2.54 

CsCaCl3:Mn2+ 2.55 

CsSrCl3:Mn2+ 2.57 

19440 19330 17530 17100 1910 

20010 19940 17920 17260 2090 

20100 19880 18190 17150 1910 

20240 18080 17300 2160 

110     430 50 186 

70      660 57.1 183 

220     1040 53.6 181 

780 54.3 184 

tively. These results must be compared with 2.51 and 2.54 Ä derived from the crystal field 
splitting parameter, lODq.1 

3    RESULTS AND ANALYSIS 

Figure 1 shows the emission and the corresponding excitation spectra of KMgCl3: Mn2+ at 
10 and 300 K. Similar spectra are found for the remainder crystals of the family.1 The 
bands correspond to d5 intraconfigurational transitions of the octahedral MnClg" complex. 
The variations of the 4Tig excitation and the emission bands in the 10-300 K temperature 
range are depicted in Figure 2 together with those of the lifetime, T(T), for several 
ABCl3:Mn2+ crystals. The more relevant spectroscopic and structural parameters are 
given in Table I. 

1) Influence of the Mn-Cl distance. The variation of the excitation and emission 
bands, Eex and Eem, and the Stokes shift, AES, along the ABCl3:Mn2+ series can be 
explained by the slight variations of the Mn-Cl distance in the MnClg" complex. The R 
values for the whole series have been derived from lODq on the assumption that 
lODq oc R~5. The estimated R values coincide with those derived from EXAFS and 
therefore confirm the assumed R-dependence for lODq. It is interesting to point out that 
the same dependence has been found experimentally2'4 for MnFg" and also confirmed by 
MS-Xa and Extended Hiickel calculations5 which demonstrate that lODq is proportional 
to R~n with n close to 5 for different transition metal complexes, irrespective of the nature 
of the halogen ligands. It must be emphasized that this procedure provides an accurate 
method for determining Mn-Cl distances since accuracies in lODq of 30 cm-1 would lead 
to accuracies in R of 3 x 10~3 Ä, thus improving the present EXAFS resolution. A salient 
feature of these R estimates concerns the high lattice relaxation around Mn2+ found in 
chlorides. If we denote by ARL the difference between the B-Cl distance in the host lattice 
and 2.525 Ä corresponding to the Mn-Cl distance in the pure NH4MnCl3 perovskite,6 it is 
found that the variation of R along the ABCI3 :Mn2+ series is AR = 0.18 ARL whereas 
AR — 0.30 ARL for ABF3 :Mn2+. This significant difference is likely due to the smaller 
compressibilities of the fluorides. 

As regards Table I, two important facts must be underlined: 1) Both Eem and Eex shift to 
lower energies upon increasing R according to the Tanabe Sugano diagram for d5 ions. 
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FIGURE 2    (Top): Thermal shifts of the 6Aig —► 4Xis excitation and the corresponding emission bands of 
KMgCb :Mn2+ in the 10-300 K temperature range. The shifts are calculated from first moment analysis and are 
taken zero at T=10 K. (Middle): Variation of the emission first moment of CsCaCl3: Mn2+ from 10 K to 300 K. 
The inset shows a magnification around the phase transition temperature, Tc = 95 K. (Bottom): Temperature 
dependence of the lifetime, r(T), for several ABCI3: Mn2+ crystals. The curves are fittings to the equation 
T(T) = r0T(?iw„/2KT). The r0 and huu parameters are given in Table I. 

2) This shift is quite different for emission and excitation, reflecting an increase of the 
Stokes shift, AES, upon increasing R. An R-dependence as AES oc R13 with ß = 10 is 
measured for the present systems while ß - 5 is found for MnFg" along the ABF3: Mn2+ 

series. Following the analysis of ref. 5, this difference can be explained on the assumption 
that the Grüneisen parameter associated with the totally symmetric vibrational mode, 
increases on passing from fluorides to chlorides. 

2) Temperature dependence of the peak energy and the lifetime. The spectra of 
Figure 1 show that the lODq-dependent 4Tjg and 4T2g excitation bands and the emission 
band shift to lower energies upon cooling, like it is expected for a reduction of R by 
thermal effects. However, it is worth noting that the emission thermal shift is about 5 times 
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higher than the corresponding excitation shift (Figure 2 and Table I). This behaviour which 
has also been found in MnFg" and other Mn pure- or doped compounds, is responsible for 
the good sensitivity exhibited by the emission bands to detect structural phase transitions 
of the host crystal. Previous studies carried out on RbCaF3: Mn2+2 and RbCdF3: Mn2+7 

and TMA2MnCl4 
8 crystals confirm this fact. Furthermore, the emission thermal shift, 

AEem, increases almost twice on passing from KMgCl3: Mn2+ to CsSrCl3: Mn2+ (Table 
I). This difference is probably related to the higher thermal expansion coefficient of the 
MnCl£" complex in CsSrCl3:Mn2+. Such an interpretation is based on the fact that the 
room temperature Mn-Cl distance, R — 2.57 Ä, is far above the equilibrium distance for 
NH4MnCl3 and thus such a situation could facilitate a stronger reduction of R upon 
cooling. By contrast, smaller variations R(T) should be expected for KMgCl3: Mn2+ since 
R (300) is significantly shorter than 2.525 A. 

A noteworthy fact is the high values of AEem and AEex measured for CsCaCl3: Mn2+ 

(Table I). Such anomalous shifts are a consequence of the Prrßm —> lA/mbm phase 
transition (PT) undergone by this crystal at Tc = 95K.9 The occurence of such a PT is well 
detected through these spectroscopic tools, by the abrupt jump experienced by the slope 
dEem/8T around Tc (inset of Figure 2). Moreover, this jump (1.5 cm_1/K for 
CsCaCl3:Mn2+) is 6 times higher than those measured for RbCdF3 : Mn2+7 and 
RbCaF3:Mn2+2 in the Prrßm -»• 14/mem PTs at 124 and 193 K, respectively, and 
therefore reflects the strong influence of these PTs in the Mn2+ emission of MnClg". 

The different thermal shift observed for excitation and emission for all crystal is 
mainly related to the odd parity phonon assistance mechanism required to gain electric 
dipole intensity in centrosymmetric systems. This mechanism would shift ±HLJU the 
excitation (+) and the emission (-) bands at low temperature. The variation r(T) 
(Figure 2), following the equation: r(T) = T0Th(7iu;u/2KT), confirms that this mechanism 
is dominant for the present transitions. The fit Hu)u and r0 values for the studied 
crystals are given in Table I. Note that the effective phonon energy is close to the high 
energy odd parity modes of the MnClg" complex whereas r0 is significantly larger 
than those measured at low temperatures in other chlorides containing isolated- or 
exchange coupled-MnCl^" units in low symmetry sites such as the 1-D CsMnCl3(l ms)10 

and (CH3)4NMnCl3 (0.8 ms)11 or the 2-D CH3NH3CdCl4:Mn2+(12ms)12 and 
CH3NH3MnCl4(3.3ms).12 On the other hand, T0 is three times smaller than those 
measured in KMgF3 :Mn2+ and KZnF3 :Mn2+ 13. This reduction of the lifetime when F~ is 
replaced by Cl~, is likely associated with the lower energy of the odd parity charge transfer 
states in MnClg". Apart from the particular values of the vibronic coupling coefficients, 
the energy difference between the charge transfer states for chlorides and fluorides (about 
30000 cm"1 according to the optical electronegativity difference for F" and Cl" 14) could 
account for almost a factor 2 in T„. 
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PHOTO-EPR STUDIES OF ELECTRON AND HOLE 
TRAPPING BY [Fe(CN)6]4   COMPLEXES IN SILVER 

CHLORIDE 

M. T. OLM and R. S. EACHUS 

Eastman Kodak Company, Rochester, New York, USA 

[Fe(CN)6] "" was incorporated into silver chloride powders precipitated from aqueous solution with all six 
cyanide ligands intact. The most notable feature of this dopant was its amphoteric behavior, acting as either a deep 
hole trap or a shallow electron trap. The filled t2g orbital manifold of this complex lies below the Fermi level, 
which places the vacant eg levels well above the conduction band minimum. The trapping behavior of 
[Fe(CN)6] ~ was determined by whether or not it was closely associated with a charge-compensating silver ion 
vacancy. 

Key words: iron hexacyanide, silver chloride, hole-trap, EPR, vacancy, dopant. 

1    INTRODUCTION 

Small quantities of transition metal complexes are often used to control the behavior of 
photocarriers in the silver halide microcrystals that make up conventional photographic 
film. Electron paramagnetic resonance studies of the photodynamics of doped silver halide 
single crystals and microcrytals (photo-EPR) have been valuable in understanding these 
doped systems. 

Interest in the dopant [Fe(CN)6]4~ was initially sparked by the observation of hole- 
trapping by Fe2+ in AgCl single crystals and by the desire to reduce recombination 
inefficiencies in silver halide photographic systems.1,2,3 The studies reported here show 
that the trapping properties of the [Fe(CN)6]4" dopant are more complicated than initially 
supposed. 

2   EXPERIMENTAL 

Silver chloride precipitates were prepared doped with between 25 and 50 parts per million 
of K4Fe(CN)6-3H20, or, where noted K3Fe(CN)6. Some of these powders were treated 
with chlorine gas prior to examination by EPR. This treatment results in the injection of 
valence band holes and silver ion vacancies into the AgCl crystallites and was useful in 
assessing the hole-trapping propensities of the dopants. EPR studies were done with a 
Varian E-9 EPR spectrometer. Samples were irradiated in situ at 365 nm with the filtered 
output of a 200 W super pressure mercury lamp. The samples were irradiated at 
temperatures between 10 and 300 K. Irradiations below room temperature stabilized short- 
lived intermediates and shallowly-trapped carrier centers. 

3    RESULTS AND DISCUSSION 

After treatment with chlorine at room temperature or after irradiation with band gap light, 
an EPR spectrum was obtained, the overall intensity of which was dependent on the 
nominal [Fe(CN)6]4" dopant concentration (Figure 1). The EPR spectrum was made up of 
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FIGURE 1    EPR spectrum, measured at 20 K, produced by the room temperature, 365 nm irradiation of a 
[Fe(CN6)]4_-doped, AgCl powder. 

signals from four different paramagnetic species. The g-values measured for these centers 
are given in Table I. Although, no superhyperfine splittings were resolved, line broadening 
was detected in AgCl powders doped with [Fe(13CN)6]4~. This indicates that at least 
several cyanide ligands remained coordinated to each Fe2+ ion after incorporation. 
Indeed, given the high stability of the ferrocyanide ion in aqueous solution, it seems likely 
that all of the ligands remained associated during incorporation. 

The data listed in Table I are similar to those reported for [Fe(CN)6]3" centers in 
K3CoCNg and NaCl5 host lattices and support the assignment of the species observed to 
four structurally inequivalent [Fe(CN)6]3~ centers substituting in the lattice for [AgCfe] ~. 
The most likely structural characteristic that would distinguish these centers is the spatial 
distribution of charge compensating silver ion vacancies (V) around the dopant.6 Two 
silver ion vacancies are required for complete charge compensation. 

The single crystals necessary for complete structural studies could not be prepared, 
since [Fe(CN)6]4~ decomposes during high temperature growth. Nevertheless, some 
structural information is available from the powder EPR studies. Complex C (Figure 1) 
had a powder pattern characteristic of a center with axial symmetry and was therefore 
amenable to a molecular orbital analysis such as that described by Griffith.7 This showed 
that C was compressed along its symmetry axis. There are a limited number of 
arrangements of vacancies that would result in this distortion and following the arguments 
in reference 6, we can assign C to a [Fe(CN)6]3" complex with two next nearest neighbor 
vacancies (Vnnn) axially opposed along the [100] distortion axis. The species B was by far 
the most stable Fe3+ center. It was the sole center produced by direct doping with 
[Fe(CN)6]3~~; oddly, it was produced only in low yield by chlorination or irradiation 
compared to centers A, C, and D. This must be because B and A, C, D arise from different 
Fe2+V precursors. Since C (and therefore A and D) most likely arise from a Fe2+-Vnnn 
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Table I 
g Factors for [Fe(CN6)]

3~ Centers in AgCl 

Center gi g2 g3 gav 

A 2.565 (7) 2.348 (2) 0.566 (8) 2.035 
B 3.056 (0) 2.091 (0) (a) - 
C 1.607 (8) 1.607 (8) 2.098 (7) 1.787 
D 1.413 (0) 1.417(5) 2.417 (3) 1.812 
I 1.783  (0) 
E 2.289 (2) 2.091 (1) (a) - 

(a) Values not obtained experimentally 

precursor, B must result from a Fe2+-Vnn center (nn = nearest neighbor). Once hole 
trapping at either neutral center occurs, the positively charged product is stabilized by 
association with a second vacancy. 

Hole trapping at {[Fe(CN)6]4~ -V} occurs because the dopant introduces occupied 
energy levels into the AgCl bandgap. These levels are derived from the t2g orbital manifold 
of the [Fe(CN)6] ~ complex. Since the Fe3+ states were observed to be metastable, the 
levels derived from the t2g manifold must lie below the Fermi level. Since the ligand field 
splitting for the ferrocyanide ion far exceeds the bandgap energy of AgCl, the vacant eg 

derived dopant levels lie above the conduction band edge. Thus, the ferrocyanide 
complexes cannot act as a deep electron traps to produce [Fe(CN)6]5~. 

The exposure of [Fe(CN)6]4~-doped silver chloride powders to band-to-band excitation 
at temperature below 200 K produced a single, intense symmetric EPR line that has 
previously been assigned to electrons equilibrating between conduction band and shallow 
trap states.8 This line had a g-value of 1.8781 ± 0.0005 at 20 K. The g-value of the signal 
increased as the temperature was raised above 50 K and its linewidth narrowed from about 
1.5 mT at 13 K. to constant value of 0.15 mT above about 60 K. These spectral changes 
reflect the excitation of photoelectrons from shallow trap states to conduction band states 
as the temperature was raised. 

The intensity of the low-temperature EPR signal was dependent on the [Fe(CN) l4- 
6J 

concentration and thus must result from electron trapping at defects introduced by doping. 
Coulombic arguments would suggest that the shallow electron trapping centers are 
uncompensated [Fe(CN)6] ~ complexes. These nominally have a positive charge of +1 
with respect to the silver chloride lattice. The effective mass model predicts these traps 
would have a depth in AgCl of the order of 65 meV.2 

The presence of uncompensated [Fe(CN)6]4~ complexes was confirmed with the 
observation of a symmetric line at g = ± 0.001 in AgCl samples doped directly with 
[Fe(CN)6]3" and irradiated at 20 K. The [Fe(CN)6]3~ dopant was incorporated as a 
mixture of [Fe(CN)6]3" and [Fe(CN)6]4" states. The [Fe(CN)6]3" centers acted as deep 
electron traps at low temperatures and prevented electron trapping by uncompensated 
[Fe(CN)6] ~ centers. In the absence of recombination, the uncompensated [Fe(CN)6]4~ 
centers acted as hole traps. The high symmetry [Fe(CN)6]3~ center (I) so produced had a 
g-value close to the average g-value measured for the anisotropic, vacancy compensated 
[Fe(CN)6] ~ centers C and D. A new, anisotropic center, E, was also formed during low 
temperature exposure of [Fe(CN)6]3"-doped samples (Table I). This center is most likely 
a partially compensated {[Fe(CN)6]3" • IV} center produced by hole trapping at 
compensated [Fe(CN)6] ~ centers. Low temperatures quench ionic motion and 
compensation by a second vacancy was not possible at 20 K. Both E and I decayed on 
warming above 50 K. 
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Quenching of ionic motion at low temperatures also precludes the formation of atomic 
silver clusters (latent image). This extends the lifetimes of electrons associated with the 
shallow traps to the point where they can be detected by EPR. In doped samples exposed 
below about 150 K, the electron EPR signal at g = 1.8781 did not decay and 
photoconductivity was persistent. By analogy with the effects of other shallow electron 
trapping dopants (Pb2+ and Cd2+), the room temperature lifetime of the photoelectron, 
before its permanent removal to form latent image, will also be extended.9 

In summary, [Fe(CN)6]4~was incorporated into silver chloride powders and acted as 
either a deep hole trap or a shallow electron trap, depending on whether or not it was 
closely associated with a charge-compensating silver ion vacancy. Hole-trapping is 
expected to reduce losses from recombination in practical systems. Shallow electron 
trapping is expected to extend the photoelectron lifetime. Clearly, both must be considered 
when evaluating the photographic effects of the dopant [Fe(CN)6] ~. 
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SITE SELECTIVE SPECTROSCOPY OF Eu3+ AND 
Eu3+-Ho3+ DOPED GLASSES 
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A study of the optical properties of the Eu3+ ions in borate glasses and their correlation with the local environment 
of the ions is presented. From luminescence spectra and emission decay curves with narrow band excitation of the 
5D0 level, the Judd-Ofelt parameters are calculated as a function of the excitation wavelength. In codoped glasses 
the non radiative energy transfer process from Eu to Ho has been studied; the energy transfer parameter is also 
found to depend on the wavelength excitation. 

Key words: luminescence, site selective spectroscopy, Eu, Ho, borate glasses. 

1    INTRODUCTION 

Insulating materials doped with Rare Earth ions have been extensively studied by site 
selective spectroscopy in order to obtain precise information about the local environment 
of the ions. In these works the Eu3+ ion has been the predominant choice because the 
ground (7F0) and the lower emitting ( D0) levels are nondegenerate for this ion, then they 
are not splitted by the crystal field. 

The radiative transitions of the Rare Earths occurring in the 4f shell are parity forbidden 
for electric dipole processes. However, the electric dipole transitions, forced by the odd- 
parity terms of the crystal field, use to have larger probability than the magnetic dipole 
transitions. 

The electric dipole transition probabilities can be evaluated using the Judd-Ofelt (J-O) 
theory:1,2 

647r4e2 

3hA3(2J+l) AedK=^46 
v      £   QK |<|| U<K> ||> |2 

where QK represents the J-0 parameters and U^ are tensor operators of rank K. 
The physical meaning of the J-0 parameters is still not very clear but comparing values 

of these parameters for different materials it is found that fi2 depends strongly on the ion 
environment while Q4 seems to depend on long range effects.3,4 

In the emission spectra obtained exciting the 5D0 level the peaks corresponding to 
transitions to the different 7Fj levels are found. The 5D0 —>7 Fi transition is magnetic 
dipole allowed. For J — 2, 4 and 6 the transitions are electric dipole; for J = 2 the 
probability of the transition depends on tt2, for J = 4 on Cl4 and for J = 6 on Q6. 

The probabilities of the transitions from the 5D0 level to 7Fj levels can be evaluated 
with the lifetime of the 5D0 level and the areas of the emission peaks. With these 
probabilities the J-0 parameters can be obtained. 

We have used this method with measurements obtained with narrow band excitation all 
along the 7F0 —>5 D0 excitation spectra. By this way the dependence of the Judd-Ofelt 
parameters with the environment of the Eu is determined. 
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FIGURE 1    Inhomogeneous excitation profile of the transition 7F0 —>5 D0 at 10 K. Crystal field strength for 
different excitation wavelengths (D). 

2   RESULTS AND DISCUSSION 

The glasses used in this work were prepared with the starting composition in mol% 
66.6 B2O3 and 33.3 CaO and the concentration of Eu and Ho in the range from 0 to 2.5 
mol%. All the spectra have been recorded at 10 K in order to avoid the thermalization of 
the ground state 7F0  with the excited state 7Fi. 

Figure 1 shows the inhomogeneous excitation profile of the transition 7F0 —* 5D0. Also 
in this figure the crystal field strength related to the Eu3+ ions excited in different 
wavelengths is included. Details of these calculations were included in a previous work;5 

C2t, symmetry, which allows full splitting of the 7Fi and 7F2 levels,6 was assumed and the 
equations given by Lempicki et cd? were used; the obtained results, analyzed in the frame 
of the Brecher-Riseberg model,6 indicated the presence of sites in the full range from eight 
to nine coordinating oxygens. 

The lifetimes obtained with narrow band excitation to the 5D0 are showed in Figure 2. 
In spite of the known energy transfer process between Eu3+ ions, the results for 0.1 and 
2.5 mol% of Eu are similar. It is observed that the lifetime is shorter for ions with 
higher crystal field (See Figures 1 and 2). 

In Figure 3 the J-0 parameters CI2 and ^4 for different excitation wavelengths are 
given. A clear correlation is observed between the dependence of fi2 on the wavelength 
and the behaviour found for the crystal field strength. Although no definitive conclusions 
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FIGURE 2   Lifetime of the 5D0 level in Eu3+ doped glasses (■) and CDA in Eu3+-Ho3+ codoped glasses (O) for 
different excitation wavelengths. 

can be obtained about fi4 due to the dispersion presented by the results, these are 
compatible with the expected scarce dependence on excitation wavelength. 

In samples codoped with Eu and Ho the decay curves of the emission from the 5D0 

level have been fitted to the kinetic model of Inokuti-Hirayama.8 In Figure 2 the values 
obtained for the energy transfer parameter CDA as a function of the excitation wavelength 
are given. The behaviour is the expected considering the dependence of this parameter 
with the transition probabilities and the overlap between the emission of Eu3+ and the 
absorption of Ho3+. 

In conclusion, in the studied glasses of the Eu3+ ions seem to occupy a continuum site 
distribution. The sites are characterized by different transition probabilities and, as a 
consequence, by different values for the J-0 parameter Q2; a correlation between this 
parameter and the crystal field strength is found. In glasses codoped with Ho3+ the 
parameter CDA for energy transfer from Eu3+ to Ho3+ also has different values for Eu3+ 

ions in different sites. 
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THERMOLUMINESCENCE OF BRAZILIAN TOPAZ 
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Thermoluminiscence measurements were performed on samples of yellowish Brazilian Topaz from Acari, MG. 
Virgin samples revealed peaks 2 and 4 at about 150 and 300°C, respectively, while in samples with extra dose of 
7-rays, we observed another peak at 80°C. When topaz samples were thermally treated, peak 4 vanished and peak 
3 at about 180°C, became visible. Isothermal decay of peak 2 performed on virgin samples showed that peak 3 is 
present on this samples too. The spectra of the first 3 peaks are very similar in the range of 350 to 500 nm 
indicating that the recombination processes related to these 3 peaks could be the same. The dose dependency of 
the TL intensity of the first 3 peaks was mesured from 0.5 to 400 Gy and it seems to start saturating above 400 Gy. 

Key words: Thermoluminescence, Topaz, spectra of TL peaks, thermal treatment, dose dependency. 

1    INTRODUCTION 

Topaz [(A1(F, OH))2Si04] is a very stable aluminum silicate mineral with a well-ordered 
orthorhombic crystalline structure with hardness exceeded only by corundum and 
diamond. Topaz crystals are normally transparent ranging from colorless to pale colors. 
The first work employing Thermoluminescence (TL) in this material was done by Moss 
and McKlveen1 with samples collected in the Topaz Mountain, Utah, USA. Azorin et. al.2 

found that their Topaz from Mexico has a TL response with radiation dose of about 100 
times higher than other natural silicates such as Amethyst and Aventurin although it is 
lower than the commercial TLD-100 dosimeter. Both works found only two TL peaks 
ranging from 140 to 170°C, for the first one, and 300 to 340°C, for the second. On the 
other hand, Ferreira Lima et. al? observed 4 TL peaks in their Brazilian Topaz from 
Governador Valadares, MG. The fade of the TL emission was only 25% of the initial TL 
signal after a period of time as great as 400 days at room temperature2 and the main 
decrease was found to take place within the first day of storage. Apart from these very 
general results concerning the potentially dosimetric application, there are no other 
significant study with Topaz and most of its properties are still to be discovered. The 
mechanism of the thermoluminescence of this material was not studied and the features of 
the TL emissions are not completely tabulated yet. 

The aim of the present work is to study the main characteristics of the 
thermoluminescent emission of the Brazilian Topaz from Acari, MG. The number of 
TL peaks in untreated and thermally treated samples was studied as well as the spectra and 
the dose dependencies of the peaks of the thermally treated samples. 

2   EXPERIMENTAL 

Topaz samples were obtained from Acari, MG, Brazil. The samples were powdered from 
yellowish stones and only the grains between 0.075 and 0.149 mm were used. Irradiation 
was performed with 7-rays from a ^Co source. The TL emission was investigated in three 
groups of samples: group A, the virgin samples, group B, virgin samples with additional 
doses and, group C, samples that received thermal treatment and then were submitted to 
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FIGURE 1    TL glow curve of the virgin (A), virgin plus extra dose of 7-rays (B) and thermally treated plus 
irradiated (C) samples. 
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FIGURE 2   Dose dependencies of the peaks 1, 2 and 3 of the thermally treated samples (C). Saturation seems to 
start only above 400 Gy. 
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different doses of radiation. The thermal treatments of the C samples were performed in an 
open-air oven at 400°C for 1 h followed by a quenching back to room temperature. 
Samples of the C group were irradiated with doses from 0.5 to 400 Gy and the samples in 
group B received artificial doses ranging from 100 to 400 Gy. 

The TL measurements were performed on a home-made TL reader from room 
temperature up to 450°C. For the measurements of the TL spectra, a monocromator was 
attached before the photomultiplier and the measured TL intensities of the peaks were then 
corrected to take into account the spectral response of the photomultiplier and the 
monocromator. 

3    RESULTS AND DISCUSSION 

Figure 1 shows the TL glow curve of the A, B, and C samples. Comparing the A and the B 
samples, it could be seen that peak 1, at about 80°C, had vanished in the virgin sample due 
to the thermal decay at room temperature. On the other hand, for peak 4, at about 300°C, it 
was not observed and changes after an extra dose of 100 Gy. Peak 2, at about 150°C, was 
enhanced by a factor of two due to this extra 100 Gy dose of 7-ray of 60Co. 

When a virgin sample of topaz is irradiated with a laboratory dose, the traps related to 
the first peak is strongly populated again since these traps were all empties. The traps of 
peak 2 are partially filled so the enhancement of this peak is less pronounced. There are 
two possible reasons that could explain the behavior of peak 4. The natural dose is enough 
to saturate this peak and additional doses do not cause any change or the capture cross 
section of the carriers in the traps associated to this peak is much lower than the 
corresponding value for the other peaks. 

Comparing the TL glow curve of the A and the C samples, one sees that, apart from the 
increase in the intensities of the peaks 1 and 2, peak 3, at about 180°C, appears quite 
intense while peak 4 vanished indicating that the thermal treatment of the topaz at 400° C 
for 1 h. changed the relative concentration of the traps associated to the TL peaks. 

The Topaz samples of Moss and McKlveen1 from the Topaz Mountain, Utah, USA 
showed only two peaks at 140°C and 300°C, while in the samples of Azorin et al.,2 

obtained from different parts of Mexico, the two peaks were at 180°C and 300°C. Ferreira 
Lima et al.3 found four peaks at 100°C, 130°C, 200°C and 250°C in their samples of topaz 
from Governador Valadares, MG, Brazil. The TL emission of our samples revealed 4 
peaks. These differences in the TL emission of topaz are related to the origin of the 
samples and consequently to the impurities that can be different from one sample to 
another. 

In Figure 2, it can be seen the dose dependence of the peaks 1, 2 and 3 of the C samples. 
For these three peaks, the intensities increased with the dose not linearly and we observed 
that it seems to start saturating only above 400 Gy. 

Figure 3 shows the spectra of the first 3 peaks of the samples in group C submitted to a 
dose of 200 Gy. The spectra of these peaks are very similar displaying several maxima 
between 330 to 550 nm. This indicates that recombination of carriers is happening in more 
or less the same way for peaks 1, 2 and 3. 

Isothermal decay of peak 2 of the A samples, showed that, after 10 minutes at 150°C, 
peak 3 became visible revealing that even in the virgin sample this peak exists but hidden 
by peak 2. Figure 4 shows the TL glow curve of a virgin sample after the isothermal decay 
of peak 2 at 150°C for 10 min. The difference in peak 3 from the virgin to the thermally 
treated samples is only on its relative intense compared to peak 2. 
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FIGURE 3    Spectral response of peaks 1, 2 and 3 of the thermally treated samples (C). Vertical axis represents 
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FIGURE 4 TL glow curve of a virgin sample after submitting peak 2 to a isothermal decay at 150°C for 10 min. 
The original virgin sample TL is also shown for comparison. It can be clearly seen the presence of peak 3 in the 
virgin samples too. 

4   CONCLUSIONS 

From these results it is possible to conclude that: i) There are at least 4 traps related to 
these 4 peaks in topaz; ii) Thermal treatment of the topaz samples seems to modify the 
original distribution of traps since peak 3, that is not clearly visible in the virgin sample, 
increases while peak 4 vanishes, and iii) Since the spectra of the first 3 peaks are very 
similar, the recombination seems to take place in a similar way for these peaks probably 
related to the same group of luminescence centers. 
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Pure and europium-doped CaS powders prepared by the alkaline polysulfides flux method were submitted to 
grinding and the effect was studied by ESR. The fine structure evolution of Mn2+ present as natural impurity has 
shown that the local order in CaS particles is strongly disturbed by grinding. The ESR signals of F+ centers 
induced by grinding can be easily separated from other signals using a 90° out-of-phase detection. A scheme is 
proposed involving the formation of neutral sulfur vacancies (F centers) and their consecutive reaction with Cr3+, 
Eu3+ or hole centers initially present in CaS to form F+ centers. Evolution of F+ centers and formation of new 
paramagnetic species after thermal treatment in air are studied. The possible cause of the strong decrease of Eu2+ 

fluorescence intensity after grinding is discussed. 
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1    INTRODUCTION 

Calcium sulfide powders are known for their relatively good photo and cathodolumines- 
cence properties when doped with activator ions.1'2 For instance, CaS doped with Eu2+ 

which presents a strong red fluorescence near 645 nm has a potential application as 
phosphor in TV cathode tubes. However the application of mechanical stress (grinding or 
pressing) to europium-doped CaS powders induces a strong decrease of their luminescent 
efficiency. Such behavior may be a serious drawback during phosphor powders pro- 
cessing. In this work we have investigated by Electron Spin Resonance (ESR) 
paramagnetic centers in europium-doped or non-doped native and ground powders. The 
evolution of grinding induced centers after thermal treatment in air is presented. 

2    EXPERIMENTAL PART 

CaS powders are elaborated by the alkaline polysulfides flux method.3"5 Calcium 
carbonate is mixed with sodium or potassium carbonate and an excess of sulfur. For 
europium doped powders, EU2O3 is initially mixed with CaC03 (Eu 0.1 mol. %). The 
mixture is then heated at 1273 K during 2 hours. After slow cooling, CaS microcrystals of 
10-20 /im diameter and very good crystalline quality are separated from alkaline 
polysulfides by washing with water.5 Depending on chemical composition of the flux 
(Na2Sx or K2SX), CaS powders will be noted hereafter CaS(Na) or CaS(K). Native 
powders were ground during 30 min using an attrition apparatus with zirconia balls and 
anhydrous ethanol. During this process a strong H2S smell indicates departure of sulfur 
and the color of undoped powders changes from white to pink. Ground powders are 
constituted of irregular and agglomerated particles with a mean diameter smaller than 
7 ^m. Atomic absorption analysis of native products indicates that sodium content ranges 
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FIGURE 1    ESR spectrum at 110 K of CaS(Na) powder. Microwave frequency v = 9.43 GHz. Microwave 
power P = 2 mW. (a) native powder (b) ground powder. 

between 0.16 and 0.23 mol. % for CaS(Na) whereas potassium content is lower (0.09-0.12 
mol %) for CaS(K). Moreover about 1 ppm mol. of chromium and manganese are present 
as natural impurities. ESR spectra were recorded using an X-band (v = 9.4 GHz) 
spectrometer operating in the range 20K < T < 300 K. Isothermal and isochronal thermal 
treatments of native and ground powders have been essentially performed in air. 

3    RESULTS AND DISCUSSION 

3.1 Paramagnetic defects in native powders 

ESR spectra of native undoped CaS(Na) and CaS(K) powders are very similar. Figure 1(a) 
shows an example of a spectrum of CaS(Na). The six intense hyperfine lines separated by 
about 8 mT and centred near the free electron g factor (ge) are characteristic of Mn2+ ion. 
Moreover the very well resolved fine structure shows that Mn2+ ions are located in very 
regular octahedral sites.6 This fine structure is very sensitive to local disorder around Mn2+ 

which can be considered as a local order probe in CaS grains. 52Cr3+ and 53Cr3+ ESR lines 
centered near g = 1.983 are also observed (Figure la). Moreover two other lines located at 
g = 2.016 and g = 2.036 are observed at low temperature and high microwave power. 
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FIGURE 2 ESR spectrum at 300 K of europium doped CaS(K) powder. Microwave frequency v = 9.43 GHz. 
Microwave power P = 2 mW. (a) native powder (b) ground powder (in-phase detection) (c) ground powder (90° 
out-of-phase detection). 

These signals may be attributed to a hole trapped in the p orbitals of sulfur ions 
surrounding a cationic defect (a calcium vacancy or a monovalent cationic impurity). ESR 
spectra of native europium doped CaS(Na) and CaS(K) are totally different. In the case of 
CaS(K) a strong multicomponent ESR signal associated with 151Eu2+ and 153Eu2+ is 
observed7 (Figure 2a). For CaS(Na) almost all europium ions are in the diamagnetic 
bivalent state. Change of europium valence state with alkaline flux nature has been 
explained by the ease of Na+-Ca2+ substitution and charges compensation phenomena.8 

3.2 Paramagnetic defects in CaS ground powders 

The Mn2+ fine structure is suppressed by grinding (Figure lb), which indicates the 
occurrence of a crystal field disorder in Mn2+ environment attributable to vacancies and 
dislocations generated during mechanical stress. This feature is accompanied by the 
growth of a relatively strong ESR line at about the free electron spin ge value (Figures lb, 
2b). This signal, which saturates at high microwave power, can be easily isolated from 
other signals (Mn2+, Cr3+, Eu2+) using a 90° out-of-phase detection (Figure 2c). This 
feature indicates that the relaxation time T2 of the grinding induced center is very long 
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FIGURE 3    Partial view of the ESR spectrum at 20 K of CaS(K) ground powder heat treated in air at 923 K 
during 2 hours. Microwave frequency v = 9.44 GHz. Microwave power P = 2.1(T3mW. 
(a) experimental spectrum (b) total simulated spectrum (c) (d) simulated spectra of SO^(l) and SOj(2) 
respectively. 

(T2 m 5.10"6s). The latter has been attributed to a F+ center9 (a single electron trapped in 
a sulfur vacancy) at a concentration of about 30-40 ppm. After grinding, Cr3+ and hole- 
center lines completely vanish (Figure lb), which indicates that they have captured an 
electron. Moreover in the case of europium-doped CaS(Na), Eu2+ ions concentration 
increases, which shows that Eu3+ ions have been partially reduced. All these features 
imply that the primary defects induced by grinding are neutral F centers. F+ centers are 
formed by the following reaction: F + An+ -» F+ + A(n-1'+ where An+ represents Cr3+, 
Eu3+ or hole centers. Sulfide vacancies with two trapped electrons (F centers) are supposed 
to be formed along dislocations or new surfaces following sulfur departure and then to 
diffuse inside particles where they can react with An+ giving F+ centers. 

3.3 Thermal treatment in air of CaS ground powders 

ESR spectra of CaS ground powders strongly change after thermal treatment. For CaS(Na) 
and CaS(K), the F+ line rapidly decreases in intensity (and vanishes after about 10 min at 
723 K) and is progressively replaced by two multicomponent signals noted F<t(l) and 
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Fg (2) (Table I). Due to the fact that these signals are observed by 90° out-of-phase 
detection, they can be attributed to surface F+ centers originating from the diffusion of 
bulk F+ centers. F^ centers then react with oxygen, forming 0~ centers which in the case 
of CaS(Na) can be stabilized with Na+ ions forming neutral (0~, Na+) centers at 723 K 
(Table I). At higher temperatures (T > 973K), where CaS ground particles have been 
partially oxidized into CaSO^ two new multicomponent hole-center signals are detected at 
the same time for CaS(Na) and CaS(K) (Figure 3). We attribute these signals to 
paramagnetic SOj type centers in CaS phase (Table I). They are probably intermediate 
species formed when CaS is progressively transformed into CaS04. After thermal 
treatment (T = 723 K), luminescent properties of europium doped ground powders are 
partially restored and the pink color of undoped ground powders is bleached. The decrease 
of europium fluorescence intensity upon grinding can be partly due to competition towards 
optical absorption between europium ions and grinding induced centers (F and F+), and to 
a killing effect of these centers upon Eu2+ emission. 

TABLE I 
Paramagnetic centers generated by grinding (F+), followed by a thermal treatment in air (F^(l), Fit(2), (O", 

Na+), SO2 (1), SOj (2)) of undoped ground CaS powders 

Center F+ FJ(1)                 F+(2)             (0-, Na+)         S02"(1)             S02~(2) 

g factor 
g = 2.003(1) g// = 1.997(0)   g// = 1.995(5)  gx = 2.015(5) gx = 2.004(7)  gx = 2.006(5) 

g± = 2.000(4)    gx = 2.001(7)   gy = 2.017(0) gy = 2.010(1)  gy = 2.010(5) 
gz = 2.001(2) gz = 2.002(0)  gz = 2.002(0) 
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Thermally stimulated depolarization current (TSDC) measurements of CaF2:Cu+ samples show three different 
dipolar relaxation bands, with temperature peaks at 52, 144 and 187 K. The two higher temperature bands are 
more intense and reveal the presence of Cu+ in probably two different lattice sites. The band at 144 K suggests it 
is related to the Cu+ off-center effect, observed through an optical absorption at 328 nm, and it is likely 
temperature independent. To this Cu+ off-center effect it is also associated an impurity-vacancy defect, that result 
from needed charge compensation in CaF2. The observed TSDC band at 187 K is attributed to Cu^-Ff pair, 
both ions in interstitial positions. The weakest TSDC at 52 K is assumed to be from a low un-intentional Mn2+' 
doping, sitting in an off-center substitutional position. It is proposed a model to explain the several positions 
available for the substitutional Cu+ that response for the TSDC result. 

Key words: Alkali halides, Calcium Fluoride, Copper impurity, Dielectric relation. 

In an earlier work1 it was shown through optical absorption measurements that Cu+ ion 
occupies an off-center position in CaF2 crystal. The ultra-violet optical absorption 
spectrum, from 260 to 385 nm, show three bands, which are attributed to the 
Cu+ 3d10 -> 3d94s transition. The two main bands, at 301 and 328 nm, result from 
'A^d10) -> 'E(d94s) and ^d10) -> »Tz^d^s) transition, respectively. The weakest 
band, at 357 nm, is attributed to the spin forbidden 'A^d10) -> 3T2(3d94s) transition. No 
temperature dependence is observed for integrated absorption bands, as measured from 
LHeT to RT, which clearly show the off-center effect behavior. Since to the off-center 
effect is associated an electric dipole, it has an Arrhenius relaxation for classical system 
and can be investigated through the TSDC technique. 

The present work reports the electric dipole relaxation of CaF2:Cu+ as investigated 
through TSDC technique, reinforcing the off-center behavior deduced from the optical 
measurements as also propose the possibility for Cu+ to be in an interstitial position in 
CaF2. 

Figure 1 shows a typical TSDC spectrum of CaF2:Cu+. It is observed three different 
relaxation bands at 52, 144 and 187 K. Each of these bands is well fitted with singular 
TSDC curve, by using the Prakash method.2 The lowest temperature TSDC band is related 
to the non-intentional Mn2+ doped impurity in an off-center substitutional configuration 
for Ca2+ as shown in Figure 1(a). This un-intentional impurity is commonly present in 
fluorides crystals and its presence in CaF2 crystal is detected through electron 
paramagnetic resonance (EPR) measurements. The activation energy for this band is 
0.14 eV. Going up to higher temperature, two additional TSDC bands indicate the 
presence of Cu+ ions in two different position. The correlation between TSDC and optical 
absorption1 results, suggest that the 144 K TSDC band, of higher intensity, is due probably 
to the electric dipole that results from the Cu+ off-center defect associated to an impurity- 
vacancy defect as shown in Figure 1(b). The activation energy for this band is 0.42 eV. 
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FIGURE 1    TSDC as a function of temperature measurements, (a) MN2+ off-center, (b) Cu+ off-center with a 
vacancy defect at 144 K and (c) Cuf-Fr at 187 K. 
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the CaF2 crystals. 
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It is usual to observe that for Cu+ doped in alkali halides, the off-center effect only 
exists when the substitutional ion has a larger ionic radii, and usually the electric dipole is 
larger when TSDC's bands appears at higher temperature, as it is when compared with 
NaCl, KC1 and RbCl host crystals. For NaCl, Na+ has an ionic radii of 0.97 A which is 
close to 0.98 Ä from the Cu+ ion. In this host the Cu+ is identified as to be in an on-center 
position, where no TSDC band is observed. While for KC1 and RbCl it is observed, since 
K+ and Rb+ ionic radii are 1.33 and 1.47 Ä respectively. In the present case Cu+ 

substitutes Ca2+, which ionic radii is 0.99 Ä and is also close to the Cu+ ionic radii. But it 
is necessary to have charge compensation in CaF2, that means there must be an anionic 
vacancy close to the Cu+ ion. To agree with the optical absorption measurements, where it 
is observed a temperature independence behavior of the Cu+ oscillator strength, it is 
assumed the Cu+ ion is also displaced from the substituted Ca2+ site. Both assumptions 
suggest we have two superposing electric dipole system, one due to the impurity-vacancy 
defect and another from the off-center effect. The vacancy allows the Cu+ ion to have a 
strong off-center effect, which also agrees with the strong absorption band shift to 328 nm 
and also the higher TSDC band temperature at 144 K, which usually features the 
absorption band at below 280 nm and the TSDC band is at below 100 K in several alkali 
halide host material. 

The third TSDC band at 187 K, which is of smaller intensity than the one at 144 K, is 
attributed to another defect formed from an electric dipole between F~ and Cu^, both in 
interstitial positions as shown in Figure 2. The calculated activation energy was 0.63 eV. 
This type of dipole formation has been already studied forLi+, Na+, K+ and Rb+ 

doped CaF2.
3'4 In both references the off-center effect was not taken into account for 

electric dipole relaxation, but only impurity-vacancy and interstitial ions. The present 
sample is unique in showing, both defects together. All the impurities mentioned before 
have no optical absorption, and it is possible that these impurities should be sitting in an 
off-center position together with impurity-vacancy defect. 
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It is shown that the photostimulated luminescence of the KBr-In crystal at room temperature preliminary 
irradiated in the exciton absorption band arise from three types of close defect pairs. The stimulation spectra a for 
each pair are investigated. It is shown also that one of these three kinds of defect pairs is {F, In2+}, whereas two 
other pairs have the electron centre of more complicated nature. It is demonstrated that the KBr-In is an effective 
radiation storage material for both UV- and X-irradiations. 

Key words: Alkali halides, photostimulated luminescence, color centers, F-center, storage phosphors. 

1    INTRODUCTION 

In recent years the photostimulated luminescence (PSL) has the great attention of many 
scientists because of their application for radiation imaging.1'2 For this purposes, a variety 
of the different PSL phosphors, such as BaFBnEu, RbBr-Tl,3 KBr-In4 etc have been 
considered. 

In our recent papers4-6 it was shown that {F, In2+} defect pairs, which are responsible 
for the distinctive PSL, are produced under the exciton-band excitation. Furthermore, 
when the number of the exciton-created photons is less than 5.0 x 1013 photons/cm2 only 
the {F, In2+} pairs are formed. In order to excite the PSL of the {F, In2+} pairs, the crystal 
has to be illuminated with light into the F band. As a result, the F center electrons are 
excited and captured by the nearby In2+ centers. This electron transfer from F* to In2+ 

results in the PSL of In+ luminescence (420-530 nm).4 6 

This paper concentrates on the new PSL properties of a KBr-In crystals proposed for 
UV-4 and X-ray radiation imaging.4'7 

2   EXPERIMENTAL 

Experimental details were presented earlier for the case of UV irradiation in4-6 and for 
X-rays in7'8. 

3    RESULTS AND DISCUSSION 

In order to investigate the PSL process after the optical creation of the anion excitons, we 
measured carefully the kinetics of PSL under constant F-light stimulation. As it was shown 
in4-6 the PSL of the {F, In2+} pairs is exponential in time. This process can be written 
schematically as 

{F, In2+} + hi/« - {va+, (In+n - {v+, In+} + h^n+ (1) 

where v+ is the anion vacancy. The appropriate stimulation spectrum is presented in 

[623J/125 
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FIGURE 1    Stimulation spectra (in terms of optical absorption cross-section as a function of the stimulating light 
energy) of the middle and slow components of the PSL. 
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FIGURE 2   Dose dependence of PSL of KBr-In accumulated under UV light (A = 195 nm). PSL lightsums 
magnitude obtained according to a squared signal-to-noise ratio ip24. 

Figure 1. It is similar to the earlier published F-band absorption spectra. Next we have 
found that the PSL appearing after large dose (D > 5 x 1013 photons/cm-3) is the 
superposition of three exponential components, {F, In2+} pairs define the middle of them. 
The spectral distribution of the absorption cross-section <x of the slow component (Figure 
1) looks like the M-centre absorption. It is well known that the F band covers the spectral 
region of the transition of the M and R centers. In the case of KBr, the M band includes the 
M2 and M2' - transitions (EM2 = 1.990 eV, EM< = 2.006 eV, AE = 0.016 eV). Estimation 
of the the aMl gives the values of order 1.0 10"16 cnr2. From the stimulation spectra 
(Figure 1) it follows that there are two most pronounced bands; Ei = 1.87 eV and E2 = 
2.08 eV having <712 = 1.05 10"16 and 1.3 10"16 cm2, respectively, These a values are in a 
good correspondence with the above-mentioned estimation of erM2values. The estimated 
oscillator strengths of the Ei and E2 bands are fi = 0.14 and f2 = 0.17 with good 
correspondence with data.8 Thus we can conclude that the slow component of the PSL of 
KBr-In crystals is due to {M, In2+} pairs and this process can be represented schematically 
as 

{M, In2+} +h^st -> {M*, In2+} -> {F+, (In+)*} {F:+ 
2 ' In+} +hz/In+ (2) 
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The origin of the shortest component of the PSL decay is not so obvious. Appearing under 
large irradiation doses these centers may have a complex structure. They could be the R 
centers as well as the F centers perturbed by some defect. The component has a spectrum 
shifted to the shortwavelength side to 0.1 eV compared with the F band. The pairs 
responsible for the shortest component will be designated as {DF, In2+}. Thus we have 
concluded that the PSL of KBr-In crystals preliminary irradiated in the exciton 
fundamental absorption is due to three types of the close defect pairs, such as 
{M, In2+} and {DF, In2+}, in which center-to-center recombination occurs. Recently we 
show that the resulting {V+, In+} pairs may be converted again into the {F, In2+} pairs 
under the C-absorption band irradiation accompanied with the optical ionization of In+ 

ion. The electron capture by the Coulomb field of the near anion vacancy leads to the 
restoration of the {F, In2+} pair.6 The same is true for the {DF, In2+} defects, but not for 
the {M, In2+} ones. The last fact can be explained by the thermal unstability of the Fj 
centre at RT. It should be noted that in the case of C-band irradiation the main part of the 
PSL decays in accordance with the hyperbolic law. As such irradiation leads to the optical 
ionization of impurity In+ ions, the released electrons are captured by the Schottky 
vacancies, thus creating the F centers. Schottky vacancies are randomly distributed (at least 
in virgin samples !) as well as the F and In2+ centers are. The kinetics of the F-destruction 
of such randomly arranged F and In2+ centres differ considerably from that of {F, In2+} 
pairs.5'6 

In conclusion, in Figure 2 we demonstrate that KBr-In is an effective UV radiation 
storage material with a wide dynamic range. A direct proportionality of the PSL intensity 
to X-ray exposure have been recently established over a wide dose range, viz. from 6 10~8 

to 30 R at 44 kV voltage,7 that is definitely the outstanding property and is much better 
then that, reported for BaFBr-Eu.9 The comparison of the stimulation energies of 
numerous storage materials also showed the advantage of the KBr-In.10 

The research described in this publication was made possible in part by Grant LB2000 
from International Science Foundation. 
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The non-resonant energy transfer Yb -> Tm in indium based fluoride glasses has been studied in the temperature 
range 10-300 K. The transfer parameters donor-donor and donor-acceptor have been calculated from the kinetic 
models and from the Miyakawa-Dexter model. It is concluded that processes with 1, 2 or 3 phonons participate in 
the energy transfer. The mechanism and the efficiency of the up-conversion Tm3+ emission at 800 nm are 
investigated. 
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1    INTRODUCTION 

Optical properties of heavy metal fluoride glasses doped with rare earth ions have been 
intensively studied due to the high quantum efficiencies observed in these materials. The 
Tm3+ ions present an emission at 1.8 /mi, which is a good candidate for the development 
of solid state lasers in the 2 /xm range, and also present an emission at 800 nm which 
coincides with the window of the silica optical fibre. In a previous paper1 we studied the 
luminescence of Tm3+ ions by direct excitation of these ions in indium based glasses. In 
this work we extend the study to glasses with the same composition but codoped with 
Tm3+ and Yb3+ in order to excite the Tm3+ ions by energy transfer from Yb3+ ions. 

2    EXPERIMENTAL 

The samples used in this study were prepared with the following starting composition in 
mol%: (40-x-y) InF3, 20ZnF2, 20SrF2, 20BaF2, xTmF3 and yYbF3, with x and y in the 
range 0-2.5. 

Emission spectra were obtained by exciting the samples with light from a 300 W Xe arc 
lamp passed through a 0.25 m double monochromator. Fluorescence was detected with a 
photomuitiplier for the visible and with a silicon avalanche photodiode for the near 
infrared range. Emission spectra were corrected by the system spectral response. Emission 
decays were measured by modulating the exciting light with a mechanical chopper and 
using a digital storage oscilloscope controlled by a personal computer. 

For low temperature measurements a continuous flow cryostat was utilized in the range 
from 10 K to room temperature (RT). 

3    RESULTS AND DISCUSSION 

The RT absorption and emission spectra in the near infrared range of a sample with 
2.25 mol% of Yb3+ are shown in Figure 1; also are included the energy level diagrams of 
the Yb3+ and Tm3+ ions. 
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FIGURE 1    Energy levels of Yb3+ and Tm3+ ions. Absorption ( ) and emission (—) spectra of a single 
doped sample with 2.25 mol% of Yb3+. Absorption spectrum ( ) of a single doped sample with 2.5 mol% of 
Tm3+. All the spectra were obtained at RT. Up-conversion mechanism is depicted. 

In glasses single doped with Yb3+ the lifetime of the emission at 975 nm increases with 
the concentration due to an efficient radiative energy transfer. For low concentrations of 
Yb3+ (0.1 mol%) this effect is not appreciable and we obtain a lifetime of 1.66 ms. No 
temperature dependence of this parameter between RT and 10 K is observed. 

In Figure 1 is also included the absorption spectrum of the 3H6 —>3 H5 transition of 
Tm3+, the absorption peak is close to the emission from the 2F5/2 level of Yb3+. As a 
consequence in samples double doped nonradiative energy transfer Yb3+ —> Tm3+ is 
observed corresponding to the following process: 

Yb3+(zF5/2),Tm3+CH6) ^ Yb3+C!F7/2),Tnr,+ (JH5) 

With low concentration of Yb3+ (0.1 mol%) the energy migration is negligible and a good 
fitting of the emission decay curves to the Inokuti-Hirayama formula,2 assuming dipole- 
dipole interaction, is obtained. The calculated energy transfer parameter CDA does not 
depend appreciably on the Tm3+ concentration, a mean value of 2.0* 10~41 cm6s~1 is 
obtained at RT. This result is similar but lower than that obtained by Chamarro and Cases 
(2.9*10~41 cm6s_1) for fluorohafnate glasses.3 In Figure 2 the dependence of this 
parameter with the temperature is presented, an appreciable decrease is observed under 
150 K. 

In Figure 2 are also shown the values of CDA estimated with the Miyakawa-Dexter 
model4 for nonresonant energy transfer considering 1, 2 or 3 phonons of 500 cm-1, which 
corresponds to the maximum energy phonons in these glasses. These values of CDA 

decrease when the temperature is increased due to the decreasing of the overlap integral of 
the donor emission and the shifted acceptor absorption. The values of CDA obtained for 0 
or 4 phonons are much more lower. The disagreement between these results and those 
obtained from the emission decay curves is not too large taking into account the 
approximations involved in the models, it is concluded that the transfer Yb3+ —> Tm3+ is 
non-resonant with participation of processes with 1, 2 or 3 phonons. 
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FIGURE 2   Energy transfer parameter CQA obtained from the fits of the decay curves (•) and from the 
Miyakawa-Dexter model for different number of phonons with energy of 500 cm-1 (■). 

For Yb3+ concentrations of 0.75 and 2.25 mol% the energy migration is appreciable 
and a better fitting of the emission decay curves is obtained with the diffusion model by 
Yokota-Tanimoto.5 The mean values obtained for the diffusion parameter D at RT are 
2.2*10~12 and 2.7*10-" cmV1 for 0.75 and 2.25 mol% of Yb3+ respectively. The 
energy transfer parameter donor-donor CDD» calculated from the diffusion parameter 
assuming dipole-dipole interaction among donors, is given in Figure 3 in the range 
10-300 K. In this figure also the parameter CDD calculated with the Miyakawa-Dexter 
model is presented. Only a moderate agreement is again observed between the kinetic and 
the Miyakawa-Dexter model. 

Up-conversion luminescence of Tm3+ at about 800 nm (3H4 —>3 HO) is observed when 
Yb3+ ions are excited in codoped glasses. The dependence of this up-conversion emission 
on the excitation intensity indicates that the process involves two photons. Moreover, a 
quadratic dependence of the up-conversion intensity upon the Yb3+ concentration is 
observed. It is concluded that the up-conversion mechanism involves double excitation of 
Tm3+ by sequential energy transfer from Yb3+ ions. This mechanism is depicted in Figure 
1. The up-conversion efficiency is almost constant from RT down to 100 K, like it was 
observed in fluorohafnate glasses,6 and then decreases appreciably. This behaviour is in 
agreement with the similar temperature dependence of the energy transfer parameters 
obtained from the kinetic models. 
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FIGURE 3    Energy transfer parameter donor-donor CDD obtained from the fits of the decay curves (•) and from 
the Miyakawa-Dexter model for resonant energy transfer (■). 
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Thermoluminescence studies are carried out on samples in powder form of U2B4O7 doped with Cu or Eu 
impurities. Results concerning U2B4O7 :Cu are found in agreement with data in the literature and show that the 
emitting defects are of intrinsic nature. In Li2B407:Eu a further emission is attributed to extrinsic aggregate 
centres. 

Key words: Thermoluminescence, Dosimetry, U2B4O7. 

1    INTRODUCTION 

There is a continuous search for materials showing thermoluminescence (TL) to be used in 
radiation dosimetry. For this purpose, a phosphor should exhibit several favourable 
features, such as high sensitivity, effective atomic number Z as close as possible to that 
(7.42) of the soft biological tissue, flat energy dependence of its response. Up to now, only 
L12B4O7:Mn, for which Z = 7.3, showed a negligible energy dependence of TL signal, 
unfortunately coupled to a low sensitivity.1 Several investigations, devoted to the 
identification of efficient activators for Li2B407, showed that very good TL performances 
are obtained with metal impurities, such as Cu and Ag ions.2 Glow curves of all such 
systems show, besides a low temperature peak (not suitable for dosimetry owing to its high 
rate of fading), a peak in the range between 185°C and 230°C depending on the activator. 
Surprisingly, no data were reported so far for Li2B407 doped with rare earth impurities, 
which are known to be excellent activators in other materials. In this work, TL features of 
Li2B407:Cu and Li2B407:Eu are investigated and compared, mostly by the aid of 
measurements of the wavelength distribution of the emitted light. 

2   PREPARATION OF MATERIALS AND EXPERIMENTAL PROCEDURES 

Both phosphors were obtained by the sintering method.3 The starting material was 
Li2B407 powder, to which solutions of Cu(N03)2-3H20 or EuBr3 were added. In this 
way, samples of Li2B407: Cu contained 0.7 mole % of the impurity, while the dopant 
concentration in Li2B407: Eu was 0.6 mole %. The resulting powders, sieved to select 
particles of 100-150 microns, were irradiated with a 90Sr ß source and TL was measured 
with a Toledo TLD reader. The spectral analysis of TL signals was obtained by using a 
high sensitivity TL spectrometer whose details are reported elsewhere.4 

t Permanent address: Department of Physics, Osmania University, Hyderabad 500 007, India. 
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FIGURE 1    Glow curves of Li2B407 : Cu(a) and Li2B407 :Eu (b) after /3-irradiation measured with a heating 
rate of 5°C/s. 

3    EXPERIMENTAL RESULTS 

Figure 1 shows typical glow curves of both phosphors, measured with a heating rate of 
5°C/s. In Li2B407: Cu two well resolved peaks are observed at about 120°C and 260°C : 
their positions, shapes and relative intensities are in reasonable agreement with previous 
findings.2 In the case of Li2B407: Eu, the glow curve is composed by three peaks: two of 
them, at about 140°C and 215°C, show comparable intensities, while a shoulder is 
observed at about 275°, namely in the descending side of the high temperature peak. Eu- 
activated samples exhibit intensities of TL signals comparable with those of Li2B407: Cu. 
Response to the dose is under investigation for both materials. After preliminary 
measurements, it is observed that in the case of Cu-activated samples the intensity of the 
dosimetric peak at 260°C is linearly dependent on the absorbed dose up to about 3.5 Gy, 
while the dosimetric peak at 145°C in Eu-activated Li2B407 shows supralinearity starting 
at about 0.9 Gy. 

Spectrally resolved TL, measured with a heating rate of lcC/s, is shown in Figs 2 and 3 
for both phosphors. In Li2B407: Cu the same emission band at about 375 nm is found for 
both TL peaks, in good agreement with the results in the literature.2 In Li2B407: Eu the 
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FIGURE 2    Spectrally resolved TL emission of Li2B407: Cu after after /3-irradiation (2 Gy) measured with a 
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FIGURE 3    Spectrally resolved TL emission of Li2B407 :Eu after after /3-irradiation (2 Gy) measured with a 
heating rate of l°C/s. 

low temperature TL peak is characterised by an intense emission at 375 nm accompanied 
by a weaker band at about 610 nm, while the high temperature peaks consist only of the 
375 nm emission. 
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4   DISCUSSION AND CONCLUSIONS 

Samples of Li2B407 doped with Cu and Eu impurity, exhibit, after /^-irradiation, TL peaks 
at different temperatures and of different intensities, but with typically coincident emission 
wavelength at about 375 nm. Therefore such a luminescence, independent of the kind of 
dopant, strongly suggests the hypothesis of the intrinsic nature of the emitting centres. This 
interpretation is also supported by the presence of two much weaker TL peaks in the glow 
curve of the undoped material, which are reasonably coincident with those reported in the 
literature for variously doped Li2B407 and with those found in the present work. The 
defects responsible for the TL emission can be possibly identified as the F and F2 centres 
created by the irradiation in the lattice of Li2B407. Their thermal destabilization, occurring 
at different temperatures, would produce the same emission. In Eu-doped samples, 
however, a further emission at low temperature is found at 610 nm. Such a luminescence, 
undoubtedly related to the dopant, can be attributed to complex defects, formed by 
aggregation of Eu impurities with colour centres, which are easily destroyed by a moderate 
increase of the sample temperature. In order to confirm such an interpretation, systematic 
studies concerning the influence of dopant concentrations on TL signals in Li2B407 are in 
progress. 

REFERENCES 

1. J. Azorin, C. Furetta and A. Scacco: phys. stat. sol. (a) 138, 9 (1993). 
2. M. Takenaga, O. Yamamoto and T. Yamashita: Health Phys. 44, 387 (1983). 
3. M. Takenaga, O. Yamamoto and T. Yamashita: Nucl. Instr. Meth. 175 (1980). 
4. M. Martini, S. Paravisi and C. Liguori, to be published. 



Radiation Effects and Defects in Solids, 1995, Vol. 135, pp. 137-141 6 1995 OPA (Overseas Publishers Association) 
Reprints available directly from the publisher Amsterdam B.V. Published under license by 
Photocopying permitted by license only Gordon and Breach Science Publishers SA 

Printed in Malaysia 

REVERSIBLE PHOTOIONIZATION PROCESS 
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Ce3+ luminescence was investigated in elpasolite fluoroindates A2BInF6 (A = K, Rb; B = Na, K). All 
A2BInF6: Ce3+ have been synthesized by solid state reactions from stoichiometric mixtures in sealed gold tubes at 
700°C. Transparent colourless Rb2KInF6 :Ce3+ crystals were grown by Bridgman method in 10% Rh-Pt crucibles 
sealed under dry argon atmosphere. 

At room temperature Rb2KInF6: Ce3+ presents a blue-green broad-band emission when excited with a 315 nm 
UV radiation. This emission can be ascribed to the Ce3+ ions in In3+ site. Two other emissions in the blue and UV 
can be assumed to originate from Ce3+ ions located in the 6 coordinated potassium and 12 coordinated rubidium 
sites. 

Under a steady 315 nm UV excitation the main blue-green Ce3+ emission decreases progressively, giving rise 
to a new emitting centre which exhibits a red emission under 255 nm excitation. This phenomenon is optically 
reversible and moreover the original state can be thermally regenerated. An hypothesis based on the In(III)-Ce(III) 
redox couple is proposed to explain this behaviour: photoionization of Ce3+ leads to Ce4+ with electron transfer 
on In3+ acceptors. This red luminescence is ascribed to the formation of In+ ions. 

Key words: elpasolite fluoroindates, Ce3+ luminescence, crystal growth, photoionization process. 

1    INTRODUCTION 

It has been recently proposed to use single crystal scintillators containing a large amount of 
115In for the detection of low energy solar neutrinos according to Raghavan's nuclear 
reaction. • Until now the only cerium-doped indate matrix whose luminescence was 
studied is the solid solution InxSci_xB03 :Ce3+; it was shown that the Ce3+ luminescence 
disappears with the increase in indium content due to the position of the 5d states above 
the bottom of the conduction band.3 Consequently we extended this investigation to 
fluoroindates and particularly to elpasolite fluoroindates A2BInF6 (A = K, Rb; B = Na, K) 
which appear attractive ionic host crystals for rare earth. 

Fluoroindates with general formula A2BInF6 belong to a wide family of crystals whose 
structures derive from that of the elpasolite (K2NaAlF6 prototype structure, Fm3 m with 
Z = 4). The structural arrangement corresponds to that of the perovskite with an additional 
cationic ordering between the smaller monovalent cations B and bivalent cations M in the 
octahedral sites.4'5 

The present work deals with the synthesis, crystal growth and luminescence properties 
of A2BInF6: Ce3+ compounds. 

2   EXPERIMENTAL 

The alkalifluorides, NaF, KF and RbF were commercial products which were dehydrated 
under vacuum. CeF3 and InF3 trifluorides were synthesized from the corresponding 
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chlorides or oxides under an HF flow up to 1000°C or under a F2 stream up to 600° C 
respectively. All A2BInF6 compounds have been prepared by solid state reaction from 
stoichiometric mixtures of composition 2AF + BF + (1 - x)InF3 + xCeF3. The reactions 
were carried out at about 700°C in sealed gold tubes. Among the different materials 
Rb2KInF6: 1% Ce3+ has been selected for crystal growth using a Bridgman method. 

The crystal-growth equipment was built up of two independent furnaces separated by an 
insulating zone. The temperature of each furnace has been separately programmed. The 
biconal shaped crucibles were sealed under dry argon atmosphere and set in the crystal growth 
apparatus. Initially heated to T = TF + 50 K in the upper furnace, the crucible was moved 
down to the cooler furnace at a rate of 0.15mm/h to 1.5mm/h with a thermal gradient of 
2.5 K/mm. The temperature was then lowered to room temperature at a rate of 10 K/h to 
minimize any thermal stresses. Single crystals around 5x5x5 mm3 were obtained without 
visible inhomogeneities. They were cut into slices or cubes along the different crystallographic 
orientations. The luminescence measurements were performed from the liquid helium 
temperature up to room temperature, using Jobin-Yvon SPEX FL 212 spectrofiuorometer 
equipped with a SMC Air Liquide, liquid helium flow cryostat. Decay measurements were 
carried out with synchrotron radiation (LURE) as the excitation source. 

3    LUMINESCENCE 

The luminescence measurements were performed on polished and oriented 
Rb2KInF6: Ce3+ 1% single crystals at room temperature. They present a blue-green 
broad band emission peaking at 480 nm when excited with a 315 nm radiation (Figure 1). 
This emission can be ascribed to the 5d -> 4f transitions of Ce3+ ions in In3+ sites. The 
decay constant, 30 ns, is of the order of magnitude of values observed for Ce3+. 

Two other emissions with lower intensity have also been detected (Figure 1). An 
ultraviolet one around 320 nm corresponding to an excitation at 245 nm, and a weak blue 
emission at 424 nm for an excitation at 270 nm. These two other emissions can be assumed 

I    (a.u .)   n 

200 400 600 

FIGURE 1 Emission spectra of ultraviolet (a) (Aexc. = 245 nm), blue (b) (Aexc. = 272 nm) and blue-green (c) 
(Aexc. = 315 nm) luminescence of a Rb2KInF6: Ce3+ 1% single crystal at 300 K (comparable intensities, corrected 
from the spectral response of the photomultiplier and lamp flux). 



REVERSIBLE PHOTOIONIZATION Ce3+ DOPED ELPASOLITE-TYPE [637]/139 

I    (a .u .) 

200 400 600 

FIGURE 2 Emission spectra of ultraviolet (a) (Aexc. = 245 nm), blue (b) (Aexc. = 272 nm), blue-green (c) (Aexc. 
= 315 nm) and red (d) (Acxc. = 255 nm) luminescence of a previously irradiated (*glirr = 315 nm) crystal at 300 
K (comparable and corrected intensities. On the figure the red luminescence intensity is divided by four). 

to originate also from Ce3+ ions but located in other types of sites. The elpasolite-type 
structure A2BInF6 possesses an other 6-coordinated site (B), corresponding to the 
potassium ions in Rb2KInF6, and a 12-coordinated one (A) occupied by rubidium ions. 
The latter being very large the ligand field effect is small, inducing a weak splitting of the 
Ce3+ 5d excited levels. The blue and UV emissions are therefore assigned to Ce3+ ions in 
the potassium and rubidium sites. 

Under a steady UV excitation at 315 nm the intensity of the main blue-green 
emission decreases progressively and gives rise to a new emitting centre which luminesces 
in the red (broad band emission centered at 650 nm) when excited at 255 nm (Figure 2). 

This phenomenon is reversible: when steadily excited at 255 nm, the red emission 
decreases and the centre correlated with the blue-green emission is recreated. Moreover the 
original state can be thermally regenerated. After 1 hour annealing at 400°C under vacuum 
in a sealed quartz tube, the red emission excited at 255 nm has completely disappeared and 
the single crystal shows the original blue-green emission for a 315 nm excitation. At room 
temperature, the red emitting centre shows very high stability, several months later a 315 
nm-irradiated crystal still exhibits a red luminescence when excited at 255 nm. 

With yttrium and scandium elpasolites no formation of new emitting centre under 
irradiation in the cerium 4f —> 5d band was observed. Indium is therefore involved in the 
process. 

An hypothesis based on the In(III)-Ce(III) redox couple is proposed to explain this 
behaviour. Under a specific 315 nm irradiation the 5d Ce3+ levels are populated. Then two 
mechanisms are in competition: 

— a radiative deexcitation of Ce3+ with photons emission corresponding to the blue-green 
fluorescence, 

— Ce3+ photoionization in Ce4+ with a transfer to an acceptor (vacancy, In3+ ...). 
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FIGURE 3a   Emission spectra of the blue and red luminescence of a Rb2KInF6 :Ce3+ 1% 315 nm irradiated 
crystal under 255 nm excitation versus temperature. (10 K (a), 40 K (b), 75 K (c), 125 K (d)). 
Figure 3b   Normalized excitation spectra of the blue (a) and red (b) emission of a Rb2KInF6 :Ce3+ 1% 
315 nm-irradiated crystal at low temperature (10 K). 

The indium can change its oxidation state and play the acceptor role, therefore we can 
describe this phenomenon by the following equation: 

2Ce3+ + In3"* 
315 nm 

255 nm 
2Ce4+ + In+ 

The intensity lessening of the blue-green emission can be correlated with the decrease of 
the concentration of Ce3+ ions. The mechanism reversibility can be afforded by In+ 

photoionization with electrons transfer on Ce3+ under 255 nm excitation. Decreasing the 
temperature in an irradiated Rb2KInF6: Ce3+ 1% crystal induces a quenching of the 
255 nm excited red emission in favor of a blue one (Figure 3a). This behaviour has been 
also previously noticed in In+ doped alkali-halides.6'7'8 At low temperature the blue and 
the red emissions coexist. Both emission seem to have the same excitation spectrum 
(Figure 3b). The luminescence characteristics observed at low temperature are consistent 
with the existence of a two-minima excited state of In+ like in alkali-halides. 

4   CONCLUSION 

It is rather difficult to find luminescent materials containing simultaneously indium and 
cerium ions due to their oxydo-reduction characteristics. Fluoride host lattices with 
elpasolite-type structure appear to be a particular case: depending on the excitation way 
they can exhibit either Ce3+ blue-green emission or In+ red emission. This phenomenon is 
optically reversible and involves two photoionization processes leading to two different 
emitting ions Ce3+ (In3+) or In+(Ce4+). The In+ ions formed show a good stability at 
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room temperature. These luminescent properties of cerium doped fluoroindate elpasolite- 
type compounds make them appropriate for use as storage phosphors. 
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The 2.56 eV luminescence is found in high pressure synthetic diamond grown in the presence of the Ni-Fe 
catalyst and presents a multiplet zero phonon line structure. The vibronic analysis of the band using the linear 
electron-phonon coupling model indicates that the lower energy component of the zero phonon line structure 
couples preferentially to a near local phonon of 21 meV, while the other components present among themselves a 
similar vibronic coupling with a weaker coupling to the 21 meV mode. The further splitting that some 
components present is shown to be due to ground state splitting. These results suggest that the luminescence is 
due to emission from two electronic levels one of them split in four components to a doubly split ground state. 
The nature of the centre is discussed. 

1    INTRODUCTION 

In synthetic diamond several characteristic luminescence bands have been found. Of these 
the 1.4 eV emission has been unambiguously attributed to Ni, presenting the zero phonon 
line a splitting due to the different Ni isotopes.1 Also other bands seen either in absorption 
or in emission have been attributed to Ni. One of these is the 2.56 eV band that presents an 
intensity correlated to the Ni content of the samples.2 It has also been shown that a 
resonance at g = 2.032 ± 0.001 is found in the ODMR spectrum of the band.3 This value 
is identical to the Ni~ g value,4 and indeed the EPR spectrum of Ni- has been found in the 
same samples. However there is not sufficient evidence to decide if the luminescence is 
due to Ni- or if the Ni" resonance is detectable on the 2.56 eV band by a shunt pass 
process. The emission has a very complex zero phonon line (ZPL) structure, with five 
main lines with temperature dependent intensities. In the present work we analyse in detail 
the vibronic coupling associated with the different lines and the nature of the 0.4 meV 
temperature independent splitting found in three of these lines, that is shown to be due to 
ground state splitting. These results coupled with the time dependence of the ODMR 
signal favours the hypothesis that Ni~ indirectly affects the 2.56 eV luminescence. 

2   EXPERIMENTAL RESULTS AND DISCUSSION 

Steady state luminescence spectra of the 2.56 eV centre have been recorded at different 
temperatures using excitation from the 365 nm Hg line. The samples were cooled by a He 
flow cryostat, with temperatures kept within 0.1 K. The luminescence is viewed through a 
1704 Spex monochromator by a RCA C31034 photomultiplier. All spectra are corrected 
from the spectral response of the detection system. ODMR results were obtained in a 
magneto-optical cryo-system at temperatures of 1.6 K, with excitation by the 325 nm line 
of a HeCd laser. 

In Figure 1 we show the spectra observed at 4 and 50 K. It is observed that the peak at 
21 meV from the ZPL region (marked by an A in the spectra) decreases strongly in 
intensity upon increasing temperature. In Figure 2 the high resolution higher energy region 
of the spectra at the same temperatures is shown. It can also be seen that the peak A shifts 
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FIGURE 1    Luminescence spectra of the 2.56 eV centre excited by the 365 nm Hg. Line a: 4 K, b: 50 K. Dotted 
line: reconstructed spectra according to the linear electron-phonon coupling model. Inset: first phonon spectra 
used in the reconstruction. 
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FIGURE 2   The high resolution higher energy region of the spectra for 4 and 50 K. The arrows shows the peak 
A. Inset: the ZPL region for the same temperatures. 

towards higher energies upon increasing temperature. The different components of the 
ZPL are labelled a, b (bl, b2), c (cl, c2), d (dl, d2) and e. The relative intensity change 
of lines a, b, c, d and e with temperature reveal thermalization, with line a showing a 
40 times lower transition probability to the ground state than line b,3 while the transition 
probabilities of the other lines are of the same order of magnitude at 50 K.2 In the inset of 
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0.4 meV 

FIGURE 3    Schema of ground and excited levels of the centre. Q is the 21 meV mode coordinate. Transitions 
marked by X are nearly forbidden. 

Figure 2 only the ZPL region is shown. The ratio of lines bl/b2, cl/c2 and dl/d2 is 
constant in the whole temperature range where it can be observed (due to vibronic 
coupling broadening the splitting is no longer observed above 70 K) and equal respectively 
to 5/6, 1/3 and 3/1. Also it is observed that the splitting is equal to 0.4 meV in the three 
pairs of lines. It can also be seen that lines a and e are asymetrical, a small shoulder on the 
low energy side of line a and on the high energy side of line e being observed as indicated 
by the wavey arrows in the insets. These results may be explained if the emission takes 
place from 5 excited levels to two ground state levels 0.4 meV apart. The small shoulders 
in lines a and e may indicate that the transitions from the excited levels to the higher and 
lower energy ground state levels are nearly forbidden. A schema of the levels and their 
energy separations is shown in Figure 3. The vibronic spectra may be explained assuming 
that peak A is a phonon replica of the ZPL, showing a stronger coupling to level a. This 
explains also the broadening and shift towards higher energies of peak A. Vibronic bands 
in diamond are usually accounted for by the linear electron-phonon coupling model.5 

Using this model a vibronic band can be reconstructed by trial and error from an estimated 
first phonon spectrum and Huang-Rhys (S) factor until agreement between experimental 
and reconstructed band is achieved. 
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The n* phonon transition probability is given by 

Sne"s 

M2 
On „| n! 

th . The band intensity at an energy huj below the ZPL due to the n* phonon will be given by 

In(M = In(x)In_i(7kj-x)dx 

where Ii (x) is the first phonon intensity at energy x and hwm is the maximum vibrational 
energy of the centre. 

In the inset of Figure 1 we show the first phonon spectra that reconstruct the bands at 4 
and 50 K, with S factors respectively of 2.5 and 1.8. The vibronic coupling is identical in 
lines b to e. The reconstructed bands are shown by dotted lines in the spectra of Figure 1. 

The time dependence of the g = 2.032 ODMR signal has been investigated, by varying 
the on/off modulation frequency of the microwaves. It was found that the maximum signal 
intensity is achieved up to 1.5 kHz. For higher frequencies the signal intensity shows an 
exponential decay and vanishes above 5 kHz. The inverse of the frequency corresponds to 
a life time, the best fit to the experimental data yielding 0.5 ± 0.3 ms. This value 
approaches the longer lifetime component found in the photoluminescence decay that is 
attributed to an indirect population of the centre, as its relative intensity increases with 
temperature and matches the total luminescence intensity increase.3 

3    CONCLUSIONS 

The different transition probability to the ground state and the different vibronic coupling 
suggest that line a originates in a different electronic level, while the other four are 
components of another electronic level, split by spin-orbit or Jahn-Teller interactions. 
These results however cast doubt on the assigment of substitutional Ni" to the centre with 
a 4A2 ground state and 2E and 4T2 excited states, as it would be difficult to explain the 
ground state splitting of 0.4 meV, as compared with the ground state spliting of Cr+++ in 
ruby, also a 4 A2 level of only 0.04 meV. Another hypothesis is that the centre will suffer a 
large tetragonal distortion as occurs in CS3C0CI5, where the spin-orbit spliting of the 4A2 

level is of 1.1 meV.6 However the 2E and 4T2 levels are much closer than in Cs3CoCl5 

making unlikely that the 2E level will not be split, as observed. Also the fact that the 
ODMR signal has a decay very similar to the decay observed in photoluminescence for the 
indirect population of the emitting levels supports the idea that Ni" populates the 2.56 eV 
centre that is due to other impurities. Further work is needed to clarify the origin of the 
band. 
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The fabrication of Erbium-doped optical planar waveguides using the sol-gel process and the dip-coating 
procedure is described. The planar waveguides are optically pumped at room temperature using a Ti: sapphire 
laser with A = 800 nm; the observed fluorescence of Er3"1" ions at 1.53 /im is investigated. It is shown that the 
shape of the 4I]3/2 —* 4Ii5/2 transition depends on the concentration of Er3+ ions in TiÜ2 monomode waveguides 
(thickness = 80 nm), indicating that Er3+ ions modify the structure of TiÜ2 gel network. The dependence on heat 
treatment of Er3+ fluorescence spectra is investigated and preliminary lifetime measurements are presented. The 
elaboration of erbium-doped optical planar waveguides by the sol-gel process seems an inexpensive route for the 
realization of integrated devices on planar substrates. 

Key words: optical waveguides, Er3+ ions, sol-gel. 

1     INTRODUCTION 

Rare-earth-doped materials have attracted much attention in the fabrication of planar 
waveguide devices for optical communication and processing systems. To this end, several 
techniques have been used to produce these waveguides.1"3 In this study, we will show 
that Er3+ doped planar waveguides can be prepared successfully using the sol-gel method. 
Fluorescence spectroscopy is used to demonstrate Er3+ incorporation and to characterize 
the Er3+ ions environment. The purpose of this paper is to describe the structural evolution 
of the sol-gel erbium doped waveguides and the variation of the full width at half- 
maximum (FWHM) of the 4I13/2 —* 4Iis/2 transition according to rare-earth concentration 
and annealing temperature. 

2     EXPERIMENT 

The preparation of TiÜ2 optical planar waveguides by the sol-gel process and dip-coating 
technique has been described elsewhere.4 Briefly, the starting solution was prepared using 
titanium isopropoxide (Ti(0'Pr)4-Aldrich), iso-propanol ('PrOH- Merck) and acetic acid 
(AcOH-Prolabo) with a molar ratio AcOH/Ti = 6. Er3+ ions were introduced by adding 
Er(NO)3 in a molar ratio Er(NO)3/Ti = x (x = 3, 5, 7, 10, and 15%). The mixture 
obtained was diluted by methyl alcohol. Pyrex substrates (75 mm x 25 mm) were 
carefully cleaned, then immersed in the solution and withdrawn from the bath at a rate of 
40 mm/min. The Er3+:Ti02 layers obtained are first dried at 100°C for 15 min and then 
heated in the oven at different temperatures (500 and 600° C) under a constant flow of pure 
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FIGURE 1   Experimental setup. 
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FIGURE 2   Er3"1" energy level diagram for the fluorescence configuration. 

and dry oxygen for one hour. The resulting films are d ta 80 nm thick and their refractive 
index ranges from 1.8 to 2.1 depending on the annealing temperature. Such a single film is 
a monomode waveguide for wavelengths in the visible region. 

The experimental apparatus used for monitoring fluorescence spectra is shown in Figure 
1. A Ti:sapphire laser tuned to 800 nm was used as the pump source. The pump beam is 
coupled into the film using a heavy glass prism (refractive index = 2). The light emitted at 
7r/2 rad from the waveguide was analyzed with a Jobin-Yvon HR640 monochromator and 
detected with a North-Coast liquid-nitrogen-cooled germanium detector. The spectral 
resolution ranged from 1 to 2 nm. The pump signal was mechanically chopped at 80 Hz 
and the signal from the Ge-detector was preamplified and passed to a Lock-in amplifier. 
All the spectra were recorded at room temperature. 

3     RESULTS AND DISCUSSION 

Figure 2 shows the energy levels involved in the fluorescence pump configuration. The 
Er3+ ion is pumped to the 4I9/2 excited state by the Tirsapphire laser tuned to 800 nm, 
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FIGURE 3    Fluorescence spectra of Er3+:Ti02 waveguides obtained by excitation in the %/2 state for 
a) 3-mol% Er'+iTiCh.and b) 7-mol% Er3+:Ti02 waveguides. Annealing temperature T = 500°C. 

whereupon the energy decays through non-radiative processes to the 4I13/2 state. From 
there the system decays to the ground state 4I15/2 through an optical transition at 
A = 1.53 jum. 

Er3+:Ti02 waveguides of different Er ion concentrations (3%, 7%, 10% and 15%) were 
studied. These waveguides were annealed at 500°C for 1 hour. As an example, Figure 3 
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FIGURE 4   Fluorescence spectra of Er3+:Ti02 waveguides obtained by excitation in the 4I9/2 state for 
a) 7-mol% Er3+:Ti02.and b) 10-mol% Er'+TiOa waveguides. Annealing temperature T = 600°C. 

shows the fluorescence spectra of waveguides for Er ion concentrations of 3% and 7%. 
The two spectra peak at A = 1.53 ^m, while their shapes are quite different. Indeed, the 
full width at half-maximum (FWHM) of the 4I,3/2 -»• 4I15/2 transition increases with Er 
concentration. It is found to vary from 7 nm to 65 nm corresponding respectively to 3% 
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and 15% concentrations (see Table I). Waveguide Raman spectroscopy5 is used to confirm 
the structure of these waveguides. It emerges that guides with 7%, 10% and 15% Er ion 
concentrations have an amorphous structure. Nevertheless, 3-mol% Er3+:Ti02 and 5- 
mol% Er3+:Ti02 waveguides have a crystalline structure (anatase). From these results, it 
appears clearly that the incorporation of Er3+ ions changes the Ti02 gel network and this 
behaviour affects the fluorescence spectrum. For amorphous structure of the Er3+:Ti02 

films, the FWHM of the 4I13/2 -> 4Ii5/2 transition is around 65 nm (see Table I) which is 
the case for 7-mol% Er3+, 10-mol% Er3+ and 15-mol% Er3+:Ti02 waveguides. 

Figure 4 shows the fluorescence spectra of waveguides for 7% and 10% Er ion 
concentrations annealed at 600°C for 1 hour. In this case, the 4I13/2 -+ 4Ii5/2 line becomes 
narrower for the Er ion concentration lower than 10% (see Table I). The 10-mol% Er3+ 

and 15-mol% Er3+:Ti02 waveguides remain amorphous at annealing temperature 
T = 600°C. The structure of the layers depends on the Er ion concentrations and 
annealing temperature. An increase of Er ion concentration requires a high annealing 
temperature to obtain a Ti02 crystalline structure (anatase). 

Fluorescence lifetime measurements were performed at room temperature in 
waveguiding configuration on samples heat-treated at 600°C. It was found that the 
lifetime of 4Ii3/2 state decreases from around 1.5 ms to around 0.2 ms when increasing Er 
ion concentration from 1% to 15%. This effect can be attributed to concentration 
quenching, as a result of energy exchange among closely spaced Er3+ ions. Otherwise, the 
lifetime obtained for 1% Er3+:Ti02 waveguide is comparable to the lifetime reported for 
Er-implanted soda-lime- silicate glass6 with the same Er ion concentration. A 
comprehensive study of the lifetime evolution as a function of Er ion concentration and 
annealing temperature is underway. 

Table I 
The FWHM of the 4I13/2 -» 4Ii5/2 transition of Er3+ for different Er3+ ion concentrations and annealing 

temperatures. 

Er ions concentrations 3% 5% 7% 10% 15% 

FWHM (nm) of the 4I13/2 -> 4Iis/2 
Annealing temperature T = 500° C 

65 65 65 

FWHM (nm) of the 4I13/2 ^ 4Ii5/2 6 8.5 11 65 65 
Annealing temperature T = 600°C 

4     CONCLUSION 

We have shown that it is possible to prepare Ti02 erbium-doped optical planar waveguides 
from the sol-gel route. The structure of the waveguiding films (amorphous and/or 
nanocrystalline form), the full width at half-maximum of the 4I13/2 -> 4Ii5/2 transition 
(from 7 nm to 65 nm) and the lifetime of 4Ii3/2 state (around 1 ms) strongly depend on Er 
ion concentration and annealing temperature. The results of this study indicate that the sol- 
gel process is an inexpensive route for the production of Er-doped integrated devices on a 
planar substrate. 
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EPR and photoluminescence measurements of chromium doped CsCdF3 and CsCaF3 crystals have been 
performed. The two main EPR signals are associated with cubic and trigonal 03+ centers. The g factor, the 
parameters of the hyperfine (HF) interaction with the 53Cr nuclei and the superhyperfine (SHF) interaction with 
the six nearest neighbour fluorine nuclei have been derived for the cubic centers. For the trigonal ones the g factor 
and the zero field splitting parameter have been obtained. Photoluminescence and lifetimes have been measured at 
10 K. The observed phonon structure is associated with zero phonon lines (ZPL) and vibrational replicas of both 
cubic and trigonal centers. The frequencies of the phonon modes of the [CrF6]3~ complex involved in the structure 
have been derived. 

Key Words: Cr3+ ions, fluoroperovskites, EPR, photoluminescence, lifetime. 

1    INTRODUCTION 

In the search of new materials for tunable solid state lasers in the near infrared the 
spectroscopic properties of Cr3+ ions have been investigated in some cubic 
fluoroperovskites/1-5) Different types of Cr3+ centers have been observed and studied 
by EPR. The photoluminescence results can be explained by taking into account the 
contributions of the different centers. In KZnF3 and RbCdF3 the non exponential decays of 
the room temperature (RT) photoluminescence after pulsed excitation and the phonon 
structure observed at 10 K are due to the presence of cubic and trigonal Cr3+ defects. 
However, the assignment of the phonon lines to normal modes of the [CrFö] ~ complex in 
RbCdF3 3 is not as clear as in KZnF3.

4 

On the other hand, some preliminary studies of Cr3+ centers in CsCdF3
5 show some 

differences with respect to other fluoroperovskites. To check this behaviour and to 
complete the study of the Cr3+ centers that are formed in Cs compounds we have 
performed an spectroscopic study of chromium doped CsCdF3 and CsCaF3 crystals. The 
spin Hamiltonian (SH) parameters of cubic and trigonal Cr3+ centers are obtained and 
compared with those in similar crystals. The low temperature photoluminescence has been 
also measured and the results are explained taking into account the contributions of the 
different Cr3+ centers. 

2   EXPERIMENTAL RESULTS AND DISCUSSION 

Chromium doped fluoroperovskite crystals with a nominal CrF3 content of 1 mol% were 
grown in our laboratory by the Bridgmann technique, using a radiofrequency heated 
furnace and vitreous carbon crucibles. EPR and photoluminescence set-ups were described 
elsewhere.3 

The EPR spectrum of Cr doped CsCdF3 and CsCaF3 single crystals are very similar. So 
we will describe only the spectra corresponding to the Cd compound (although the SH 
parameters for the two matrices will be given). As shown in Figure 1 two main EPR 
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FIGURE 1 EPR spectrum of a CsCdF3 :Cr crystal measured with the magnetic field parallel to a (100) direction. 
Lines marked with C correspond to cubic centers and those marked with A to the trigonal ones. Some small lines 
due to tetragonal centers are marked with T. 

signals are observed which can be associated with Cr3+ ions. Signal C is due to cubic Cr3+ 

ions, the structure being associated with the SHF interaction with the six nearest neighbour 
fluorines. The 53Cr HF structure is also observed. The SHF lines positions can be obtained 
by using the following SH: 

H = g/?S B + aSI + E {A±(SXjIXj + SyjIyj) + A,|SZjIZj} (1) 

with S = 3/2,1 = 0 for 52Cr and I = 3/2 for 53Cr, Ij = 1/2 and the x, y, z axes along the 
(100) directions of the crystal and the Zj axes correspond to the F~-Cr3+ bond directions. 
The g-factor, HF {a in 10~4 cm"1) and SHF (Ai and Aj_ in 10"4 cm-1) parameters are: 
g= 1.971, a =17.95, A, = " " and Aj_ = 3.1 for the Cd compound and g = 1.971, 
a = 18.05, A|| = 9.3 and A_L = 2.6 for the Ca one measured at 80 K. Using for the g- 
factor the expression: g = 2.0023 - 8A/A where A is the spin-orbit (SO) coupling 
constant for a single d electron and A = 10 Dq (Dq is the cubic field splitting) a value of 
Mambda — 55 cm"1 is obtained. This value is much smaller than that of the free ion 
(91 cm-1) and the reduction can be associated with bonding effects. The SHF interaction 
parameters are much smaller than those corresponding to other 3d ions. This is due to the 
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FIGURE 2   Rotational diagram of trigonal Cr3+ centers in CsCdF3 measured at 80 K. Lines correspond to 
positions calculated with equation [2] and the parameters given in the text. 

lack of a first order contribution to the Fermi contact term in the isotropic part of the SHF 
interaction.6'7 

With respect to the signal marked A in Figure 1 the lines positions as a function of the 
magnetic field orientation are given in Figure 2. The signal is due to trigonal Cr3+ centers 
and the lines positions can be calculated using the SH: 

H = g||/3BzSz + g±/3(Bx Sx + By Sy) + D[S^ ^S(S+1)] (2) 

with the z axis along a (111) direction. 
The best fitting of the positions calculated using eq.[2] to the experimental ones 

(see Figure 2) has been obtained for the following parameters: gi = 1.971, gj_ = 1.972 
and D = 1350 
D = 1445 (10"' 

(10"4 cm"1) for the Cd compound and g|, = 1.970, gx = 1.971 and 
cm""1) for the Ca one. The model for these trigonal centers is a Cr3+ ion 

in a divalent cation position with a Cs+ vacancy in one of the corners of the cube. 
Similar remarks to those for the cubic centers can be made for the g values of the 

trigonal centers. Concerning the crystal field parameter D, it does not show any clear 
dependence with the lattice parameter of the matrix although it seems to be smaller in the 
Cs compounds which have a larger lattice constant than the Rb ones. This behaviour is in 
contrast with the one reported for the tetragonal centers in which the tetragonal crystal field 
parameters increases with the lattice constant of the matrix.4 

The photoluminescence spectrum of CsCdF3:Cr crystals measured at 10 K under 
excitation with the 470 nm light is given in Figure 3. Similar results appear in the Ca 
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FIGURE 3    Photoluminescence spectrum of a CsCdF3:Cr crystal under excitation at 470 nm. Measured at 10 K. 

crystal. The structure is associated with the ZPL and vibronic replicas of cubic and trigonal 
Cr3+ centers. By comparison with the results in other fluoroperovskites^3,4'5' line 1 has 
been assigned to the ZPL of cubic centers. 

Decay time measurements have been performed on each of the lines. An exponential 
decay was observed for line 1. The corresponding lifetime is 560 /is. Similar exponential 
decays with the same lifetime have been obtained for lines 4 and 5 indicating that all of 
them are associated with the cubic centers. The decay in line 3 was non exponential and 
faster than in line 1. To explain this we propose that both a phonon replica of cubic centers 
and the ZPL of trigonal centers contribute to line 3. 

Time resolved photoluminescence measurements performed at 100 /xs and 1500 /xs 
after a pulsed excitation confirm this assignments. Taking into account the relative 
intensities of the lines in both spectra we have been able to assign most of the lines to 
phonon replicas of cubic and/or trigonal centers. The phonon frequencies involved were 
about 210, 290, 375 and 500 cnr1 for CsCaF3 and 210, 295, 380 and 500 cm"1 for 
CsCdF3. By comparison with the results obtained for Cr3+ in similar environments3,4,8 we 
propose that the two lower frequencies are associated with the tiu and t2U modes of the 
[CrFö]3^ cluster. The frequencies at about 375 and 500 cm-1 are associated to the eg and 
alg modes of the same complex and the differences with the frequencies found in the 
literature can be due to the fact that those are stretching modes which are more affected by 
the change in the Cr3+-F distance. 



EPR AND LUMINESCENCE OF CR3+ [659]/161 

ACKNOWLEDGEMENTS 

This work was supported by the CICYT under Project N° MAT 92-1279 

REFERENCES 

1 U. Brauch and U. Dürr, Optics Communications, 49, 61 (1984). 
2 J. L. Patel, J. J. Davies, B. C. Cavenett, H. Takeuchi and K. Horai, J. Phys. C: Solid StatePhys. 9, 129 

(1976). 
3. B. Villacampa, J. Casas-Gonzälez, R. Alcalä and P. J. Alonso, J. Phys.: Condens. Matter, 3, 8281 (1991). 
4. Y. Vaills, J. Y. Buzare and M. Rousseau, J. Phys.: Condens. Matter, 2, 3997 (1990). 
5. U. Brauch, Ph.D Thesis. University of Stutgartt (1986). (Unpublished). 
6. A. Abragam and B. Bleaney, Electron Paramagnetic Resonance in Transition Ions, Clarendon Press 

Oxford (1970), Ch.17. 
7. J. Owen and J. H. M. Thornley, Rep. Prog. Phys. 29 Part II, 675 (1976). 
8. S. A. Payne, L. L. Chase and G. D. Wilke, J. Lumin. 44, 167 (1989). 



Radiation Effects and Defects in Solids, 1995, Vol. 135, pp. 163-167 © 1995 OPA (Overseas Publishers Association) 
Reprints available directly from the publisher Amsterdam B.V. Published under license by 
Photocopying permitted by license only Gordon and Breach Science Publishers SA 

Printed in Malaysia 

SPECTROSCOPIC PROPERTIES OF Mn2+ IONS IN 
MIXED FLUOROPEROVSKITES 

F. LAHOZ, P. J. ALONSO, B. VILLACAMPA and R. ALCALÄ 
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The spectroscopic properties of Mn2+ in RbCdxCai_xF3 and CsxRbi_xF3 have been investigated by EPR and 
photoluminescence. Only the transitions between the Ms = ±1/2 Zeeman levels are observed by EPR. Forbidden 
transitions associated with changes in the Mi of one of the surrounding fluorines are detected. The superhyperfme 
interaction with the fluorines decreases when the lattice constant increases. The decay of the luminescence 
emission corresponding to the 4Tig(

4G) —> 6Alg(
6S) transition of cubic Mn2+ has been measured in 

RbCaxCdi_xF3 crystals. A continuous change in the lifetime has been found with a minimum at x fa 0.3. 
These results indicate that there is a distribution of environment for Mn2+ in the mixed crystals. 

Key words: Mn2+, mixed crystals, EPR, luminescence. 

1    INTRODUCTION 

It is known that the spectroscopic properties of 3d impurities in crystals are very sensitive 
to the ion environment and can be considerably changed using different matrices. Mixed 
crystals allow the possibility to introduce a gradual change in these environments. In some 
previous works^-3' we have reported on the spectroscopic properties of some 3d ions in 
different fluoroperovskites such as RbCaF3, RbCdF3, CsCaF3 and CsCdF3. In this 
communication we present a study of Mn2+ ions in RbCaxCdi_xF3 and RbxCsi_xCaF3 

crystals (0 < x < 1) using EPR and photoluminescence. Changes in the EPR spectra and 
in the lifetime of the Mn2+ emission have been found in the mixed crystals with respect to 
the non mixed ones. These changes are attributed to a distribution of the Mn2+ 

environments. 

2   EXPERIMENTAL RESULTS AND DISCUSSION 

Some of the single crystals of RbCaF3, RbCdF3 and CsCaF3 doped with different 
concentrations of MnF2 (0.1, 0.3 and 0.6 mol%) were kindly provided by Professor J. M. 
Spaeth (University of Paderborn). Mixed crystals were grown in our laboratory and doped 
with different concentrations (0.5 and 2 mol% for optical measurements and 0.05 and 
lower values mol% for EPR ones) using a Bridgmann technique. The equipment used for 
EPR and luminescence measurements has already been described in previous papers.1-3 

EPR studies of Mn2+ in the non mixed crystals (x = 0, x = 1) have been previously 
reported.4 The line positions have been calculated using the spin hamiltonian (SH): 

H = g/iBS B + -1- {0° + 5 O4} + A S I + E {A,|SZjIZj + Ax(SXjIXj + SyjIyi}       (1) 
izu j=l 

with S = 5/2,1 = 5/2 and Ij = 1/2. The first term represents the Zeeman interaction, the 
second one the influence of the cubic crystal field, the third one the hyperfine (HF) 
interaction with the Mn2+ nucleus and the last one the superhyperfine (SHF) interaction 
with the six nearest F" nuclei. The Mn2+ spectra in the mixed crystals are more simple 
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FIGURE 1    EPR spectrum of Rb0.5Cso.5CaF3: Mn2+ measured at RT with the applied magnetic field along the 
(100) direction. 

(see Figures 1 and 2) and can be explained using the same SH (eq. 1), but taking into 
account only the transitions between the Ms = ±1/2 levels and introducing a term for the 
fluorine nuclear Zeeman interaction (see below). We can understand this result in the 
following way. The allowed EPR transitions, according with the selection rule 
|AMS| = ±1, do not have the same positions due to the crystal field terms in eq. [1] 
and this results in the complicate aspect of the spectrum in the non mixed crystals. In the 
mixed ones the disorder and the deformations associated with the mixing have to be taken 
into account and some new crystal field terms of lower symmetry should be included in the 
SH. The line positions of all the transitions, except the | + 1/2 > <-> | - 1/2 >, are very 
sensitive to these terms and because of this a large inhomogeneous broadening of these 
lines is produced in such a way that they can hardly be detected. So, the only observed 
lines are those corresponding to the | + 1/2 > <-> | - 1/2 > transitions. In this way it is 
easy to understand the spectrum in Figure 1 where the six groups of lines are due to the HF 
interaction with the Mn nucleus and the lines within each group are due to the SHF 
interaction with the six surrounding fluorines. It should be remarked that we have observed 
similar spectra (with small changes in the SHF interaction constant) in all our mixed 
crystals. The inhomogeneous broadening seems to be due to a distribution of deformations 
of the local environment of Mn2+ ions. 

Our experiments cannot be interpreted in the same way as those in Rbi_xKxCaF3 

crystal doped with Gd3+.5 In this case it has been found that the spectra observed in the 
mixed crystals for x values up to 0.2 can be explained with a superposition of the spectra 
of two centers: the one in the non mixed crystal and another where one of the Rb+ ions has 
been  substituted by  a K+.  The relative intensities  of the two  spectra are those 
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FIGURE 2   EPR spectram of Rbo.5Cs0.5CaF3: Mn2+ measure at RT with the applied magnetic field along the 
(111) direction. 

corresponding to a random distribution of the alkaline ions. In our case it is clear that the 
superposition of two spectra would not explain the spectrum in Figure 1 where many of the 
lines observed in the non mixed crystals have disappeared. When the magnetic field is 
applied in the [111] direction (Figure 2) one expects seven superhyperfine lines in each of 
the groups corresponding to the | + 1/2 > <-» | - 1/2 > transition and the SHF 
interaction with the six equivalent F nuclei that surround the Mn2+ ion. However it is 
found that the seven lines are flanked by satellites of lower intensity. We assign these lines 
to nuclear Zeeman transitions of one of the surrounding F nuclei. These transitions are 
forbidden by the superhyperfine selection rule |AMi| = 0. This holds exactly for 
H || [100]. However when H is not along the (100) direction of SHF tensor is not diagonal 
and the fluorine nuclear states are mixed. This makes the fluorine Zeeman nuclear 
transitions partially allowed. This effect has also been observed for the (110) direction. 
The positions of the lines can be calculated using the SH of equation [1] and adding the 
nuclear Zeeman term of the fluorine nuclei. 

As we have said the spectra corresponding to different mixture are very similar. The 
line width presents a slight increase when the percentage of mixture increases. The 
hyperfine and superhyperfine parameters vary gradually between those of the x = 0 and 
x = 1 crystals. This can be associated with a continuous change of the average 
Mn2+ — F~ distance. 
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FIGURE 3    Lifetime of the first excited state 4Tlg(
4G) of Mn2+ in RbCaxCdi_xF3 at RT and 12 K for different 

values of x. G detection at 550 nm and X detection at 620 nm. 

Photoluminescence measurements were performed under excitation with 514 nm light. 
The lifetime (r) of the first excited state 4Tig(

4G) was measured in RbCaxCdi_xF3: Mn2+ 

crystals with x = 0.1, 0.5, 0.7 and 0.9 and with different MnF2 concentrations, ranging 
from 0.5% to 2%. Figure 3 represents the variation of r with the Ca2+ content measured at 
different temperatures. The temperature dependence of the decay time is due to non- 
radiative multiphonon processes. The decay time changes continuously between x = 0 and 
x = 1 with a minimum at x « 0.3. The decrease of r going from x = 0 to x — 0.3 is due to 
an increase of the radiative transition probability associated with the lowering of the local 
symmetry around the Mn2+ ions. For 0.3<x<l there is an increase in r associated with the 
increase of the Ca2+ content. This effect can be observed at any temperature, but it is more 
remarkable at low temperature, when the radiative relaxation is the most important one. 

As shown in Figure 3, r depends on the detection wavelength. If we have a distribution 
of environments around Mn2+ ions we measure r values of different centers when the 
detection wavelength is changed. At RT this effect is small due to the influence of non 
radiative processes. At lower temperatures we observe a decrease on r for smaller 
detection wavelengths. The electric dipole emission probability (P) of a photon of 
frequency LU in any direction and with any polarization is proportional to w3 and to the 
square of the matrix element of the transition operator (py) : P = K. w3. |Py|2. When the 
energy difference between the two states gets bigger, w increases and at the same time 
the matrix element of the transition operator becomes smaller. Our results indicate that the 
influence of the o? factor is dominant in our case. 
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EPR STUDY OF CONCENTRATION DEPENDENCE IN 
Ce, Ce:La AND Ce:Y DOPED SrF2 

O. DANKERT, D. VAINSHTEIN, H. C. DATEMA and H. W. DEN HARTOG 

Solid State Physics Laboratory, University of Groningen; Nijenborgh 4, 9747 AG 
Groningen, The Netherlands 

Experimental results of an EPR-study of the concentration dependence of the doubly integrated intensity and 
linewidth of the signals associated with tetragonal Ce3+-F~-dipoles in Sri_ICeIF2+3;, Srj-o.oos-i 
Ce0.oo5LaIF2+o.oo5+x and Sri^0.oo5-i Ceo.oo5YxF2+o.oo5+i are presented. Both show a nonlinear behaviour. 
Besides the tetragonal defects no other symmetries have been found. 

Key words: EPR, f-state ions, SrF2:CeF3, SrF2:CeF3: LaF3, SrF2: CeF3: YF3. 

1    INTRODUCTION 

Electron Paramagnetic Resonance (EPR) measurements have been carried out to study the 
defect states in Sr1_xCexF2+^, Sr^o.oos-* Ceo.oo5LaxF2+ooo5+* and Sri_0.005-x 
Ce0.oo5Y;tF2+n.oo5+;(:- These crystals have been grown by the Bridgman-method with Ce- 
concentrations up to 8.5 mole% in Sri_xCeJF2+i and with La- or Y-concentrations up to 
5.1 mole% in codoped SrF2-crystals containing 0.5 mole% CeF3. DSC didn't show 
evidence for dissociation of dipoles; probably the sensitivity of these experiments was 
insufficient. 

2   EXPERIMENTAL RESULTS 

2.1 SrF2:CeF3 

SrF2-crystals with CeF3-concentrations between 0.3 and 8.5 mole% have been studied. 
The orientation dependence of the EPR-signals shows only tetragonal Ce3+-F"-dipoles in 
this crystal. The calculated g-factors are: gj_ = 1.457 and g|| = 2.848, the literature values 
are respectively 1.472 and 2.854.' The dependences of the doubly integrated intensity and 
widths of the EPR-signals versus the concentration of CeF3 are studied. Figures 1 and 2 
show these dependences for the double EPR-Ce3+-peak (at gj_) with H0 || [100]. At low 
concentrations the intensity depends linearly upon the concentration CeF3 and reaches a 
maximum at 2.4 mole%. For higher concentrations (between 2.4 and 5 mole%) the 
intensity decreases by about 50% and at still higher concentrations (5-8.5 mole%) the 
intensity is approximately constant. The linewidth increases from 16 Gauss at 0.4 mole% 
to 60 Gauss at 2.4 mole%; for CeF3-concentrations of 5 up to 8.5 mole% the linewidth 
increases from 54 to 154 Gauss. Extra signals from other positions than the tetragonal 
dipoles have not been recorded by EPR. 

2.2 SrF2: CeF3 (0.5 mole%): LaF3 Codoped Crystals 

The dependences of the linewidth and the doubly integrated intensity versus the 
concentration of CeF3+LaF3 in SrF2 of the double Ce3+-peak (La is diamagnetic, so it has 
no EPR-signal) are shown in Figures 1 and 2. The CeF3-concentration is constant 
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FIGURE 1    The dependence of the doubly integrated intensity of the two-fold degenerate EPR-Ce3+-peak (at 
gx) vs. the concentration. 

(0.5 mole%) and the concentration LaF3 varies from 0 to 5.1 mole%. The linewidth shows 
approximately the same shape as for Sri_xCexF2+x, at low concentrations (< 1.5 mole%) 
the linewidth increases from 9 to 39 Gauss and the increases again from 35 Gauss at 
3.5 mole% to 76 Gauss at 5.6 mole%. The intensity of the Ce3+-peak decreases rapidly 
with increasing La-concentrations. In contrast with the singly doped samples extra signals 
are recorded in these codoped crystals. At high concentrations of LaF3 over 10% of the 
intensity is related to these signals. There are several signals and it is impossible to obtain 
accurate angular dependences of these signals, though the general trend suggests that we 
are dealing with perturbed tetragonal sites. 
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FIGURE 2   The dependence of the linewidth of the two-fold degenerate EPR-Ce3+-peak (at gjj vs. the 
concentration. 

2.3 SrF2:CeF3, (0.5 mole%): YF3 Codoped Crystals 

Tetragonal sites in SrF2:CeF3:YF3-crystals have been investigated for a constant 
CeF3-concentration (0.5 mole%) and different concentrations of YF3 up to 4.9 mole%. 
The linewidth of the two fold Ce3+-peak (Ho || [100]) increases linearly up to 111 Gauss at 
4.9 mole% of YF3 and the doubly integrated intensity decreases rapidly with increasing 
YF3-concentrations. No extra signals are recorded. 

2.4 BaF2:CeF3 

ITC-experiments in BaF2 doped with LaF3 showed that trigonal and tetragonal defects are 
formed in this crystal,2  so trigonal dipoles are also expected in Ce-doped BaF2. 
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BaF2-crystals doped with 0.8 and 1.5 mole% CeF3 have been studied with EPR, only 
tetragonal signals are found. This implies that trigonal Ce3+-sites cannot be observed by 
means of EPR. 

3    CONCLUSIONS 

Because of the observed nonlinear behaviour of the EPR intensity versus the concentration 
of the dopents (in SrF2:CeF3 above 2.5 mole% CeF3 and in all La or Y codoped 
SrF2:CeF3 crystals) one would expect that additional to the tetragonal dipoles other 
complexes may be present. The decrease of the Ce3+-intensity in the codoped crystals is 
probably due to the forming of other complexes than the tetragonal dipoles. From the 
observed rotational behaviour of the extra signals observed in some of the samples, we 
conclude that we are only dealing with pertubed tetragonal dipoles. We didn't observe 
cubic Ce3+-centres nor did we find any of the rhombic lines as observed by J. M. Baker3 in 
SrF2 containing 0.1% Ce. 
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DIFFERENTIAL SPECTROSCOPIC PROPERTIES OF 
Nd3+ IN NdGa03 AND LaGa03 
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The NdGa03 and LaGa03 crystals are orthorhombic perovskites, belonging to space group D16
2h Pbnm. The 

Nd3+ spectroscopic properties including both optical absorption and emission in both compounds were measured 
at different temperatures between 9 and 300 K. Very high neodymium concentration is the reason for the 
quenching of the luminescence in the Nd compound but it allows us to observe all possible electronic transitions 
in the 200-2500 nm region. The spectra are partially polarized. Though the energy level positions in both 
compounds are essentially the same, there are some unusual aspects of the Nd compound as compared with the 
behavior of the La one that can not be explained by current single ion theories. 

Key words: Optical Properties,Nd3+, NdGa03. 

1    INTRODUCTION 

Oxide perovskites are simple systems with very interesting magnetic and electronic 
properties. Since the discovering of the high-temperature superconductivity there are 
renewed efforts in the study of the properties of these compounds. 

In particular NdGa03 (NGO) is a magnetic insulator material showing an 
antiferromagnetic ordering at Tc = 0.97 K.1 The crystals have a good optical quality 
allowing us to perform optical spectroscopy studies to obtain information on their 
electronic structure. Additionally these compounds are suitable to study the features 
resulting from the interactions between absorbers, whose details are not yet fully 
understood in spite of its crucial importance. For that purpose we have also studied the 
diluted LaGa03:Nd (LGO) system and compared the results with those of the concentrated 
crystal. In this paper we present some preliminary experimental results. 

The compounds are orthorhombic perovskites isostructural with GdFe03 and they 
belong to space group D2h

16 with four formula per unit cell along all the measurement 
temperature range.2 The rare earth ions occupy the 4c sites in the center of strongly 
distorted oxygen dodecahedra (point group Cs). For a representation of the crystal structure 
see for example Figure 1 in ref.3 The Nd-0 distances range from 2.3 to 3.4 Ä and the 
Nd-Nd ones between 3.8 and 3.95 Ä. 

2    EXPERIMENTAL DETAILS 

NdGa03 and 1% at. Nd doped LaGa03 compounds used in this study were grown by the 
Czocharalski method. After orientation using the back reflection Laue method thin slabs 
parallel to the (110) planes of « 100 mm2 x 0.3 mm were cut and polished. The LaGa03 

(LGO) boule was not a single crystal, it consists of a clear grey color policrystalline 
material with some small pink colour crystallites (less than 1mm3) embedded on it. 

We have performed EDX microanalysis on that sample with the following results. The 
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grey phase corresponds to the La2Ga04.5 compound whereas the crystallites have the 
desired LGO formula. The Nd impurity distributes quite inhomogeneously through the 
sample its concentration being less than 1.3% at. the sensitivity limit, in the crystallites. 
The index of refraction of the NGO sample 2.13 was measured by the apparent thickness 
method using an optical microscope and white light. 

Optical absorption measurements were made in a Hitachi U-3400 Spectrophotometer. 
Polarized optical absorption spectra in the 900-300 nm region were obtained using 
unsupported dichroic polarizers. Photoluminescence spectra were obtained exciting the 
sample with light from a 1000 W tungsten lamp passed through a 0.5 m double 
monochromator. Fluorescence was detected through a 0.5 m monochromator with Si diode 
detector. Lifetime measurements were performed by modulating the exciting light with a 
mechanical chopper and using a Tektronic 2430 digital oscilloscope. Variable 
temperatures below 300 K were achieved using a close-cycle cryorefrigerator and with 
an accuracy of ± 1 K. 

3    EXPERIMENTAL RESULTS 

In the presence of a crystal field of Cs symmetry each | J > level of the 4f3 Nd3+ 

configuration splits into (2J + l)/2 Kramers doublets. So for example the 4I9/2 ground state 
will be split into 5 Stark levels being the lowest one the only populated at low 
temperatures. 

3.1 Optical Absorption 

NGO single crystal absorption edge is at about 220 nm (45 500 cm"1). Due to the high 
Nd3+ concentration all the possible f-f electronic transitions in that region are clearly seen. 
Since some of these bands are very narrow (0.2 nm at 9 K) they have to be measured with 
a high spectral resolution. The energies and labelling of the levels are given in Table I. 
Some of the absorption bands are partially polarized. The polarization degree of the bands 
in the 350-900 nm region defined as P = (P|| - P_L)/(P| + Pj.) with respect to the c-axis 
is also given in Table I. 

The poor optical quality of the samples enables us to measure only seven absorption 
bands in LGO:Nd (see Table I). In this compound we could not perform polarization 
experiments. 

The thermal evolution of the absorption spectra of both samples was measured in the 
9-300 K temperature range. Increasing the temperature induces a progressive thermal 
population of the ground state Stark levels which results in a decrease of the low 
temperature spectrum accompanied by an increase of some absorption bands at their low 
energy side. We obtain five bands separated by 90, 180, 430 and 545 cm-1. In LGO the 
splitting is 85, 155, 450 and 535 cm"1. 

The oscillator strengths 'f of the J-J' transitions are given in Table II. For LGO we 
assumed a Nd3+ concentration of 1 at.% as in the melt being this the greater error source in 
the f determination. Table I clearly shows a differential behaviour between NGO and 
LGO. In the latter f are almost temperature independent whereas those of most of the bands 
increase as the temperature rises in the former. 

On the other hand the thermal behaviour of the bands around 430 nm in NGO is 
abnormal. As the shortwave subband does not obey the Boltzman distribution function of 
the density of states in the ground state throughout the temperature region 9-300 K. 

In the case of NGO all the absorption bands besides the electronic zero-phonon 
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transitions have phonon side bands on their shortwave side. In contrast, only very weak 
side bands are seen in LGO. The peak positions of this structure approximately coincide 
with the phonon frequencies obtained by Raman and infrared techniques4 (see Table III). It 
is interesting to realize that the vibronic sidebands appear in the energy region of the 
phonon modes involving stretching or bending of the Nd-0 binding. The ratio of the 
integrated zero-phonon line intensity Izp to the total integrated area Io, R = Izp/Io is given 
for those absorption bands where the vibronic spectrum is better resolved in Table II. R is 
temperature independent. 

Table I 
Energy levels, polarization degree P at 10 K and increase on the strength of the absorption bands of NGO with 

temperature. 

Level vfcnr'HNGO) P (NGO) f(300)/f(10) v(cm-') (LGO) 

2F^n 37735 2.65 
1.3 
1.4 

2
rV2 

34130 
2
Hll/2 

32785 2
D5/2, 3/2 

31645 0.5 
2   

9/2 

Ll7/2, 15/2 
4r"\          2f 30490 1 1-y7/2i     x13/2 

27933 3.8 P3/2,5/2>    Ill/2 

(2D,2P)3/2 2D,;, 
26042 0 1 
23753 0.65 0.4 *-*5/z 
23641 -0.1 

2P,/2 23164 0.3 10.8 23226 

2K         2C 21276 0.35 1.3 -"-15/2'    ^9/2 
^D^p^C/j 

Kl3/2.    G7/2,9/2 19194 0.3 2.05 19263 
4G5/2, 2G7/2 17330 -0.1 3.3 17166 
Hll/2 15748 0 2 15768 

14916 0.25 14948 
14771 -0.1 14921 

^9/2 14725 0 3.7 14793 
14684 0 14723 
14569 0 14579 

4F7/2, 4S3/2 13495 0.2 3.9 13470 
F5/2.    H9/2 12422 0 4.4 12400 

4F3/2 11521 0 3.6 11542 
11399 0 11436 
6602, 6546 6615, 6548 

4Il5/2 6320, 6250 
6193, 5994 
5904, 5787 
4334, 4248 

1.1 6486, 6310 
6202, 5999 
5934, 5778 
4344, 4231 

4T     , 4228, 4142   4193, 4146 x13/2 
4047, 3994 4034, 4018 

3935 3940 

3.2 Emission 

No emission has been detected in NGO, in contrast emission spectra corresponding to the 
4F3/2 -> 4I9/2 (11 200 cm"1) and 4I9/2 -> 4F3/2 (9400 cm"1) transitions were detected at 
temperatures between 9 and 300 K in LGO. The decay curve of the emission is 
exponential with a temperature independent decay time of 230 fis. 
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4   DISCUSSION 

Most of the results presented in the preceding section such as energy level positions, 
intensity parameters, crystal field structures, etc. can be analyzed on the light of existing 
theories for non-overlapping lanthanide ions. The absence of any structure that could be 
related to ion interactions and the close similarity between LGO:Nd and NGO indicates 
that interionic electronic interactions in the latter are weak, but there are some other aspects 
which point towards non-localized states in NGO. 

Table II 
Oscillator strengths f of Nd3+ in NGO and LGO (in 10"8 units) and R ratio of vibronic to zero-phonon band 

strengths. 

Level fexP(300K) f^ R fexP(300 K) f^ 
NGO LGO 

F3/2 18.5 
F5/2 52.2 
H1/2 27 
D5/2, 3/2 60 

2H9/2 5.3 
L17/2, 15/2 
D7/2,   I13/2 
D3/2.5/2»   Ill/2 

350 
1100 

fD,2P)3/2 3.7 4.7 
D5/2 3.1 3.6 

2Pl/2 43 77.7 
Kl5/2.    G9/2 191 136 

(2D,2P)|/2,4G11/2 

Kl3/2>    G7/2>9/2 657 546 
4G5/2, 

2G7/2 1100 1108 
Hll/2 14.7 14.3 

4F9/2 63.5 51.8 
4F7/2, %/;> 638 617 
F5/2,    H9/2 612 683 

4F3/2 208 284 
4I.5/2 28.3 17.3 

0.3 22 13.8 

0.1 

0.75 

138 135 
438 438 

11 14.4 
182 183 
179 178 
46 54 

First, in NGO the lines are very narrow and their shape more Lorentzian than 
Gaussianlike. The band intensities increase as the temperature rises. Second, in the 
concentrated compound, vibronic side-bands are observed in almost all the bands while 
they are noticeably weaker in the diluted crystal. Third is the differential temperature 
dependence of the first 4I9/2 —► 2P\/i subband that in NGO does not follow the expected 
Boltzman equation opposite to the normal behaviour of this transition in LGO. 

Neglecting magnetic ordering effects, active only at very low temperatures, and since 
the crystal structure of NGO and LGO is the same, their lattice parameters very similar and 
also their phonon spectra, these differences have to be related with the existence of non- 
localized excitations in the concentrated compound. 
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Table III 
Phonon modes in NGO. Frequencies in cm '. 

i.r.[4] Raman[4] Vibronic 

607     
548     
510     
455 469   
  462   
435     
  410 406 
390 

361 
  

357     
  346   
  340 340 
325     
308   308 
285 289 277 
220 

214 
222 

  200   
185 180 184 
  169   
  145 148 
  135   
  92 98 
    56 
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EPR OF JAHN-TELLER Cr2+ IN CaF2, BaF2 
AND SrCl2 
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We study chromium-doped CaF2, BaF2 and SrCl2 using EPR. Cr2+ ions enter the fluorite structure in a 
substitutional Jahn-Teller distorted site. In CaF2 the orthorhombic distortion is produced by two fluorine ions 
placed in the plane perpendicular to the defect axis. In BaF2 and SrCl2 the distortion is tetragonal. Measurements 
in the three different planes using both X and Q-band and at temperatures between 4 and 300 K allow us to 
determine most of the spin Hamiltonian parameters including those of hyperfine and superhyperfine interactions. 

Key words: EPR, Cr, 2+ Fluorites, Jahn-Teller effect. 

1    INTRODUCTION 

Chromium doped fluorite-type materials have been the subject of several studies in the past 
because of the interesting features they present related with the production of monovalent 
and trivalent chromium charge states by x irradiation.1-3 In spite of this interest and except 
for CdF2,

4 the divalent chromium valence state has not been yet studied in detail in those 
crystals. 

Cr2+ ions (d4) enter the fluorite structure in a cation site (cubic symmetry). The 5D 
ground state is split by the cubic field into 5T2g and 5Eg states, 5T2g being the lower one. 
The orbital degeneracy is lifted by the Jahn-Teller effect (JT). EPR is a suitable tool to 
study these effects. But in this case the analysis is somewhat complicated by crystal field 
spin Hamiltonian terms of strength comparable to the microwave frequencies and also by 
hyperfine and superhyperfine contributions of the order of magnitude of the nuclear 
Zeeman interaction. Thus in order to solve the problem an exact solution of the spin 
Hamiltonian as well as measurements at different microwaves are necessary. 

2   EXPERIMENTAL DETAILS 

Single crystals used in this study were grown in our laboratory using a standard Bridgeman 
method. The Chromium content in the starting materials ranged from 0.1 to 1%. CaF2:Cr 
and SrCl2:Cr samples were colourless while BaF2:Cr samples presented a bluish colour. 

EPR measurements were performed in a Varian E-112 spectrometer working in the X- 
band and a Bruker ESP-380 spectrometer working in the Q-band. Liquid-nitrogen 
temperature measurements were taken using an immersion quartz dewar and the low 
temperature measurements were made using an Oxford CF 100 continuous flow cryostat. 
A Varian E-257 continuous flow cryostat was used for measurements between LNT and 
300 K. Magnetic field values were determined with a NMR gaussmeter and the DPPH 
signal (g = 2.0037 ± 0.0002) was used to calibrate the microwave frequency. 

[677]/179 
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FIGURE 1    Angular dependence of CaF2:Cr2+ in the (111) plane measured at 77 K in the Q-band. The points 
are the experimental and the curves the calculated line positions. 

3    EXPERIMENTAL RESULTS AND INTERPRETATION 

We have measured the EPR of SrCl2:Cr, BaF2:Cr and CaF2:Cr crystals at 9.3 GHz 
(X-band) and 34.0 GHz (Q-band) as a function of the angle between the crystallographic 
axes and the external magnetic field B at temperatures in the 4-300 K range . 

In all the cases we have obtained an anisotropic spectrum corresponding to an ion with 
electronic spin 2 that we associate with Cr2+. The angular dependence of the resonance 
line positions and their intensities can be explained with the following spin Hamiltonian: 

H = /%|,SZBZ + g(SxBx ■  SyBy) + D[SZ
2-(1/3)S(S+1)] E(SX

2-S2) (1) 

with S = 2 and axes to be defined below. The spin Hamiltonian terms have their usual 
meaning. In all the cases the sign of D was determined by the temperature dependence of 
the line intensities. 

CaF2 
Measurements were performed in the (100), (110) and (111) planes in both X and 

Q-bands. As an example we give in Figure 1 the angular dependence for a (111) plane in 
Q-band. It corresponds to an orthorhombic defect whose principal axes are x = [-110], 
y = [001] and z = [110]. The solid lines are the calculated line positions using an exact 
diagonalization of the spin Hamiltonian of eq. 1 with the values of parameters given in 
Table I. 

At low temperatures and when B//[100] or [110], replicas about 40 times weaker are 
seen at both sides of the central spectrum. They are due to hyperfine interaction (hf) with 
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FIGURE 2 Angular dependence of the shf structure in the (100) plane measured at 77 K in the X-band. The 
points are the experimental and the curves the calculated line positions. The structure corresponds to a defect with 
the z-axis in the rotation plane. 

the 53Cr isotope of 9.5% natural abundance . The hf parameters have been calculated by 
adding to H the following Hamiltonian in the defect axes frame. 

Hhf = A||(53Cr)SzIz + A±(53Cr)(SxIx + SyIy) (2) 

The hf parameters were obtained using perturbation methods up to first order. They are 
also given in Table I. 

The superhyperfine structure corresponding to interaction with two equivalent fluorine 
nuclei has also been resolved in all the three measured planes. The angular dependence as 
measured at 77 K in the X-band is shown in Figure 2. It has been explained by adding the 
following axial spin Hamiltonian. 

Hshf+nz = Ei{-gn ßn I
1 B + A||SZV + A±(SXV + SyT/)} (3) 

with x'//z and z' at about 27.5 ± 6° from the [110] direction, A\\ = 31 ± 3.2 MHz and 
Aj_ = 54.6 ± 5.4 MHz. Thus assuming an axial shf interaction along the Cr2+-F_1 

bonding our results correspond to two nearest neighbour fluorine ions in the plane 
perpendicular to the defect axis. 

BaF2 and SrCl2 

The angular dependence of the spectrum was measured for the (100) and (110) planes 
for both X and Q-band. In Figure 3 we show the angular dependence at LNT, for the (100) 
plane in the X-band. The anisotropic spectrum corresponds to an ion in tetragonal 
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FIGURE 3    Angular dependence of Cr2+ EPR lines in the (100) plane measured at 77 K in the X-band. o: BaF2. 
x: SrCl2. Solid and dashed curves give the calculated line positions. 

symmetry. Now the z-axis in the Spin Hamiltonian (1) is the tetragonal distortion axis. The 
parameter values, which are independent on the temperature in the measured range, are 
given in Table I. 

The hf structure is resolved for both parallel and perpendicular directions in SrCl2 but 
only for the perpendicular one in BaF2. The values are also given in Table I. In order to 
account for the angular dependence of the line intensity a cubic crystal field term a 
(Sx

4 + Sy
4 + Sz

4)/6 has to be added to the Hamiltonian (see Table I). 

Table I 
Spin Hamiltonian parameters. D, E and a are given in cm,-1 the hf parameters in MHz 

Crystal 811 gx D E lal A[|"Cr Ax
53Cr 

CaF2 

BaF2 

SrCl2 

1.965(7) 
1.974(3) 
1.974(2) 

1.995(2) 
1.998(3) 
1.997(4) 

-2.237(4) 
-2.099(3) 
-1.957(4) 

0.0476(1) 36 ±4 33 ± 3 
0.020(2) 
0.021(3) 

35 1+2 
31.2+1.5 43 5+1 5 

P. B. Oliete thanks D. G. A. for financial support. 
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Site selective spectroscopy has been used to detect the different Nd3+ centers in the La!_xNdxBGe05 system as 
Nd concentration level is increased from 0.2 to 10 at%. For the highest concentration the presence of two Nd3+ 

centers with very different crystal field was detected. Both types of centers are correlated with the two 
polymorphic phase, LaBGeOs and NdBGe05, with a different space group which coexist in the host for these 
high doping level. 

1    INTRODUCTION 

At present, research and development on solid state laser crystals is aimed at obtaining new 
materials capable to act as a laser media as well as non-linear elements. This allows for a 
certain degree of compactness and integration in the fabrication of devices useful to obtain 
laser action with self frequency doubling and self-Q-switching. 

LaBGe05:Nd3+ crystal appears as a promising non linear material with advantages over 
the LiNb03:MgO:Nd3+ system, such as the absence of optical damage by photorefractive 
effect for high levels of radiation, a higher distribution coefficient for Nd3+ ions (close to 
unity) and a weak concentration quenching of the emission.1 

Previous works report on the basic characteristics of these crystals (spectroscopy, laser 
parameters and second harmonic generation efficiency) for Nd3+ concentrations lower 
than 2 at%.1-4 However, the La^NdxBGOs system shows two polymorphic modifi- 
cations. Previous X-ray analysis data have shown that the LaBGe05 system crytallizes in a 
stillwellite type structure with a space group P3i. On the other hand, NdBGe05 crystals 
show a different crystalline structure, belonging to the P2i/a space group. Site selective 
spectroscopy has been used for the first time to detect the different Nd3+ centers in the 
La!_xNdxBG05 system which are produced as Nd concentration level is increased up to 
10 at%. 

2   EXPERIMENTAL 

A variety of lanthanum borogermanate crystals doped with Nd3+ concentrations ranging 
from 0.1 to 10 at% were grown by the Czochralski method using oriented seeds and more 
details are given elsewhere.1 

Samples were mounted in a He cryostat and the fluorescence spectra were taken at low 
temperature (10 K). Site selective excitation in the 850-900 nm range was performed by 
using a tunable Ti-sapphire laser. Emission from the samples, monitored in the 1040 to 
1090 nm range was focused on a 30 cm focal length monochromator blazed at 1.1 /zm. A 
Si photodiode connected to a vibrating reed electrometer was used for the detection. 

[681]/183 
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FIGURE 1    Partial scheme of levels and main emissions for Nd3+ ions in the two polymorphic modifications of 
the Lai_xNdxBGe05 system (LaBGe05 and NdBGe05 system). 

3    RESULTS AND DISCUSSION 

Different optical spectra (absorption and emission) were obtained when studying both, the 
Nd3+ doped LaBGe05 (doping level from 0.001 to 0.1 at%) and the NdBGe05 crystals.5 

Figure 1 shows a partial scheme of levels as well as the emissions observed in the laser 
region for both systems. The positions of the energy levels are shifted, revealing the 
difference of crystalline environment around the Nd3+ ions in both systems. This is 
specially clear for the 4F3/2 multiplet where energy splitting and gravity center are strongly 
affected. 

In order to study the effect of the structural changes produced by increasing Nd doping 
level, the excitation spectra have been studied for different Nd3+ concentrations. Figure 2 
shows the compared excitation spectra for two concentrations, 0.2 and 10 at% obtained 
when monitoring the emissions marked on Figure 1 (4F3/2 -»

4In/2 transition). The 
spectra were performed at low temperature in order to obtain higher resolution and, for the 
sake of simplicity only the transition from the fundamental Stark level to the lowest energy 
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FIGURE 2   Excitation spectra of Nd3+ ions in LaBGe05 crystals associated with the 1 -> Rl transition for two 
different concentrations at 10 K. Solid line Aem = 1048.2 nm; dashed line Aem = 1059 nm. 

level of the 4F3/2 multiplet (1 -*■ Rl transition) is depicted for it appeared as the most 
resolved one (wavelength range of study 860-880 nm). As observed, for a 0.2 at% Nd 
doped sample only the line at 871 nm associated with the 1 -> Rl transition is detected in 
the wavelength range studied. No peaks appear when changing the emission wavelength. 
The line is associated with the 1 -» Rl transition of Nd3+ ions substituting for La3+ ions in 
the LaBGe05 matrix, in agreement with previous data. The previous results on 
Nd3+:LaBGe05 (at lower concentrations) and NdBGe05 report the 1 -> Rl lines to be 
sharp and positioned at 871 and 875.5 nm respectively. 

In case of higher doped samples, when monitoring the two emissions marked on Figure 
1, different excitation lines appear at two different regions as a result of a very different 
crystal field site for Nd3+: the one associated with the Nd3+ ions in the LaBGe05 phase 
and the one related to the NdBGe05 polymorphic phase. This confirms the coexistence of 
the two structural phases in the host for this concentration level. 

However, in contrast with the aforementioned results for Nd:LaBGe05 and NdBGe05 a 
spread of crystallographic sites for Nd3+ ions is observed for both phases. For the emission 
wavelength at 1048.2 nm the excitation peak centered at 871 appears broader and with a 
certain degree of structure revealing the presence of a distribution of different Nd3+ sites 
with similar crystal fields to that corresponding to La3+ cationic positions. For the 
emission wavelength associated with the NdBGe05 crystal (1055.9 nm) at least three 
excitation lines are clearly detected around the energy position associated with the 1 —> Rl 
transition for Nd3+ ions in this structural phase. Thus, a number of nonequivalent centres 
are then formed in these Nd activated mixed crystals with partially ordered structure. 
These results could be related to a certain degree of structural disorder in the host due to 
the coexistence of the two polymorphic phases which induced a certain degree of cationic 
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lattice disorder. Further work is now under way to obtain a more detailed information on 
the structure of these multicentres. 

4   CONCLUSION 

The coexistence of the two polymorphic phases in the Lai^xNdxBG05 has been 
demonstrated for x = 10 by means of optical spectra of Nd3+ ions. The excitation spectra 
show two group of lines related to Nd3+ ions in very different crystal field related to both 
structures. The presence of alloy disordered is also evidenced by the observation of Nd3+ 

multicentres whose energy levels are positioned close to those corresponding to each of the 
aforementioned LaBGe05 and NdBGe05 phases. 

REFERENCES 

1. A. A. Kaminskii, A. V. Butashin, I. A. Maslayanizin, B. V. Mill, V. S. Mironov, S. P. Rozov, S. E. Sarkisov, 
and Vk. D. Shigorin, Phys. Stat. Sol (a) 125, 6712 (1991). 

2. J. Capmany, L. E. Bausä, J. Garcia-Sole, R. Moncorge, A. V. Butashin, B. V. Mill, and A. A. Kaminskii, /. of 
Luminescence 5819 (1994). 

3. R. Moncorge, Y. Guyot, G. Boulon, J. Garcia-Sole, J. Capmany, A. A. Kaminskii, A. V. Butashin and B. V. 
Mill, Journal de Physique IV, C4-423 (1994). 

4. A. A. Kaminskii, B. V. Mill and A. V. Butashin, Phys. Stat. Sol (a) 118, k59 (1990). 



Radiation Effects and Defects m Solids, 1995, Vol. 135, pp. 187-190 © 1995 OPA (Overseas Publishers Association) 
Reprints available directly from the publisher Amsterdam B.V. Published under license by 
Photocopying permitted by license only Gordon and Breach Science Publishers SA 

Printed in Malaysia 
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Energy levels of the Eu3+ centers formed in LiNb03 have been obtained from emission spectra by means of site 
selective spectroscopy. The crystal field parameters have been then determined for each individual center 
considering a main C3 symmetry. 

Key words: Luminescence, Site selection, Crystal field. 

1    INTRODUCTION 

LiNb03 (pure and codoped with MgO) is technologically a very important crystal because 
of its excellent electro-optic, nonlinear and laser host properties. The combination of these 
properties is of special interest in integrated optical devices.1 

The physical properties of this material are strongly dependent on the presence of 
dopant ions. The formation of non-equivalent centers has been reported for a variety of 
rare earth dopant ions by means of optical methods. However the site location and local 
structure of these centers is still an open question. The optical spectra of the Eu3+ ion in 
LiNb03 have been reported to be particularly sensitive to changes in its local environment. 
In fact the presence of four non-equivalent Eu3+ centers has been recently reported by 
using optical methods.2 In this work the energy levels of these Eu3+ centers have been 
experimentally determined by using laser site selective spectroscopy. The crystal field 
parameteres associated to each Eu3+ center are then obtained. 

2 Eu3+ CENTERS IN LiNb03 

LiNb03 is a rhomboedral crystal below the ferroelectric Curie Temperature (1190°C). In 
this structure three octahedral sites with local C3 symmetry are candidates to be occupied 
(Li+, Nb5+ and a free vacancy site): Recent Monte Carlo simmulation of RBS/channeling 
measurements strongly supports the location of Eu3+ ions in Li+ sites although off-center 
allocated from regular Li+ position.3 

On the other hand, four Eu3+ centers have been previously detected in europium doped 
LiNb03 crystals as a cuadruple structure in the 5D0(A) -> 1FX(A) transition (see inset of 
Figure 1). These centers are labeled Eu-1 (587.8 nm), Eu-2 (588.7 nm), Eu-3 (589.3 nm) 
and Eu-4 (590.3 nm) according to the peak position of their 5D0(A) -> 1Fi(A) transition. 
Therefore, taking into account RBS results these centers may be thought of as being a 
consequence of the off-center position in the Li+ octahedral sites. 

3 EXPERIMENTAL RESULTS AND CRYSTAL FIELD CALCULATIONS 

Taking advantage of the good resolution in the 5D0(A) -> 1Fl{A) transition, the complete 
emission spectrum of each Eu3+ center can be obtained separately under resonant 
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FIGURE 1    Luminiscence spectra taken at 150 K of a congruent sample of LiNb03:Eu3+ under selective 
excitation in the four europium centers. Inset shows the complete 5D0{A) ->7Fi (A) transition under excitation at 
532 nm. 

excitation in the corresponding wavelength peak. 
Figure 1 shows the 150 K emission spectra of the Eu3+ centers for a congruent ([Li]/ 

[Nb] = 0.94) LiNb03:Eu3+ sample in the spectral region involving the 5D0(A) —>7 Fi,2,3,4 
transitions. The energy level positions associated to each individual europium center can 
be obtained from these spectra. The energy levels are listed in Table I. It should be noted 
that E levels of the Eu-1, Eu-2 and Eu-3 centers are split due to a local symmetry lower 
than C3, as a consequence of non-axial perturbations. This result indicates that the nature 
of this centers must be complex. On the opposite Eu-4 center is remain in C3 symmetry. 

Crystal field analysis has been made for each europium center, using a zeroth-order 
approximation. Taking advantage of the fact that levels of the first excited state 5D are far 
away from the 1F ground state the spin-orbit mixing between these states is not very 
important and no great error is introduced (less than 5%) if pure LS-type eigenfunctions 
are used for the 1FJ ground states. This truncate representation gives rise to a 49 x 49 
complex matrix including full J mixing which can be easily diagonalized by using a 
personal computer. 
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In spite of the symmetry reduction observed for Eu-1, Eu-2 and Eu-3 centers, a C3 main 
symmetry is assumed for all europium centers in order to simplify calculations. In this 
symmetry, the crystal field Hamiltonian is given by: 

<6        <k 

k=0      >-k 

which has nine parameters; six real B\, B%, B\, B®, B\, B\ and three complex, S\, S\, 5g. 
Only the components of the four lowest 1F] states (J = 0, —, 4) were determined from 

our fluorescence spectra, and some of them could not be resolved (see Table I). This fact 
leads to an uncertain determination of some crystal field parameters, as indicated by their 
high experimental errors. 

Table I 
Experimental and calculated values of the lowest terms of Eu3+ in LiNb03 (C3). 

Term Level position (cm-1) 
Eu-1 Eu-2 Eu-3 Eu-4 
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 

3163 3162 3139 3137 3081 3082 3113 3106 

3054 3050 3028 3029 
2988 
2968 2982 3002 3001 

2980 2971 2958 2950 2956 2950 2922 2927 

7F4 2955 2960 2938 2943 
2904 
2871 2886 - 2911 

2804 
2775 2783 

2776 
2744 2758 

2718 
2689 2697 2748 2743 

2750 2766 2715 2732 2659 2673 2712 2717 

- 1974 1958 1973 - 1969 1928 1960 

- 1898 
1921 
1907 1909 1898 1899 1888 1902 

7F3 - 1856 1883 1876 1863 1857 - 1878 

- 1842 - 1849 
1845 
1831 1841 1863 1844 

- 1834 - 1830 - 1813 - 1824 

1223 
1205 1216 

1222 
1179 1199 

1162 
1122 1142 1166 1168 

1F1 - 994 - 984 - 943 - 968 
1008 
982 990 

980 
959 971 

930 
906 918 962 955 

497 471 419 
466 474 434 445 383 404 432 433 

7F, 181 196 187 201 198 191 211 210 

7F0 0 -20 0 -21 0 -20 0 -20 

Matrix diagonalization and least square fitting parametrization have been made by using 
standard techniques. The obtained sets of crystal field paremeters are listed in Table II. 

It should be noticed that the crystal field parameters of Eu3+ centers are not very 
different from each other. This is, in principle, in agreement with an unique octahedral site 
occupation (the Li+ site), according with previous RBS results. An inspection of Table II 
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shows that the axial crystal field parameter \B\\ increases slightly in Eu-1 and Eu-2 centers. 
This fact indicates that these are the more axially distorted centers. Axial distortion must 
be a consequence of the off-centered position from regular lattice sites in the Li 
octahedron. The origin of different displacements must be a consequence of the defects 
associated to the non-stoichiometry of the LiNbÜ3 crystal; Nb antisites (Nb5+ ions 
occupying Li sites),4 Nb vacancies or Ilmenite-like occlusions [5, 6] near the dopant ion 
(along the c axis). The different center models formed at the expense of these defects must 
give place to small changes in the local environment that support the formation of non 
equivalent optical centers. 

Table n 
Crystal Field Parameters (in cm-1) of Eu3+ in LiNbOä. 

Eu-1 Eu-2 Eu-3 Eu-4 

B°2 -963 ±6 -850 ±2 -743 ±2 -776 ±2 

*2 213 ±9 59 ±3 -54 ±4 36 ±3 

B\ 182 ±210 223 ±80 172 ±77 219 ±82 

sl 919 ±61 987 ±18 1013 ±13 934 ±19 

B°e -215 ±15 -99 ±5 -215 ±5 -139 ±5 

B\ -836 ±15 -919 ±4 -887 ±8 -880 ±7 

s\ -27 ±187 -24 ±73 -94 ±69 -57 ±78 

Bl -530 ±95 -440 ±34 -435 ±57 -380 ±32 

sl 217 ±176 211 ±71 371 ±66 179 ±68 
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An electron paramagnetic resonance study of trivalent neodymium in Bi4Ge30i2 has been carried out at 5 K. The 
ions are substituting for Bi3+ in a crystal field of trigonal symmetry, which agrees with previous crystal-field 
analysis of the optical spectra. A detailed study of the measured g-factor values indicates that corrections to the 
existing crystal-field parameters B™ should be performed. It is suggested that corrections to the sixth-rank 
parameters are particularly important. 

Key words: EPR, Nd3+, Bi4Ge30i2, Crystal-field parameters. 

1    INTRODUCTION 

Bi4Ge30i2 has found applications in several fields. Undoped single crystals have been 
commonly used as scintillators.1 Also, its nonlinear optical properties have attracted 
considerable attention. Recently, holographic gratings have been induced in undoped 
samples,2 as well as in samples doped with iron-group transition ions.3-5 Moreover, 
Bi4Ge30i2 (BGO) activated with trivalent rare-earth ions is a potential solid state laser.6'7 

The electron paramagnetic resonance (EPR) technique has been applied in the past to 
determine site symmetries and valence states for a number of impurities in BGO. The 
results of these studies have shown that Cr4+ and Fe3+ enter the Ge4+-site,8,9 whereas 
Mn2+, Co2+, Cr3^ Gd3+ and Er^ enter the Bi3+-site.8 The Ge4+-sites have tetragonal 
(S4) symmetry along the (100) axes of the cubic unit cell of BGO, in contrast to the Bi3+- 
sites, which have trigonal (C3) symmetry along the (111) axes. On the other hand, the 
crystal-field (CF) analysis of the optical spectra of Nd3+ and Er3"1" carried out by Morrison 
and Leavitt,10 satisfactorily explains the observed energy levels for both ions by 
considering a CF Hamiltonian appropriate to C3 symmetry. 

In the present work we study the EPR spectra of Nd3+ ions in single crystals of BGO. 
The analysis of the spectra provides the spin-Hamiltonian parameters for this ion and 
confirms the impurity location in the Bi3+-site. Furthermore, we compare the experimental 
g-factor values to those calculated using the CF parameters obtained by Morrison and 
Leavitt10 from the absorption and luminescence spectra.6 The comparison suggests that the 
existing set of CF parameters for Nd3+ in BGO,10 should be improved. 

2   EXPERIMENTAL METHODS 

Single crystals of BGO have been grown by the Czochralski technique with about 1% of 
Nd impurities. The details about the crystal growth and crystal structure have been given in 
Ref. 6. From the boule obtained, a sample of 2 mm x 2 mm x 8 mm was sawn and 
oriented by taking a number of Laue x-ray diffraction patterns. 

A Bruker ESP 300 E X-band spectrometer with field modulation of 100 kHz was used 
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4 7 
MAGNETIC FIELD (kG) 

10 

FIGURE 1    EPR first derivative spectrum of Bi4Ge30i2: Nd3+, measured at 5 K, with the magnetic field parallel 
to a (111) crystal direction. The spectrum consists of one threefold degenerate spectrum for 9 = 70.53° plus 
one single spectrum for 0 = 0°. The stick diagrams depict the resonance field positions for the odd Nd-isotopes. 

to record the EPR spectra. The temperature of the sample was controlled with a continuous 
flow liquid helium cryostat (Oxford Instruments ESR 900). 

3    RESULTS 

The EPR spectra of Nd-doped samples measured at 5 K consist of a maximum of four 
groups of lines formed by an intense line and various accompanying lines of much weaker 
intensity (marked with stick diagrams in Figure 1). Other weak signals are also observed, 
but they follow different angular dependences and will not be dealt with here. When the 
magnetic field H is parallel to a (100) direction the four groups of lines collapse into a 
single one. If H is parallel to a (111) direction two groups of lines are observed whose 
splitting corresponds to the maximum separation (see Figure 1). These facts and the 
observed angular dependence of the spectrum give evidence that it is due to a defect with 
effective spin 5" = 1/2 and axial symmetry along the (111) directions of the cubic lattice 
of BGO. 

The lines are quite broad (with a peak-to-peak linewidth of about 200 G), so that the 
accompanying lines  cannot be distinguished for some magnetic field orientations. 
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However, in the favorable cases it is possible to observe that the signal ratio between the 
intense and the accompanying lines nearly agrees with the natural abundance ratio of the 
neodymium isotopes (143Nd and 145Nd are 12.17% and 8.30% abundant, respectively, both 
having I = 7/2). Therefore, we attribute the groups of lines to a neodymium defect, the 
accompanying lines being due to hyperfine (hf) structure from the odd isotopes. 

The   EPR   spectra   have   been   analyzed   with   the   following   spin-Hamiltonian 
{S' =1/2,7 = 7/2): 

k = g\\ßHzS'z + gi_ß{HxS'x + HYS'y) +Al{S'ziz + A±{S'xIx + S'YfY) (1) 

where Z is chosen parallel to a (111) crystal direction. The fitted values for g\\ and g± are 
given in Table I. No detailed analysis of the hf structure has been done due to the large 
linewidth of the signals. However, an estimation of the hf parameters A\\ and A± can be 
made from the experimental g-values taking into account the simple relation 
i4||/g|| = A±/gj_ =Aj/gj, where Aj and gj are the magnetic hyperfine constant and the 
Lande g-factor for the ground level of the free Nd3+ ion, respectively.11 Subsequently, we 
have diagonalized the (16 x 16) energy matrix of Eq. (1) for various orientations of 77 
using the experimental and estimated spin-Hamiltonian parameters. The calculated line 
positions for 77 parallel to the (111) direction are shown in Figure 1 with stick diagrams. It 
is seen that the estimated parameters account satisfactorily for the observed hf structure. 

4   DISCUSSION 

Nd3+ has the 4f3 electronic configuration and a 479/2 free-ion ground level which splits into 
five Kramers doublets for crystal fields of symmetry lower than cubic.11 EPR signals are 
observed only for the lowest lying doublet (S' = 1/2). Our experimental mean g-value 
I = (s\\ + 2gj.)/3 = 1.943 is similar to those obtained for Nd3+ in various hosts.12 These 
facts and the observed hf structure support the assignation of the EPR spectra to Nd3+ ions. 

On the other hand, the observed axiallity of the defect along the (111) crystal directions 
can be explained assuming that Nd3+ substitutes for Bi3+, because only the Bi3+ sites have 
such symmetry. This agrees with the previous analysis of the optical data.6'10 

In order to relate our EPR results to those from optical spectroscopy,6'10 the measured 
g-factor values have been compared to those calculated using the CF parameters given by 
Morrison and Leavitt.10 Theoretical principal g-values for a Kramers doublet can be 
calculated from:11 

8\\=2gj(+\Jz\+),        g±=gj{+\J+\-) (2) 

where |+) and |—) correspond to the two states of the Kramers doublet which are linear 
combinations of My states as a consequence of the crystal field. The wavefunctions |+) 
and |-) can be obtained by diagonalizing the (10 x 10) CF energy matrix (for the J = 9/2 
ground manifold) constructed from the existing CF parameters B™ for Nd3+ in BGO.10 

The details of this calculation procedure (approximation G) and the successive 
approximations (GE and GERS) have been presented in a previous publication.8 The 
calculated g-factor values in the different approximations are given in Table I together with 
the mean square deviation a for the energy levels.10 It is observed that the deviations for 
the J = 9/2 ground manifold (aG) and for the J = 11/2 manifold (aE) are small and 
comparable to those obtained in ref. 10. On the other hand, the calculated mean g-values 
are very close to that measured, but the calculated values for g|| and g±_ do not agree with 
the experimental ones in any approximation. 
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Therefore, we conclude that the lack of agreement between the calculated and observed 
g-values must be due to the employed CF parameters ß™.10 The same conclusion was 
achieved in the EPR study of Er3+in BGO.8 In that case, it was found that corrections to 
the sixth-rank CF parameters allow to explain satisfactorily the measured g-values, 
introducing little misfit in the calculated energy levels. In the present case, we have seen 
that changes on these parameters allow us to fit the calculated g-values with minor increase 
for the energy deviations. As an example, the g-values and deviations calculated in the 
approximation GERS8 are given in Table I for a new value of the parameter B°. 

Table I 
Experimental and calculated g-factor values for Nd3+ ions in BGO. The calculations have been made in the 

approximations G, GE and GERS,8 using the CF parameters given by Morrison and Leavitt.10 The last column 
shows the results using a different value for the parameter B®. The energy level deviations UQ and Oß are also 

listed (see text). 

EXPERIMENTAL CALCULATED VALUES USING APPROXIMATIONS 
VALUES GERS with 

G GE GERS (*ü) = 0.48BJ? 

1*111 0.958 2.30 2.13 2.11 0.96 

l*"l 2.435 1.74 1.90 1.92 2.65 

III 1.943 1.93 1.98 1.98 2.09 
a a (cm ') - 5.2 8.8 2.4 17.1 
<T£(cm~ ') - - 9.1 11.5 15.1 
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LIGHT-INDUCED NIR-ABSORPTION IN 
Sr0 6iBa0 39Nb206 : Ce AT LOW TEMPERATURES 

G. GRETEN, S. KAPPHAN, R. PANKRATH 

Fachbereich Physik, University of Osnabrück, D-49069 Osnabrück 

Absorption measurements of Sro.6iBao.39Nb206:Ce under visible light (Ar+, —Kr+ laser or XBO-lamp) 
illumination show a light-induced broadband NIR-absorption with maximum at 1.6 fjm. This absorption is very 
pronounced at temperatures below 150 K. Its lineshape is similiar to the broadband absorption which is being 
observed in reduced SBN crystals. The time dependence of the light induced NIR-absorption after switching off 
the laser light can be fitted by an addition of two exponentials. The temperature dependence of these time 
constants is not Arrhenius like indicating several interaction mechanisms. 

Key words: Light-induced NIR-Absorption, SBN:Ce, photorefractive properties, charge transfer process. 

1    INTRODUCTION 

The mixed crystal system Strontium Barium Niobate possesses at room temperature a 
tetragonal tungsten-bronze structure with partially empty sites.1 Large homogeneous 
crystals can be grown of the congruent composition Sr0.6iBarj.39Nb2O6 with a ferroelectric 
phase transition at T = 80°C (4\mmm to 4 mm).2 The SBN material displays 
photorefractive properties being enhanced by doping with ions like cerium or iron, which 
makes the material interesting for electrooptic applications like volume holographic 
storage.3 The details of the light induced processes and the lattice sites for dopant ions in 
the tungsten-bronze structure are not sufficiently well known at present. Light induced 
absorption processes in the visible under intense laser light irradiation have been reported 
for the perovskites BaTi03, KNb03 and for LiNb03 and more recently for SBN.4 These 
measurements lead to the interpretation that two centers are involved, which are each in a 
different valence state. Recent theoretical calculations for SBN yield a photorefractive 
mechanism due to an intervalence transition Ce3+ +Nb5+ —> Ce4+ +Nb4+. The broad 
dichroitic cerium induced absorption extending from the visible to the NIR-range with a 
maximum near 550 nm is the starting point for the above mechanism. The simultaneous 
emergence of an infrared absorption supposed to exist due to the Nb4+ centers has not 
been investigated yet and is the topic of this contribution. We will compare the spectral 
form of the absorption with that of reduced SBN-crystals, which are known to show the 
tendency of Nb5+ to be reduced to Nb4+.5 

2   EXPERIMENTAL 

SBN crystals of the congruent melting composition have been grown in excellent quality, 
displaying natural facets using the Czochralski crystal growth method with very small 
temperature gradient by R. Pankrath at the University of Osnabrück. Cerium dopings of 
0.025 to 1.6 weight percent Ce02 were added to the melt. 

The absorption measurements in the NIR-spectral range are performed with a Fourier 
IR-spectrometer (Bruker 113 Cv) and a conventional double beam spectrometer 
(Beckmann ACTA VII). The samples were illuminated (approximately 2 W/cm2) in the 
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FIGURE 1    (a) Light induced NIR-absorption in SBN:Ce at LHe temperature under illumination with visible 
light (Ar+-Laser). 
(b) NIR-absorption in reduced SBN:Ce at two different temperatures (1.5 K and 300 K). 

0.5 
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FIGURE 2   Time dependence of visible light induced absorption at 6250 cm-1 T = (30 K). Exitation was 
accomplished with 488 nm Ar+-laser light. The absorption is plotted in a logarithmic scale. The decay curves can 
be fitted by two exponentials. 

visible with light from a Ar+-laser, a Kr+-laser (Spectra Mod. 171) or a XBO-lamp (using 
broad band-cut off filters). 

For the temperature dependent measurements the sample was placed in a LHe-cryostat 
(Leybold) or in a closed-cycle cryostat (Air Products—Displex System). To reduce some 
of the SBN crystals, the samples were tempered in Argon-atmosphere for 4 hours at 
800°C. 
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3    RESULTS AND DISCUSSION 

Pure or cerium doped as-grown SBN crystals do not show an absorption in the NIR-region 
around 1.6/im (ca. 6000 cm-1). Tempering the crystals at elevated temperatures in 
reducing atmosphere gives rise to a broad absorption with maximum (at room temperature) 
at 6150 cm-1. At low temperatures (1.5 K) the absorption maximum is shifted to 
6500 cm-1. The cerium doping is not seen to influence this absorption. The shape and the 
spectral position (see Figure lb) resemble Nb4+-polaron absorptions in other niobates,6 

where also a blue-shift of the Nb4+-polaron absorption with decreasing temperature is 
observed. The position is in fair agreement with recent theoretical calculations,5 

confirming the identification of the NTR-absorption in SBN to result from Nb4+-polarons. 
Illumination with visible light (Ar+-, Kr+-laser or XBO-lamp) at low temperature 

evokes an absorption (see Figure la) with similiar shape and position. It could be observed 
at temperatures lower than 150 K. The temperature dependence exhibits a remarkable 
change at temperatures round 50 K. The light induced NIR-absoiption decays with a non- 
monoexponential dark decay time of the induced absorption after switching off the 
illumination. Figure 2 shows a typical example of this behaviour at T = 30 K for a 
measuring wavelength of A = 1600 nm. The time dependence of the absorption decay can 
be fitted by a superposition of two exponential processes. Measurements at different NIR- 
wavelength at T = 15 K indicate about the same exponential time constants for the 
absorption decay. The following function is used for a fit: 

t - to t — to , . 
y = a*exp— hc*exp—-— (1) 

For T = 15 K the value of b was 35 ± 10 sec and the value of d was 180 ± 30 sec, to is the 
time when the laser light was shut off. The constants a and c are the amplitudes of the 
exponential absorption decay. The temperature dependence of the time constants of 
the light induced NIR-absorption are not Arrhenius like at low temperatures, see Table I. 

Table I 
Parameters of above fitting of time dependence for different temperatures. SBN14.2, 488 nm 

Temperature in K a in a.u. b in sec c in a.u. d in sec 

15 159 19 113 88 
20 124 10 271 95 
25 101 10 254 106 
35 110 5.82 190 116 
40 92 4.3 123 130 
45 87 3.5 87 141 

In order to exclude coherence effects, the light induced absorption was observed with 
the same results, under illumination of light from a XBO-lamp as well. As a result, we can 
conclude that visible light induces a charge transfer from a, up to now unknown, center to 
the conduction band of SBN, with the electron being trapped successively by Nb5+ 

forming a Nb4+-polaron. Judging from the fact that the visible transition can be enhanced 
by cerium doping and based upon the calculations of Baetzold5 yeilding Ce3+/Ce4+ as 
stable oxidation states of cerium in SBN, the unknown center is tentatively identified as 
Ce3+ on a Sr24" or Ba2+ site. 

This work was supported by the DFG (SFB 225, C7). 
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Ceramics, Academia Sinica, 200050 Shanghai, China 

R-line absorption and luminescence spectra of Cr3+ doped LiNbOä show a distinct dependence on crystal 
stoichiometry. In the Cr3"*" R-line region around 730 nm, up to five transitions can be observed in absorption and 
emission. In stoichiometric LiNbCh :Cr crystals the line width (FWHM) in both absorption and emission decreases 
by about a factor of 2.5 in comparison with the same transitions in congruent samples. The emission line at lowest 
e"nergy in the R-line spectrum (A = 734.5 nm) disappears completely in stoichiometric LiNb03:Cr. This results, 
discussed together with models dealing with charge compensated Cr3+ pairs on Li and Nb sites and unpaired Cr3"1" 
on Li site, is indicating a vanishing of the unpaired Cr3/ with increasing [Li]/[Nb] ratio. Luminescence lifetime 
measurements in stoichiometric LiNbC>3:Cr reveal values similar to results for congruent material of r = 295 ps 
for the 731 nm line and T = 268 fis for the 735 nm line, underlining the R-line character of these transitions. 

Key words: Cr3"1" centers, stoichiometric (VTE) LiNb03, R-line absorption and emission, defect lattice sites. 

1    INTRODUCTION 

LiNb03 is an important technological crystal because of its electro-optic, nonlinear and 
laser host properties. Many applications of this material require the presence of dopant 
ions, which in most cases are introduced during the crystal growth process. The location of 
these ions in the host lattice often influences the macroscopic properties of the material and 
consequently different techniques are used to determine these positions. The dopant ion 
Cr3+ has been successfully used for laser emission in various hosts and recently a lot of 
spectroscopic studies of LiNb03:Cr were performed. Cr3+ can enter both cationic lattice 
sites Li+ and Nb5+ with local_C3„(C3) symmetry, giving rise to two R-line doublets, 
4A2 <-> 2E(E) and 4A2 <-> 2E(2A), with slightly different frequencies. Several authors1'2'3'4 

proposed a dimerlike incorporation of Cr3+ on neighbouring Li and Nb sites to preserve 
local charge neutrality. On the other hand the observation of more than four R-lines 
suggests the existence of at least one additional (unpaired) lattice position, where it is not 
quite clear whether this is a Li or a Nb site. In this paper we investigate the influence of 
crystal stoichiometry changes on the R-line absorption and emission spectra. Furthermore 
we investigate samples with different Cr3+ concentrations. 

2   EXPERIMENTAL 

LiNb03:Cr single crystals were grown using the Czochralski technique with chromium 
concentrations in the melt ranging from 0.0002 to 0.1 wt%. Stoichiometric crystals were 
obtained by means of the Vapour Transport Equilibration (VTE) method, i.e. congruent 
grown samples were treated in Li-rich environment (containing a mixture of LiNb03 and 
Li3Nb04) at 1100°C for extended periods (up to 500 hours for a 2 mm thick plate) to 
obtain a homogeneous stoichiometric composition.5 The sample homogeneity was 
checked by monitoring the spatially resolved second harmonic generation of Nd:YAG 
laser light6 (phase matching temperature Tpm = 238°C). Absorption measurements were 
performed with a Beckman ACTA VII double beam spectrometer with the samples 
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FIGURE 1   Polarized R-line absorption spectra of congruent LiNb03:Cr, T = 10 K. 
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FIGURE 2   Polarized R-line absorption spectra of stoichiometric LiNbOsiCr, T = 10 K. 

mounted in a closed circle cryostat. Emission spectra were recorded using a SPEX 1500 
single grating spectrometer and a cooled RCA C31034 photo multiplier. The excitation 
source for these experiments was a XBO 450 lamp with a SPEX Minimate as tunable, 
variable bandpass filter. In these experiments the samples were mounted in an LHe flow 
crystat. An excimer laser (N2, A = 337 nm) was used as excitation source for the 
luminescence lifetime measurements, which were recorded with a storage oscilloscope. 

3    RESULTS AND DISCUSSION 

Figure 1 and 2 show the polarized R-line absorption spectra of congruent and 
stoichiometric (VTE) LiNbC^Cr 0.1 wt% at 10 K. In the spectrum of the congruent 
crystal three rather broad lines are observed, whereas the spectrum of stoichiometric 
material exhibits more details, i.e. five absorption lines (including the high energy shoulder 
at 723 nm). The line width (FWHM) is about 2 nm for the congruent sample, but only 
0.8 nm for the stoichiometric one. This comparatively strong decrease indicates a much 
less disordered lattice environment for Cr3+ in stoichiometric LiNbÜ3, namely a reduction 
of intrinsic defects such as antisite defects or structural vacancies. In the emission spectra 
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FIGURE 3    R-line emission spectra of LiNb03 :Cr with different [Li]/[Nb] ratios and different Cr concentrations, 
T = 78 K, Aexc = 650 nm. The broadband 4T2 —> 4A2 emission has been substracted from the curves, 
a) congruent, 0.1 wt% Cr ; b) congruent, 0.005 wt% Cr ; c) [Li]/[Nb] =1.1, 0.0002 wt% Cr ; 
d) stoichiometric, 0.005 wt% Cr ; e) stoichiometric, 0.1 wt% Cr. 

in Figure 3 the line narrowing is not so distinct. Here the FWHM decreases only from 
about 1.5 nm to about 1 nm. A more striking result of these measurements is the 
dependence of relative line intensities on crystal composition. For congruent LiNb03:Cr 
the shape of the complete R-line spectrum does not depend on the Cr concentration in the 
investigated range (see spectra a. and b.). This is quite different for stoichoimetric crystals. 
In the low doped sample spectrum (curve d.) the main emission intensity lies in the two 
high energy lines at 724 and 726 nm (I and II), whereas in the case of a high doped sample 
(curve e.) most of the intensity is in the 730.5 nm line (IV), similar to congruent sample 
spectra. The most important result of the emission measurements is the vanishing of the 
low energy line at 734.5 nm (V) with increasing [Li]/[Nb] ratio. In the spectrum of a 
sample grown from Li-rich melt (curve c.) this line is already very weak and in 
stoichiometric LiNb03:Cr it can not be observed. Our interpretation of this result is the 
following: Besides the charge compensated Cr3/ - Cr3^ pairs in congruent LiNb03:Cr 
there are unpaired Cr3+ that are preferably incorporated on Li site. With increasing Li 
concentration these Cr;*/ are substituted by Li ions. In stoichiometric crystals the 'free' 
Cr3/ has disappeared completely, so that only the pairs are left. 

Luminescence lifetime measurements in stoichiometric LiNb03:Cr reveal values of 
r.= 295 ^s for the 731 nm line and r = 268 ^ for the 735 nm line- These values are very 
similar to results for congruent materials,3 leading to the conclusion that there is no 
influence of stoichiometry variations to R-line transition rates. 
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CLUSTERING PROCESSES IN CaF2:Gd+Lu AND 
CaF2:Gd+Sm 

N. SUÄREZ 

Physics Department, Universidad Simon Bolivar, Apartado 89000, Caracas 1081, 
Venezuela 

The combined results obtained by ionic thermal currents (ITC) and electron paramagnetic resonance (EPR) 
techniques on CaF2 double-doped either with Gd+Lu or Gd+Sm are presented here. In both systems a fraction of 
the Gd ions are observed in tetragonal and cubic sites. The Gd+Lu systems shows a very weak ITC spectrum in 
contrast to the Gd+Sm samples which present at least eight peaks of dipolar origin. The differences observed are ' 
accounted for by the existence in one case of an hexamer structure from the lowest Lu doping level and in the 
second case by the scavenging of Ff by clusters of increasing size with the Sm concentration. The experimental 
results confirm the predictions from HADES simulations that take into account the ion size effects. 

Key words: Thermally Stimulated Depolarization Currents, Paramagnetic Centers, Fluorites, Defect Clustering, 
Dielectric Relaxation. 

1    INTRODUCTION 

The variety in the reported results on the fluorite matrices doped with trivalent cations 
shows the complexity of the equilibrium among the coexisting defects and its dependence 
on the difference in ionic radius of the dopant ion. Lu is the smallest cation in the 
lanthanide series while Sm is a middle size ion. In this work, we report ITC and EPR 
experiments in CaF2 double-doped either with Gd+Lu or Gd+Sm. The molar fraction of 
Gd was kept constant in each sample (y = 0.0001) and the Lu and Sm concentration were 
varied from x = 0.0001 to x = 0.02 and from x = 0.0001 to x = 0.05 molar fraction, 
respectively. The two techniques give complementary information as the first one (ITC) is 
sensitive to dipolar defects while the second one allows to determine the symmetry of the 
crystalline field around the paramagnetic ion. The Gd, which is midway in the lanthanide 
series, is used as a paramagnetic probe as its room temperature EPR spectrum should not 
be broaden dramatically as the Lu or Sm doping levels increases. The comparison of the 
results obtained by the two techniques will allow to follow the formation of polarizable 
aggregates and to observe the effects on the symmetry and abundance of the Gd centers 
coexisting in the matrix as the Lu or Sm concentration increases. 

2   EXPERIMENTS AND RESULTS 

The ITC experiments were carried in a setup that has previously been described.1 The 
system has a sensitivity better than 10"16 A and the samples used in the experiments were 
single crystals purchased from Optovac Inc. The ITC spectra were recorded from 77 to 
300K using a heating rate of O.lKs"1. The EPR experiments were performed at room 
temperature in the X-band with a TE110 cylindrical cavity2 with the magnetic field in the 
(110) plane. 

The ITC spectrum of the Lu-doped crystals2 is very weak. It is mainly composed of a 
low temperature peak located at 137K, corresponding to the superposition of the 
relaxations of the Lu3+ - Ff and Gd3+ - Ff first neighbor (nn) dipoles; two broader 
relaxations exist at 200 K and 220 K, about 30 times less intense than the first one. The 
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FIGURE 1    Concentrations of cubic and tetragonal centers of Gd3+ (filled symbols) and Lu3+ - F;   nn dipoles 
(open symbols) versus the Lu concentration in CaF2:Gd+Lu samples (lines are drawn to guide the eye). 

intensities of these 3 relaxation show a maximum for x = 0.003. On the contrary the ITC 
spectrum for the Sm-doped crystals is very rich, exhibiting 8 peaks of dipolar origin whose 
maxima are located from 97 to 245 K. The peak at 137 K, corresponding to the 
superposition of the relaxations of the Sm3+ - Ff and Gd3+ - F;~ nn dipoles, shows an 
intensity maximum at x = 5 x 10~4. The intensities of another two peaks also show a 
maximum as x increases while the others are continuously increasing with x. 

The EPR results show in both systems the existence of two Gd centers, a tetragonal one 
due to the Gd3+ - Ff nn dipole, and a cubic center due to the free Gd3+ non-locally 
compensated. The concentration of Gd nn dipoles can be determined by EPR and then be 
substracted from the total concentration of nn dipoles estimated from the corresponding 
ITC peak intensity to obtain the absolute concentration of Lu or Sm nn dipoles. Figure 1 
shows the concentration of cubic and tetragonal centers of Gd as determined by EPR and 
Lu nn dipoles versus the Lu concentration. A similar graph for the Gd+Sm doped samples 
is shown in Figure 2. The comparison between the two figures leads to the following 
observations: a) in both systems the number of Gd tetragonal centers is constantly 
decreasing as x grows; b) the Gd cubic centers concentration shows a maximum around 
x = 5 x 10~3 and x = 10"3, respectively in the Lu and the Sm doped samples; c) in the 
Gd+Lu system, the Gd cubic and Lu nn dipoles are not present at x = 0.0001; and d) the 
Lu and Sm nn dipole concentration show a maximum around x = 10~3 and x = 5 x 10~4 

respectively, with abundances of 3% and 26% relative to the total concentration of the 
corresponding dopant. 

In the Gd+Lu crystals the low number of Lu nn dipoles and the overall weakness of its 
ITC spectra in the temperature range explored here indicate that the Lu ions must be 
predominantly either in cubic sites or in more complicate aggregates. These larger 
aggregates could be either a non-gettered or a gettered cluster, whose relaxation may 
originate the peak at 20 K in the dielectric spectrum of the Lu doped CaF2 crystals reported 
by Andeen et al? The absence of Gd3+ cubic centers as well as the nonexistence of Lu nn 
dipoles for x = 10~4 is an indication that even at this low concentration the trivalent ions 
must be forming mixed clusters of large size. Since the amount of Gd and Lu centers 
detected by both techniques is so low, and it is even decreasing in the higher doped 
samples, the EPR and ITC results show that the existence of a high concentration of Lu 
ions in cubic sites, that would not be detected by these two techniques, should be 
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FIGURE 2   Concentrations of cubic and tetragonal centers of Gd3+ (filled symbols) and Sm3+ — F;   nn dipoles 
(open symbols) versus the Sm concentration in CaF2iGd+Sm samples (lines are drawn to guide the eye). 

discarded. The missing Gd and Lu ions should then exist in defect structures of higher 
complexity such as the ones predicted by the HADES simulations4 for CaF2:Y

3+. As 
Lu3+ is still smaller than Y3+ it should follow a similar behavior in the clustering 
tendency. Cirrillo-Penn and Wright5 have proposed for the smaller rare earths the existence 
of an enriched F~ hexamer structure which could be the origin of the relaxation observed 
in CaF2 doped with small rare earths at 20 K, temperature that we could not reach in our 
experiments. 

In contrast, the higher number of Sm nn dipoles, as well as the variety of polarizable 
entities present in the ITC spectra of the Sm doped samples, evidence the formation of 
polarizable clusters of increasing size as the number of trivalent cation increases. This 
behavior is analogous to the one found in the ITC spectra of CaF2 single doped with Gd in 
the same intermediate concentration range.2 In the CaF2 matrix the similarity in the ionic 
radius of Sm3+, Ca3+ and Gd3+ might account for the tendency of Sm and Gd to form 
small clusters, which becomes larger as the Sm concentration increases. These clusters 
could be L-shaped dipoles, gettered dimers, gettered trimers, and so on. In fact, for the 
CaF2 doped with Gd, HADES simulations have shown an increased stability for small 
clusters that have scavenged an Fj". In the Gd+Sm double-doped samples studied here the 
combined ITC and EPR results show that the number of Gd in cubic sites does not change 
significantly while the intensity of a majority of the ITC cluster-associated peaks increases. 
This observation implies that the F;~ contributing to the scavenging of these dipolar 
clusters should be associated to the Sm and not to the Gd. Therefore, the Sm ions must 
abundantly exist as cubic defects in the matrix. The higher number of ITC relaxations 
present in these samples could be due to a greater number of different polarizable clusters 
or to a variety of relative positions of the extra F;~ that slightly changes the relaxation 
times involved. 

3    CONCLUSIONS 

By using the complementary EPR and ITC techniques in CaF2 samples double-doped with 
Gd+Lu or Gd+Sm we were able to follow the variation of the different dipolar defects 
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and paramagnetic centers, that coexist in these two types of solid solutions, as a function of 
the Lu or the Sm concentration. In the Gd+Lu doped samples the poor ITC spectrum and 
the low number of Gd3+ ions in tetragonal and cubic symmetry have shown that the 
clustering process cannot be interpreted as the scavenging of F{~ by various clusters of 
increasing size. Here the existence of the proposed hexamer structure, even at low impurity 
concentration, is the only explanation that takes into account the observed combination of 
results. In contrast, in the Gd+Sm samples, the rich ITC spectrum and also the low 
number of cubic and tetragonal Gd centers detected by EPR evidence the tendency to form 
small polarizable clusters of increasing size as the Sm concentration increases. The 
analysis of the combined ITC and EPR results show that the F~ associated to the Sm3+ 

ions must be the one contributing to the scavenging of these clusters, therefore, there 
should exist an abundant number of Sm in cubic sites. The fundamental differences found 
here on the two double-doped crystals are in agreement with the predictions of the HADES 
simulations that take into account the ion size effects. 
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NEW SYMMETRY PROPERTIES OF THE CUBIC 
RARE-EARTH CENTERS IN CRYSTALS 

V. LUPEI 

Institute of Atomic Physics, 76900 Bucharest, Romania 

A method that gives analytical basis functions for the irreducible representations which label the crystal field 
levels of the rare-earth ions in cubic symmetry, regardless how many times these representations enter in the 
decomposition of the irreducible representation of the three-dimensional rotation group is presented. The method 
makes use of the transformation properties of the wavefunctions under rotations around two fourth-order axes of 
the cube and gives analytical crystal field wavefunctions versus the composition parameter of the cubic crystal 
field potential. 

1    INTRODUCTION 

Knowledge of wavefunctions and of energy levels of transition ions in crystals is important 
for characterization of the crystal field interaction and for calculation of the effect of 
various external fields. Generally the crystal field interaction of rare-earth f-electron 
systems (lanthanides and actinides) could be considered as weak, i.e. the total angular 
momentum quantum number J remains good, although sometimes strong J-mixing by 
crystal field interaction could take place. In this approximation the energy levels J are split 
in crystal field (c.f.) components, each of them being characterized by one of the 
irreducible representations T; of the cubic group to which the irreducible representation of 
the three-dimensional rotation group is reduced: 

DtO^£ai(j)ri (1) 
l 

Each c.f. component has a residual degeneracy, equal to the dimension of the 
representation tt and its wavefunctions form a basis for this representation. The c.f. 
wavefunctions are linear combinations of free-ion wavefunctions: 

|fi>=£C™Ü)|JM> (2) 
M 

where j = (T;, M) denotes the irreducible representation T; and the function M inside the 
basis of representation. The coefficients CJM^ could be calculated by diagonalization of 
the crystal field potential in the space of the (2J + 1) functions | JM); in case of cubic 
symmetry for f-electron systems this Hamiltonian is written (the notations used here are 
similar to those from1) 

je = B404 + B606 (3) 

where O4 and Oe are fourth- and respectively sixth-order polynomials in angular 
momentum operators while B4 = ßMi^) and B6 = 7A6(r

6) characterize the strength of 
interaction. By introducing2 the scaling factors F(4) and F(6) and the energy W and crystal 
field composition parameter such as 

B4F(4) = Wx and B6F(6) = W(l- | x |), (4) 
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the Hamiltonian (3) could be rewritten as 

04        1— I x I   06 

F(4) x      F(6) 
: Wxh; (5) 

here h is the reduced Hamiltonian which depends on the composition parameter x but not 
on the absolute values of the c.f. parameters B4 and Bö. Other choices for the composition 
parameter such as y = A6(r

6)/A4(r
4) or z = B6/B4 could be made. 

The basis functions for representations T; for which a;(J) = 1 do not depend on the 
composition parameter of the cubic crystal field. However if ai(J)>l these functions 
depend in a very intricate way on this parameter; this dependence is currently calculated 
numerically. However is a difficult and time-consuming work to extract the value of the 
composition parameter from the matrix elements of various interactions, measured in 
experiments. Such a result would also lack a clear and explicit dependence of the effects of 
these interactions on the composition parameter of the crystal field. The present paper 
shows that this limitation originates from the incomplete use of the transformation 
properties of the cubic group in the previous theories and discusses a new method which 
enables to obtain analytical wavefunctions and energy levels for f-electron systems versus 
the composition parameter of the cubic crystal field potential regardless the value of aj(J) 
in eg. (1). A preliminary discussion of this problem for several particular cases was 
presented in.3'4 

2   TRANSFORMATION PROPERTIES OF THE WAVEFUNCTIONS 

For odd f-electron systems the total angular momentum quantum number is a half-integer 
and the transformation properties of these ions in cubic symmetry are described by the 
double cubic group which has two two-dimensional representations, T6 and r7, and one 
four-dimensional representation, rg. It is useful to write the half-integer J as a sum 
(n + m + 1/2), where n is an integer and m is another integer which could take the values n 
or (n + 1). For even f-electron systems J is an integer equal to (n + m) and the 
transformation properties are described by the simple cubic group which has two one- 
dimensional representations Ti and r2, a bi-dimensional representation T3 and two three- 
dimensional representations, T4 and T5. 

The properties of the f-ions in crystals could be grouped in four classes according to the 
following determining factors: (i) the temporal inversion; (ii) the crystal field symmetry 
transformations; (iii) orthogonality; (iv) the selection rules of the reduced crystal field 
Hamiltonian h. Each of these factors acts in a specific way on the coefficients CJM^) from 
eq. (2); these properties are enough as to determine analytical functions for CJM^ versus 
the cubic crystal field composition parameter. 

2.1  Transformation Properties Determined by The Temporal Inversion 

According to the temporal inversion each wavefunction (2) has a temporal conjugate 

ifi) = E(c™0)r(-i),"MiJM> (6) 
M 

which is also a wavefunction of the ion in crystal. For odd f-electron systems (Kramers 
ions) the functions (2) and (6) are distinct; in case of even f-systems this may not be always 
so. Thus the temporal inversion could reduce the number of CJM® coefficients to be 
determined from other properties. 
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2.2 Transformation Properties Determined by The Crystal Field Symmetry Group 

Essential in determining the properties of the wave functions of the f-ions in cubic sites are 
the fourth-order rotation axes. Traditionally only one of these rotations (choosen as z-axis) 
is used; this paper shows that the rotation around a second fourth-order axis (taken as axis 
y) is also important. These two rotation properties have several important consequences: 

A. They impose conditions upon the coefficients CJM®: 
a. Rotation Rz(2) imposes that the differences between the values of M in eq. (2) are 

multiples of 4: 
In case of odd f-electon systems this leads to a grouping of the wavefunctions in two 

families: 

| f(1)) = {J, (J - 4), ...}, with (n + 1) components M (7a) 

this family contains (n + 1) functions 

I f(2)) = {(J - 2), (J - 6), ...}, with m components M; (7b) 

this family contains m functions. 
The basis of the representation T8 cotains a function of family (7a) and one of (7b) and 

thier conjugates while T6 and T7 have the bases either from (7a) or (7b), but not from the 
same family for both of them. 

- For even electron systems three families of wavefunctions could be formed: 

I f(D> = {[J - (n + 1 - m)],..., [J + (n + 3 - m)]}, (8a) 

with m components M and containing m distinct wavefunctions, 

| f(2)> = {[J - (m - n)],.., [-J + (m - n)]}, (8b) 

with (n + 1) components M placed symmetrically around M = 0 and containing (n + 1) 
distinct wavefunctions, 

I f(3)> = {[J - (2 + m - n)],.... [-J + (2 + m - n)]}, (8c) 

with n components placed symmetrically around M = 0 and containing n wavefunctions. 
b. Rotation Ry(§) establishes a connection between the coefficients of wavefunctions 

from different families. The relations obtained this way are then submitted to the restriction 
that Ry(2) applied to a function which belongs to the basis of a given representation should 
not transform it to a function which belongs to the basis of another representation. For 
instance, if in case of odd systems the basis of T6 belongs to the family (7a) the rotation 
Ry(S) should not transform it to a function (7b) which forms the basis for T7. Then for 
each M(!) component of a function (7a) we have 

(M(i) | Ry(|) I f(2)) = 0 (9) 

B. Rotations RZ(D) and Ry(Q) can define for each representation a pseudo- or fictitious 
angular momentum J. Thus the decomposition (1) shows that for some of the J values (0, 
1/2, 1, 3/2), D(

J
) reduces to a unique cubic point group representation (Fu T6, T4 and T8 

respectively); this suggests that the basis functions for these representations could be 
regarged as the wavefunctions of a fictitious angular momentum J, specific for each 
representation regardless the actual vale of J and having similar transformation properties 
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to J under the rotations_Rz(§) and Ry("). Then the basis functions could be labelled by the 
(2J+1) projections of J and they must satisfy the transformation properties: 

Rz(5)|M)=expH"M)|M) (10) 

M^\M)^dm^)\M) (11) 
M' 

where d- - (i)(?) are the reduced matrix elements fo the (f) rotation operator. 
MM'     v i-' '■ 

Equations (10) and (11) applied to each of the families of wavefunctions enable the 
determination of the values of J and M to be attached to each of the wavefunctions. The 
basis functions of representations Ti, r6, T4 and J8 [for which a; = 1 in eq. (1)) could be 
thus characterized by the fictitious moments Ö, 1/2, 1 and 3/2 respectively and by the set 
of corresponding M projections. In case of representations which never show alone in the 
decomposition (1) it could be shown that: (i) the basis functions of representation Y7 could 
be labelled by the projections ± 3/2, y q= § of a fictitious momentum J = 5/2; (ii) the 

basis functions of representation T5 could be labelled by the projections 1, -1 and a 
combination of projections 2 and -2 of a fictitious momentum J = 2; (iii) the_ basis 
functions of representation T2 correspond to a combination of projections (| 2)- | -2)) of 
a momentum J = 3; (iv) the basis functions of T3 correspond to projection 0 and to the 
combination | 2}+ | —2) of a momentum J = 2. 

2.3 Orthogonality Properties 

The orthogonality conditions 

£<rJM| T(,M)=6w6ie6m, (12) 

where i refers to the type of representation and / labels the various representations of the 
same type provide additional relations between the coefficients CJM- 

2.4 Properties Imposed by The Selection Rules of The Crystal Field Hamilitonian 

A useful way to reduce the number of parameters to be handled in calculations is to replace 
the starting coefficients CJM in eq. (2) by orthogonal functions of fictitious angles. This 
enables to write analytical functions versus only a few such angular parameters for all the 
coefficients CJM by using the properties described above. Then these fictitious angles could 
be connected to the composition parameter of the crystals field by using the selection rules 
for the matrix elements of the reduced Hamiltonian h between functions of the same M 
belonging to the various representations of the same type: 

(r\ M | h I r,1 M ) = 0 (13) 
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3    EXAMPLES 

3.1 J = 9/2 

D(9/2) ^ r6 + 2r8 

T8
(1) : | r8

(1), ±3/2) = ±(cosÖi | T 5/2} + sinöi | ± 3/2)) 

|r8
(1), l72) = ±^=[-(v^lcosöi+3sinöi) | ± 9/2) + 

4v3 

(v^cosöi + >/l4sin0i) | ±1/2) + (\/2Tcos6>i - 5sin0i | ± 7/2)] 

r8
w :*, = *+5 

with z = (B6/B4) 

3.2 J = 11/2 

.     oa        [3  5 + 336 z 
tan 26i = \  

V28   l-12z 

D(n/2) _^ r6 + r? + 2r8 

T8
(1) : | T8

(1),± 3/2) = ±-iF[V33sin6>i | ± 11/2} + (ViOsinoi -4cos0i) | ± 3/2) 
4v3 

+(V5sm61 +4^008 6»!) | =F 5/2)] 

| T8
(1),± 1/2) = ±-^=[(sin0i - 2>/lÖcos0i) | ± 9/2) 

4V3 

iinöi | ± 1/2) + (\/5sin0i + 2v/2cös6)i) | =F 7/2)] /42sin(! 

tan 26»! = ^L12 n _ 44l2 
33    v 

The matrix elements calculated with these wavefunctions will then show an explicit 
analytical dependence on the composition parameter z of the cubic crystal field potential. 
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NONRADIATIVE RECOMBINATION PROCESSES IN 
WIDE BAND GAP II-VI PHOSPHOR MATERIALS 

M. SURMA and M. GODLEWSKI 

Institute of Physics, Polish Academy of Sciences, 02-668 Warsaw, Al. Lotniköw 32/46, 
Poland 

Transition metal ions limit the light emission from wide band gap II-VI phosphor materials. Nickel, iron and 
chromium deactivate the visible luminescence of ZnSe due to the bypassing and three center Auger processes. For 
ZnMnS the donor-acceptor pair (DAP) emission is deactivated by spin dependent energy transfer transitions from 
DAPs to Mn ions. 

Key words: ZnS, ZnSe, transition metals, nonradiative processes, bypassing, Auger effect. 

1    INTRODUCTION 

Transition metal (TM) (e.g. Cu, Mn) activated wide band gap II-VI compounds have found 
a wide spread application in opto-electronic industry. This is due to an observation of a 
bright light emission from donor-acceptor pair (DAP) or intra-shell transitions of TMs. The 
efficiency of an emission from Cu or Mn activated II-VI phosphors is limited by the 
inadvertent presence of other TM ions, such as iron, chromium or nickel. In ZnS, these 
ions are known as the most effective deactivators of the visible luminescence.1'2 Several 
processes account for such a role of TM ions in ZnS:Fe: the so-called bypassing process 
(free carrier trapping via deep impurity level of TM,1 Fig. 1(a)), energy transfer processes 
from donor-acceptor pairs to iron,3 including the three center Auger recombination 
(TCAR) process (Fig. 1(b)), and formation of iron-copper pairs.3,5 In this paper we 
analyze the role of iron, chromium and nickel in nonradiative recombination processes in 
ZnSe and that of manganese in ZnS. The results of photo-stimulated electron spin 
resonance (photo-ESR), optically detected magnetic resonance (ODMR), photolumines- 
cence (PL) and optical absorption are discussed. Several nonradiative processes are shown 
to be important and their relative role is analyzed. The relative role of these processes is 
discussed in the present work for Cr, Fe, Ni doped ZnSe and Mn doped ZnS. 

2   RESULTS AND DISCUSSION 

In ZnS:Fe the most important channels of DAP deactivation are the bypassing and Fe-Cu 
pair formation processes, with the Auger effect being also active.2 We show below that in 
the case of ZnSe, the bypassing process involving TM centers remains dominant because 
of the relatively large electron and hole capture cross sections by nickel, iron and 
chromium. The photo-ESR method was applied, since the bypassing and the TCAR 
transitions involve a change of the TM charge state, a process readily monitored with use 
of ESR. The photo-sensitivity of Cr+, Fe3+ and Ni+ ESR signals was studied. 

Figure 2 presents the spectral dependence of photo-excitation of the Cr+ and Fe3+ ESR 
signals in ZnSe doped with Cr, Fe and Ni. In the case of Fe3+, the photo-excitation 
spectrum is dominated either by the direct chromium ionization transition (band II) or by 
nickel (2+ —> 1+) ionization (band IV), identified in a separate ESR study.6'7 In both 
cases the Fe3+ ESR signal is induced by the capture of photo-excited holes by Fe2+ 
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FIGURE 1    Deactivation of the DAP radiative recombination by the bypassing (a) and energy transfer (b) 
processes. In the bypassing process free carriers recombine via TM level instead being trapped by donor and 
acceptor centers. The three center Auger recombination process results in TM ionization following energy transfer 
from the DAP. 

centers. We show that the direct Fe ionization (band I) is fairly weak, which indicates a 
rapid recapture of the photo-generated electrons by Fe3+ centers. 

In ZnS the Fe3+ ESR signal was excited via the TCAR process,4 which involves in the 
first step the ionization of an acceptor with electron being captured by a shallow donor. 
The so excited DAP decays nonradiatively by energy transfer to iron (Figure 1(b)) 
resulting in its ionization. The lack of a TCAR band in Fe3+ photo-excitation in ZnSe:Fe 
(Figure 2) is a result of the large electron capture cross section of Fe3+. In intentionally Fe 
doped samples electrons are efficiently trapped by Fe3+ centers resulting in a small 
occupation of this state observed in the ESR study. It is not the case for Ni doped ZnSe. 
Here the Fe3+ centers created in the TCAR process remain metastably occupied since 
photo-generated electrons are trapped either by shallow donors or (mostly) by nickel 
centers. This result indicates a high efficiency of the bypassing process for Ni ion in ZnSe. 

The Cr+ photo-excitation spectrum is dominated by (band III) an indirect process 
which involves acceptors ionization and capture of photo-excited electrons by Cr2+ 

centers. The PL experiments indicate, however, that electron capture rates by chromium in 
ZnSe are relatively small compared to those by iron and nickel. 

In ZnSe and ZnS the energy transfer from DAP to Fe (Cr) resulting in intra-shell 
excitation of the TM ion was rather inefficient. A different situation occurs for crystals 
heavily doped with manganese ions. ODMR and PL excitation (PLE) experiments 
performed on Zn0.sMn0.2S indicate an efficient energy transfer link between DAPs and Mn 
ions. This energy transfer is a spin dependent process in a magnetic field, less effective in a 
singlet state of the donor-acceptor pair state, but very effective in a triplet state when the 
radiative recombination is forbidden and transfer to Mn is allowed by spin selection rules. 
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FIGURE 2   Photo-excitation spectra of the Cr+ (a,b) and Fe3+ (c,d) ESR signals in (a) ZnSe:Cr, (b,c) ZnSeFe 
and (d) ZnSe:Ni. 

The present ESR and ODMR investigations do not show formation of the TM 
complexes with a component of the DA pair. The Fe-Cu pairs detected in ESR and ODMR 
investigations of ZnS,3,5 were not observed in the case of ZnSe. 

Concluding, the present results indicate the deactivation of DAP visible PL in ZnSe by 
Ni, Fe and Cr. The dominant process is bypassing with the three center Auger transition 
being also effective. In the case of ZnMnS Mn deactivates DAP transitions by the DAP to 
Mn energy transfer process. 
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UPCONVERSION LUMINESCENCE PROPERTIES OF 
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Laser selective excitation is used to study the spectroscopic properties of Er3"*" ions doped in Lithium Niobate 
(LNB) single crystals, where it substitutes for the Li+ or Nb5+ sites both having local C3 symmetry. Excited state 
absorption resulting in energy upconverted fluorescence are observed (for dopant concentrations range 0.045 to 
0.37 mol.%) for temperatures up to 297 K. The upconversion mechanism is dominated by the sequential two 
photon excitation process. The polarised excitation and emission spectra of the upconverted fluorescence reveal 
the existence of multiple sites and inhomogeneously broadened energy levels as a consequence of the disordered 
structure of the LNB lattice. 

Key words: Er, LiNbC>3, upconversion. 

1    INTRODUCTION 

Lithium niobate, LiNb03 (LNB), doped with various admixtures of impurity ions is of 
great interest on account of the possibility of combining the acousto-optical, electro-optical 
and non-linear optical properties of the matrix with good luminescence characteristics of 
the active ions. The aim of this study is to investigate the energy upconverted fluorescence 
properties of Er3+ doped LiNb03 by site selective laser spectroscopy. 

2    OPTICAL PROPERTIES 

Optical absorption and laser spectroscopy have been used to investigate LiNb03 crystals 
doped with Er3+ ions. Near-infrared fluorescence from the higher energy, 4Ig/2,11/2,13/2, 
multiplets reveals the inhomogeneous nature of this crystal system and the presence of two 
dominant Er3+ sites1, site 'a' and 'b', within the concentrations limit studied (0.045 to 0.37 
mol.% in the melt). Absorption from excited states can be significant in Er ions doped 
materials. Such a process usually involves an intermediate metastable level with relatively 
long fluorescence decaytime. It is noted that the probability of energy upconversion 
process via excited state absorption, ESA, is proportional to the fluorescence decaytime of 
the intermediate state and dependent on the energy match among the multiplets involved. 
This paper presents the spectroscopic results of the energy upconverted fluorescence 
studies of Er ions doped in LiNb03 crystals. The temperature, excitation and emission 
wavelength dependent are analysed and the possible mechanisms of the upconversion 
process are discussed. 

Excited state asborption processes with excitation wavelengths into the 4I9/2 multiplet 
of the Er3+ ions are observed at temperatures from 12 K to 297 K. Figure 1 shows the 
room temperature upconverted fluorescence spectra under excitation into the 4I9/2 

* Permanent address: Department of Natural Sciences, Pusan National University of Technology, Pusan 608-739, 
Korea. 

[715]/217 



218/[716] H. J. SEO ET AL. 

FIGURE 1 
b) 4F9/2 - 4i,5/2; c) 4s3/2 

Room temperature upconverted fluorescence spectra of the : a) 2Hn/2. 
4Ii3/2 transitions. 

'3/2 115/2. 

multiplet. The various transitions involved are indicated in the inset of Figure 1 which also 
shows the 4Ii3/2 multiplet, with a decaytime of 7.4 ms at room temperature2, is involved as 
the metastable state. The strongest upconverted fluorescence corresponds to the 4S3/2 —> 
4I15/2 transition. Upconverted fluorescence from the 2Hn/2 multiplet is only observed at 
high temperatures as a result of thermal population from the 4S3/2 multiplet. This can be 
shown by plotting the ratio of the integrated fluorescence intensity from the 4S3/2 and 
2Hn/2 multiplets to the ground state as a function of inverse temperature. The linear 
dependency confirmed the Boltzman thermal distribution relationship between these two 
multiplets and gives an energy separation of 534 cm-1 which is in good agreement with 
the 600 cm-1 obtained from absorption data. 

The upconverted fluorescence intensity (I) as a function of excitation power (P) is given 
by the relation I oc Pn , where n is equal to 2. This quadratic dependency indicates the 
upconversion mechanism involves two photons. Many mechanisms have been proposed to 
explain the different types of upconversion fluorescence behaviour observed for rare-earth 
ions in various host materials3. The two processes most commonly invoked for the energy 
upconversion are the sequential two photon excitation process (STEP) and the energy 
transfer upconversion process (ETU). Each of these processes requires two incident 
photons; the first process involves a single ion while the 2nd requires two or more ions. 
Recent results from lattice site determination of impurity ions in LiNb03 by ion beam 
method4 suggest that rare-earth ions have a tendency to favour the Li+ ion site over the 
Nb5+ ion site. This coupled with the low concentrations of Er3+ ions used in this study and 
the energy match of the two transitions involved; ground state absorption (GSA), 
4j15/2 _> 4j9/2) and ESA, 

4I13/2 -»• 2Hn/2, strongly supports the STEP process as the 
dominant upconversion mechanism although one cannot discount possible ETU 
contribution especially at high dopant concentrations. Figure 2 shows the upconverted 
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FIGURE 2   Low temperature (12 K) upconverted fluorescence spectra of the a) 4S 
b)4S: 

3/2 ' M5/2 and 
3/2 ■ I13/2 transitions as a function of excitation wavelengths across the inhomogeneously broadened 

lines (Bi and B2) of the  I9/2 multiplet. 

fluorescence of the 4S3/2 —► 4I15/2 and 4Io/2 transitions at various excitation wavelengths 
across the inhomgeneously broadened absorption lines (Bl and B2) of the 4I9/2 multiplet. 
The observed fluorescence patterns show no resemblance of those of the sites 'a' and 'b' 
and the emission lines are relatively broad. The position and relative intensity of some of 
the peaks changes as the excitation wavelength changes. Polarised excitation spectra of the 
551 nm and 552 nm emission lines, as shown in Figure 3, reveals that they are originated 
from different Er3+ centres and the greater than expected number of peaks verified the 
existence of multiple sites. These observations may be explain in terms of the 
inhomogenuity of this crystal system and that the upconverted fluorescence is the product 
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FIGURE 3    Polarised spectra of the 4I9/2 multiplet: a) absorption spectrum from the, 4Ii5/2, ground state at 77 K; 
b) 12 K excitation spectrum of the 552.0 nm fluorescence line; c) 12 K excitation spectrum of the 551 nm 
fluorescence line. Dashed line is 7r-polarised (the E vector is parallel to the c-axis) and the solid line is c-polarised 
(the E vector is perpendicular to the c-axis). 

of GSA and ESA. The latter contributes to the observed complicated excitation spectra and 
the additional fine structures as compared to the corresponding absorption spectrum. The 
energy mismatch between the GSA and ESA transitions is ca. 40 cm-1, as compare to 
138 cm"1 reported by Gabrielyan et al.5 due to their mis-assignment of one of the energy 
levels of the 2Hn/2 multiplet, is very small and can easily bridged by thermal phonons, for 
temperatures greater than 20 K, to enable energy upconversion via STEP without invoking 
ETU processes. 
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EPR and optical measurements have been carried out on Cr3+ doped CaYA104 at 1.6 K, 16 K and 300 K. Q-band 
measurements revealed a strong, asymmetric EPR line close to g ~ 2 for B//c, together with three weak fine- 
structure lines corresponding to tetragonal symmetry. The R[ line of Cr3"1" has an inhomogeneous broadened 
linewidth of about 100 cm-1 at 16 K but a homogeneous width of less than 10 cm"1, the measurement of which 
was monochromator slit width limited. The large inhomogeneous broadening of the optical and EPR spectra are 
attributed to the compositional disorder of Ca2+ and Y3+ in the host lattice. 

Key words: transition metal ion, EPR, compositional disorder, fluorescence line narrowing. 

Cr3+ ions prefer to occupy sites of approximately octahedral symmetry in inorganic 
crystals and glasses. The microstructure of glasses produces a continuous distribution of 
the strength of the crystal field experienced by Cr3+ ions.1 Deviation from the 
stoichiometric composition in perfect crystals may produce several distinct crystal field 
sites.2 Disorder in the oxide perovskite crystal CaYA104 with the space group I4/mmm 
(D\l) is produced by the random distribution of Ca2+ and Y3+ ions on their respective 
sublattices while keeping the composition ratio of 1:1. 

CaYA104 crystals containing 0.1 at. % Cr3+ ions were grown in an inert atmosphere by 
the Czochralski technique. Cr3+ ions which preferentially occupy octahedral Al3+ sites, 
act as a probe of the compositional (or substitutional) disorder. EPR measurements of Cr3+ 

were carried out using a Q-band spectrometer (v ~ 34 GHz) with 100 kHz-field 
modulation at 300 K and 1.6 K. Fluorescence was excited using either an Ar+ ion laser 
operating on all lines, or a single mode Ti:sapphire ring laser at temperatures at 16 K and 
300 K. 

Figure 1 shows an intense asymmetric EPR line at 1.225 T of width 10 mT at room 
temperature. The angular variation of the weak fine-structure line, observed on both sides 
of the central feature, indicates a Cr3+ center with almost tetragonal symmetry about the c 
axis. The spin Hamiltonian parameters are estimated to be gn ~ gj_ ~ 1.983 and 
|D| ~ 85 x 10~4. At 1.6 K, the intense asymmetric line at 1.24 T, two more spread fine- 
structure lines, and the forbidden transitions (AM = 3,2) close to 0.35 T and 0.7 T were 
observed. The angular variation of these signals suggests that the intense asymmetry EPR 
line and the weak lines with fine structure are due to Cr3+ in low symmetry with 
|D| ~ 1500 x 10"4 and |D| ~ (550 and 1000) x 10"4 cm"1, respectively. 

The room temperature absorption spectrum of Cr3+ consists of two bands with peaks at 
368 nm and 566 nm, assigned to be 4A2 -> 4Ti and 4A2 -> 4T2 transitions, respectively. 
The fluorescence excited by a multiline Ar+ ion laser consists of Cr3"1" R-lines and 
accompanying phonon side bands at all temperatures investigated. Figure 2 (a) shows the 
R] line with the linewidth (FWHM) of ~ 100 cm-1 at 16 K. Fluorescence line narrowing 
(FLN) can resolve the homogeneous width of the R-line. Excitation and detection of 
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HGURE 2   (a) The R] line of Cr3+ doped CaYA104 excited with all lines of an Ar+ ion laser, (b) The FLN line 
excited at 740 nm of a Ti:sapphire laser at 16 K. 
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fluorescence resonant with the R[ line at 740 nm reveal the FWHM value of the 
homogeneous linewidth at 16 K to be less than 10 cm"1 (Fig. 2(b)). This measurement is 
limited by the resolution of the monochromator. However, the narrowed fluorescence does 
not start to broaden beyond the slit width resolution until the sample has been heated to a 
temperature 100 K. This is contrary to the behaviour observed in Cr3+ doped materials 
such as A1203 (Ruby) where homogeneous broadening dominants the R-line width at 
temperatures of 60 K and above.3 The additional source of inhomogeneous broadening in 
CaYA104 is produced by the random distribution of Ca2+ and Y3+ ions that leads to a 
series of slightly different crystal field for the Al3+ ions and, consequently, for the Cr3+ 

optically active ions. This compositional disorder is also the cause of the broadening of the 
EPR lines. 

One of the authors (M. Yamaga) is indebted to the University of Strathclyde, the British 
Council and the Daiwa Anglo-Japanese foundation for financial support of this 
collaborative research. 
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OPTICAL PROPERTIES OF Cr'+JONS IN LaSr2Gan02o 
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The optical properties of Cr3+ ions in the disordered LaSr2Gaii02o crystal have been investigated through 
absorption, emission, excitation spectra. Polarized excitation measurements allows us to evaluate the crystal field 
parameters and to infer the distortion of the octahedral site of Cr3+. In spite of the relatively low value of the 
crystal field (Dq/B = 2.26) obtained from optical data, the emission spectra are constituted by two narrow lines. 
This behavior, typical of strong field material, is explained by an even lower value of the crystal field 
corresponding to the 2E, 4T2 crossing point obtained by means of the Tanabe-Sugano diagram. The value of the 
splitting and the width of the emission lines, intermediate between crystals and glasses, confirm the disordered 
structure of this crystal. 

Key words: Spectroscopy Cr3* Disordered crystals. 

1    INTRODUCTION 

Cr3+ ion is the active center in several solid state lasers. Crystals or glasses can be doped 
with Cr3+ ion impurities and, depending upon the influence of neighboring atoms, the ion 
can experience different crystal fields: its emission properties can be very different ranging 
from narrow line to broad band emission.1 

More recently several investigations have been focused on the properties of doped 
disordered crystals that represent an intermediate step between crystal and glasses.2 In 
these crystals equivalent crystallographic sites are occupied by different cations of the host 
crystal with statistical distribution. The crystal field acting on the impurity ion is thus 
different from site to site, due to the sol called static structural disorder. The optical 
properties of the impurity ions in these materials become more similar to those of doped 
glasses. 

In this work we present the first investigation on Cr3+ doped LaSr2GanO20. From the 
excitation and the emission spectra it has been possible to construct the Tanabe-Sugano 
diagram and to derive the crystal field for the Cr3+ ion in this crystal.3 

2   EXPERIMENTAL 

The LaSr2Gan02o: Cr3+ crystals were grown at the Institute of Crystallography of 
Moscow. The samples studied have a Cr3+ concentration of about 0.3% with respect to the 
structural Ga3+. LaSr2Gai .O2o is a monoclinic insulating crystals (space group C2h) with a 
disordered structure due to the statistical occupation by Sr2+ or La3+ of a particular lattice 
site (a seven vertex poliedron). The Cr3+ ion replaces the Ga3+ ion in octahedral sites, 
surrounded by six O2" ions, but experiences also the disordered crystalline field produced 
by the neighbors ions of the second coordination shell.2 Because the absorption spectrum 

f Permanent address: Dip. Matematica e Fisica-Universitä di Camerino, Via Madonna delle Careen, 62032 
Camerino-Italy 
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FIGURE 1    Excitation spectra at T = 77 K for three different direction of the electric field and propagation 
vectors of the light with respect to the crystal c-axis. 

contains bands not due to Cr3+ or at least not related to the optical cycle of the Cr3+ ion, 
we report in Figure 1 the excitation spectrum of the Cr3+ emission around 700 nm. The 
three curves refer to different directions of the electric field and propagation vectors of the 
light with respect to the crystal c-axis. The so called a and a spectra are similar and both 
are different from the IT spectrum indicating electric dipole transition.3 In Figure 2 the 
emission bands, clearly broadened in the disordered crystal, are plotted for different 
temperatures. At low temperature only one band is visible (peak at 1.775 eV); on 
increasing temperature two emissions (at 1.775 and 1.790 eV) are present, but above 250 
K their intensity decreases and almost vanishes around room temperature. 

3    DISCUSSION 

The values of the local field parameter Dq and of the Racah coefficients B and C can be 
derived from the energies of absorption and emission bands that, in octahedral (or nearly 
octahedral) symmetry, can be assigned to the following transitions: 

4A2 -» 4T2 

4A2 ^ 4T, 

■4A, 

4A2 

absorption 

absorption 

emission Ri 

emission R2 

2.06 eV 

2.94 eV 

1.775 eV 

1.790 eV 
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FIGURE 2   Emission spectra for different temperatures. 

From easy calculations4'5 one obtains the parameters Dq, B and C reported in Table I 
together with those of few ordered crystals and glasses. 

The Tanabe-Sugano diagram calculated from the above obtained values (C/B = 4.2) is 
shown in Figure 3. The arrow indicates the Cr3+ ion crystal field Dq/B = 2.26. This 
value is clearly larger than that of the crossing between the 2E and 4T2 levels, 
(Dl/B)crossing = 1-9. and this justifies the observed narrow emission lines. 

The presence of the two lines (Ri and R2) indicates the existence of a tetragonal 
distortion of the octahedral oxygen cage around Cr3+ confirmed by the slight difference in 
the excitation peaks of the 4A2 -> 4T2 and 4A2 -> 4T, transitions, measured with the 
different polarization. Similar results were observed in La3Ga5SiOi4 The parameters of the 
disordered crystals (Table I) and in particular those of the LaSr2Gai 102o are closer to those 

Table I 
Racah parameters and value of crystal field in crystals, disordered crystals and glasses. 

Dq/B B 
(cm-1) 

C 
(cm-1) 

[ref.] 

Y3Sc2Ga30,2 2.56 630 3248 [1] 
GdßGasO^ 2.55 626 3232 [1] 

La3Ga5SiOi4 2.50 640 3240 [5] 
LaSr2Gan02o 2.26 734 3060 [*] 

Potassium Borate glass 2.25 710 3115 [6] 
Silicate glass 2.15 740 3076 [4] 

* present work 



230/[728] A. LUCI ET AL. 

C/B = 4.2 

4.0 

FIGURE 3   Tanabe-Sugano diagram for Cr3+ ion in octahedral crystals field calculated for the LaSr2Gan02o 
crystal. The arrow indicates the value of Dq/B = 2.26. 

i.e. of glasses than of other garnets and indeed the halfwidth of the Ri lines is ~ 70 cm"1 

much larger than the ~ 10 cm"1 R lines in Gd3Ga50i2. This broadening of the line in 
disordered crystal is almost entirely structural, being independent upon the temperature. 

The main, and not small shortcoming, from the point of view of laser operation is the 
presence of nonradiative deexcitation channels that strongly reduce the emission at room 
temperature. More complete description of this system derived from the polarized spectra 
and from the temperature dependence of lifetime emission and quantum yields, will be 
reported elsewhere. 
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NONLINEAR TRANSMISSION IN Cr4+-DOPED 
SILICATES 
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V. G. SHCHERBITSKY and B. I. MINKOV* 

International Laser Center, Belarus State University, Minsk 220064, Belarus; *Institute 
for Single Crystals, Ukraine Academy of Sciences, Kharkov 310141, Ukraine 

The results of absorption saturation measurements in the visible on chromium doped Y2SiOs, Gd2SiOs and 
Mg2Si04, crystals are reported. The cross sections for ground state and excited state absorption of Cr4+ ion in 
distorted tetrahedral sites are estimated at 694 nm. Saturable absorber Q-switching of ruby laser using Cr-doped 
Y2SiÜ5 and Mg2Si04 is described. 

1    INTRODUCTION 

Tetravalent chromium doped crystals, such as garnets and forsterite, were reported to 
exhibit saturation of absorption in the near infrared at about 1 /xm.1-6 Absorption cross 
section was measured for the3 A2 - 3T2 transition (in Td approximation) of the Cr4+ ion at 
1.06 /xm wavelength of Nd-YAG laser and was estimated to be 2-5 x 10~18 cm-1 in 
different hosts. Passive Q-switching and mode-locking in Nd-YAG laser were 
demonstrated using these materials as saturable absorbers. Moreover, another d2-ion— 
trivalent vanadium was shown to exhibit saturable absorption in the NIR both for the 
3A2-

3T2 and 3A2-
3T, (3F) transitions.7 

In this paper we report on the measurements of saturation of red absorption in a number 
of Cr4+-doped silicates, namely, Y2SiOs, Gd2SiOs and forsterite. Q-switched operation of 
ruby laser is demonstrated using Cr-doped silicates as intracavity saturable absorbers. 

2   EXPERIMENTAL PROCEDURES 

High quality Cr-doped Y2Si05, Gd2Si05, and Mg2Si04 single crystals were grown by the 
Czochralski technique. The Cr-concentration in the raw materials was varied from 0.2 to 
2.0 wt %. The polished samples were 15-20 mm in diameter and 3-10 mm in thickness. 

Absorption saturation measurements were performed using Q-switched ruby laser with 
a 100 ns pulse width at 694 nm. The energy of laser pulses was measured with a FNM- 2 
nanosecond laser photometer calibrated to the absolute energy. The average was taken 
over 100 laser shots for every experimental point of transmission to enhance the signal-to- 
noise ratio. The beam area was determined using an optical multichannel analyser with 
a CCD-system. Systematic errors are estimated as ±30% for the energy fluence 
measurements. 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

3.1    Cr4+-doped Y2Si05 

The polarized absorption spectra of Cr:YSO were described in refs8-10. The dominant 
strong absorption bands at 16700 cm"1 and 14000 cm-1 and week absorption at about 

[729J/231 
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FIGURE 1    Energy transmission of ruby laser pulses through Cr:YSO versus energy fluence. The theoretical 
curves calculated from Frantz-Nodvik formula (thin line) and from equations (1-5) (thick line) are shown. 
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FIGURE 2   Simplified energy-level scheme for Cr4+ ion in silicates. 

10000 cm-1 were assigned to transitions on the Cr4+ ions substituting for the Si ions in 
distorted tetrahedral sites. The weak absorption at about 10000 cm-1 was assigned to the 
3A2-3T2 transition, which is electric dipole forbidden in an undisturbed Td symmetry. 
The strong bands 16 700 and 14000 cm-1 are attributed to the 3A2-

3T! (3F) transition 
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splitted due to distortion of the Cr04
4" tetrahedron. The lifetime of the 3T2(

3F) excited 
state was estimated to be 0.65 fis at room temperature from emission decay measurements. 

Absorption saturation measurements on Cr:YSO were performed at room temperature. 
The results for the energy transmission of 100 ns, 694 nm pulses of ruby laser through the 
sample of Cr:YSO (Ella, kllb) versus pump energy fluence is shown in Figure 1. In order 
to analyse the experimental results on saturation of absorption a simplified energy level 
diagram shown in Figure 2 was assumed. In this diagram the 1E(1D) excited level was 
assumed to be higher than the 3T2(3F) level910 and it was not taken into further 
consideration. The excitation of the 3Ti (3F) state by the 694 nm laser pulse is followed by 
the vibrational relaxation intra this state and then nonradiative relaxation occurs to the 
3T2(

3F) metastable level. The lifetime of the 3T2(3F) metastable level is long compared 
with laser pulse duration. In order to estimate the Ti(3F) to 3T2(3F) relaxation time, the 
risetime of the luminescence from the 3T2(

3F) level was measured after excitation of the 
3Ti(3F) state by the 20 ps-width pulses of second harmonic of a Nd-YA103 laser. This 
relaxation time was estimated to be less than 5 ns (the temporal responce of registration 
system) at room temperature and at 77 K, that is much shorter compared with the 694 nm 
pulse duration. So, we attempted to use modified Frantz-Nodvik formula for a slow three- 
level absorber11 for the analysis of nonlinear transmission data. But this formula exhibited 
a fairly good fit to the experimental points only at low energy fluences, while strong 
differences were observed at high fluences (Figure 5). An excited state absorption was 
assumed to be responcible for this discrepancy. An excited state absorption, to our mind, is 
associated with transitions from the 3T2(

3F) metastable level, since the relaxation rate 
from the directly excited 3T!(3F) state is fast compared with pulse duration and the 
population of this state is negligible. According to the crystal field calculations the 3Ti (3P) 
state of the Cr4+ in YSO was found to be at about 24000 cm-1. Assuming that the 
splitting of this level due to symmetry distortion is similar to that of 3Tj (3F) level, we can 
predict that the 3T2( F)— 3T[( P) transitions can be observed in the spectral range near 
13 5000—17 000 cm-1. So, we tentatively assigne ESA to these transitions (Figure 2). The 
saturation behaviour of absorber can be described by the following rate equations in which 
excited state absorption is taken into account: 

dni/dt = -{a\/hv)I + n2/r2i (1) 

dn2/dt = (CTI /hv)I - n2/r2i (2) 

ni+n2 = n0 (3) 

dl/dz = -(<riMi + oESAn2)l (4) 

where / = I(r, t, z) is laser pulse intensity; r is the radial coordinate for the laser beam; z is 
the pathlength of laser beam in the crystal; n, n2 and n0 are the population density of the 
3A2 and 3T2(

3F) states and the total population density, respectively. The nonradiative 
relaxation rate from the 3Ti(3P) excited state to the 3T2( F) metastable level was 
assumed to be much faster than the laser pulse width (similar to that from the 3Tj (3F) state, 
thus making the populations of the 3Ti ( P) state also negligible. The energy transmission 
of laser pulse through the absorber is given by: 

dt\      I{r,t,L)rdr 
"y      J — oo       JO  fc\ 
±E ~~    f+OO f+OO \p) 

dt        I(r, t, 0)rdr 
J-oo       Jo 



234/[732] V. P. MIKHAILOV ET AL. 

4) 
U c 
a 
£ 
10 c 

0 12 3 4 

Input fluence (J/cm2) 

FIGURE 3   Energy transmission of ruby laser pulses through Cr:GSO (circles) and Cr-forsterite (triangles) 
versus pump energy fluence. The theoretical curves are shown by solid lines. 

where L is the thickness of a crystal. The equations were solved numerically for gaussian 
pulse shape. From the best fit to experimental points (see Figure 1) the values of 
absorption cross sections were estimated to be a\ = 2.1 ± 0.65 x 10~18 cm2 and 
<7ESA = 7.0±2.1 x 10"18cm2. 

3.2 Cr4+-doped Gd2Si05 

The strong broad bands at 18000 cm-1 and 13 000 cm-1 and weak absorption at about 
10 500 and 9000 cm-1 are observed in absorption spectrum of this crystal. The strong 
absorption bands are attributed to the transitions from 3A2 ground state to the orbital 
components of the splitted 3Ti(3F) state. Weak absorption bands at 10 500 and 9000 cm"1 

are assigned to transitions on the 3T2(
3F) level, which is also splitted due to symmetry 

distortion. The nonradiative relaxation time (which was dominant at temperatures above 
150 K) of the 3T2(3F) level was estimated to be 15 ns at room temperature from 
fluorescence lifetime measurements. 

Energy transmission of Q-switched ruby laser pulses throw the CnGSO versus input 
energy fluence is shown in Figure 3. The absorption recovery time of CnGSO at room 
temperature is determined by the lifetime of the 3T2(3F) excited state and much shorter 
than the pulse width of excitation. As in the case of CnYSO, the nonradiative relaxation 
rates from the 3Ti(3F) and 3Ti(3P) excited states to the 3T2(

3F) metastable level were 
assumed to be much faster than any other rates. A best fit of the calculated from Equations 
(l)-(5) TE values to the experimental results was obtained for the parameters 
o-i = 6.7 ± 2.0 x 10"18 cm2 and <7ESA = 1.9 ± 0.6 X 10"18 cm2. 

3.3 Cr-doped Mg2Si04 

The polarized absorption spectrum of Cr4+-doped forsterite exhibits strong absorption at 
694 nm for Ellb and EIIc orientations. The absorption bands at 9000-11 000 cm-1 were 
assigned to the 3A2-

3T2( F) transition and the bands with peaks at 15 100 and 
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13 600 cm"1 were assigned to orbital components of the 3A2-3Ti(3F) transitions, 
splitted due to symmetry distortion.12 The lifetime of luminescence from the 3T2 level 
was estimated to be of about 3 /xs at room temperature. The results for absorption 
saturation measurements on Cnforsterite were very similar for both orientations and are 
shown in Figure 3. The results were analysed using model proposed in Figure 2 and 
Equations (l)-(5). The values for ground state and excited state absorption cross sections 
were estimated to be ax = 3.1 ± 1.0 x 10-18 cm2 and CTESA = 6.6 ± 2.0 x 10"19 cm2, 
respectively. The absorption cross section of Cr4+:forsterite at 1.08 fj,m was estimated to 
be 2.3 x 10"18 cm2.6 The measured value of u\ at 694 nm is approximately twice as small 
as predicted from results of measurements at 1.08 /xm. But taking into account the possible 
systematic errors for measurements of energy fluence the agreement of results seems to be 
fair. 

3.4    Ruby Laser Q-Switch Experiments 

Chromium-doped silicates were tested as Q-switch saturable absorbers for ruby laser at 
694 nm. The hemispherical laser cavity was formed by 1.0 m radius high reflector and 
50% reflectivity flat output coupler. The laser rod was 10 mm in diameter and 120 mm in 
length. The polished samples of saturable absorber crystals were 2-10 mm in thickness 
and were not antireflection coated. In the free running operation (without saturable 
absorber Q-switch) laser pulses obtained were 0.5 J in energy and about 1 ms in duration. 
At the same pumping conditions single pulses of about 80-100 ns in duration and up to 
240 mJ in energy were generated from Q-switched laser using intracavity Cnforsterite and 
CnYSO saturable absorbes. The absorber was placed near output coupler. Low optical 
damage threshold of CnGSO has made impossible to use this crystal as a passive shutter. 

4   CONCLUSION 

The saturation of visible absorption in tetravalent chromium doped Y2Si05, Gd2Si05 and 
Mg2Si04 is investigated. The strong evidence for excited state absorption at 694 nm was 
observed in these crystals. The ground state and excited state absorption cross sections at 
694 nm are calculated from nonlinear transmission data. The excited state absorption is 
tentatively assigned to the 3T2-

3Ti(3P) transitions of tetrahedrally coordinated Cr4+ ion. 
Passive Q-switching in a ruby laser is demonstrated using Cr4+-doped Mg2Si04 and 
Y2Si05 as intracavity saturable absorbers. 
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LiTa03:Tb3+ phosphors, prepared as crystalline powders, exhibit, at room temperature, strong green 
luminescence both during X-ray exposure (Direct Luminescence, DL) and subsequently, when stimulated in 
the 400-800 nm range (Photo-Stimulated Luminescence, PSL). Due to the high efficiency of the PSL, similar to 
that of the well-known UV-blue emitting BaFClxBri_x:Eu2+ phosphors, the new storage phosphors based on 
LiTa03:Tb3+ can find applications as X-ray sensors in Medical Digital Radiography and other radiation sensing 
fields. 

Both the direct and photo-stimulated luminescence efficiencies depend on the Li/Ta ratio, on the Tb3+ ions 
concentration and on the presence of co-dopants like, as in this case, Mg2+ alkali earth ions. Mg2+ ions improve 
the D.L. and have also a positive effect on the P.S.L. up to a nominal concentration of 0.015-0.02 at/mol. 

The results of the luminescence properties are here interpreted, with the support of diffuse reflectance data and 
lattice parameter measurements, on the basis of models describing the atomic defectuality situation and the 
distribution of the luminescence activator Tb3+ and of the Mg2+ alkali earth ions at lattice sites. 

1    PREPARATION AND CHARACTERIZATION 

1.1 Phosphor Powder Preparation 

The raw materials (4N) Ta205, Tb407, alkali earth sulfates (if possible), Li2S04.,H20, are 
mixed, dried and fired in the temperature range 1000-1250°C (in air or inhert gas) for 
several hours. Finally they are washed with water, seaved and dried at 120°C.1 

1.2 Crystallographic Properties 

According to published data,2 the crystal structure, determined by X-ray diffractometry, is 
hexagonal-rhombohedral with noncentrosymmetric space group R3c. The density of the 
powder is 7.43 g/cm3. The refractive index, at 632.8 nm, is 2.17. 

1.3 Point Defect Situation 

It is controlled by intrinsic deviations from stoichiometry as by the addition of foreign 
atoms, as Tb3+ and alkali earth 2+ ions. Since it is responsible of the main trapping events 
of the X-ray induced carriers (e',h+) it must be preliminarly clarified. We take into 
account: Li+ and 02~ vacancies, V'/Li and V../0 respectively;3'4'5 Tb3+ at Li+ and Ta5+ 

sites, Tb../Li and Tb"/Ta respectively; Mg2+ at Li+ sites, Mg./Li. The considered 
defectuality producing processes are: 

1.4 -Li/Ta Ratio 

Lithium deficiency: LiTaOs can arrange high deviations from stoichiometry; the Li/Ta 
ratio can range from 0.8 to 1.2, approx., see (6) 

2Li/Li + 0/0—+2V7Li + V../0 + Li20 (1) 

[735]/237 
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Lithium excess: 

2Li^2Li/Li + 2V"'/Ta + 3V../0 (2) 

1.5 Oxygen Deficiency: 

O/O—>2V'/Li + V../0 + Li20 (3) 

1.6 Adding the Luminescence Activator, Tb3+: 

Tb3+ ions can occupy Li+ or Ta5+, as Eu3+ ions do in LiNb03:
7 

Tb—->Tb../Li + 2V'/Li (4) 

Tb—*Tb"/Ta + V../0 (5) 

2Tb-^Tb../Li + Tb"/Ta (6) 

where Tb3+ ions occupate Li+ or/and Ta5+ sites. 

1.7 Adding Alkali Earth Ions, e.g. Mg2+ 

Mg-^Mg./Li + V'/Li (7) 

2Mg-^2Mg"7Ta + 3V../0 (8) 

4Mg—>3Mg./Li + Mg'"/Ta (9) 

2 MEASUREMENTS 

Luminescence spectra and intensities were obtained at 40 KVP, 10 mA and processed by 
an EG&G Princeton Appl. Res. Optical Multichannel Analyzer OMA III unit. Efficiencies 
were determined by integrating the overall luminescence, collected by a silicon detector, 
over the exposure time (2 s). 

2.1 Photostimulated Luminescence (P.S.L.) 

After exposure to X-rays (40 KVp, 10 mA, 2 s) and 5 s pauce, the phosphor powder was 
stimulated with a quartz-iodine lamp, provided with suitable optical filters. A He-Ne laser 
was used for stimulating at 632.8 nm. Light powers were 0.01 micro-Watts/sq.cm; pulse 
lenght was 120 ms, the photo-luminescence was collected over 300 ms. 

Diffuse reflectance (D.R.). Data were obtained by a Perkin-Elmer Lambda 9 
spectrophotometer, in the spectral range 250-750 nm. 

3 RESULTS AND DISCUSSION 

Figure 1 shows a typical luminescence spectrum of LiTa03:Tb3+; typical 5D4 —> 7Fj 
transitions of Tb3+ are evident, where the 5D3 —> 7Fj are practically absent, even at the 
lower Tb3+ concentration (see the Tb3+ energy levels, at the right side).8 The sensitivity 
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FIGURE 1    Spectral Photostimulability of LiTa03 :Tb3+ in comparison with its X-ray Emission Spectrum. 

spectrum of the photo-stimulated luminescence (520-580 nm) is also shown, stressing a 
special feature of this phosphor, i.e. the possibility to get storage signals when photo- 
stimulated at wavelength lower than that of the emission. 

Figure 2 illustrates the dependence of the D.L., of the P.S.L. and of the D.R. on the 
Tb + content. It is worth noticing that the maximum of D.L. does not correspond to a 
maximum of the P.S.L.; this stresses the prevalence, compared to process (4), of a Tb3+ 

incorporation process like (5), producing oxygen vacancies able to trap and store e', 
available for the subsequent photo-stimulation but competing with the immediate 
luminescence process.9 The fact that the D.R., between 280 and 650 nm, decreases with 
Tb + content, agrees with the considered role of the oxygen vacancies. 

Table I illustrates the dependence of D.L., P.S.L., D.R. and the rhombohedral lattice 
parameter values, respectively, on the Mg2+ ion content; for the first three properties, the 
corresponding values for the sample not Mg2+ doped are set to 100, as reference. The 
positive effect on D.L. and P.S.L. can be understood by assuming that V'/Li, created by 
the minoritary Tb3+ incorporation process (4), act as non-radiative recombination centers, 
subtracting e' and h+ both to the excitation of Tb3+ ions and to the storing at V../0 (being 
available for the subsequent photo-stimulation). Now, the addition of Mg2+ ions, supposed 
to prefer Li+ sites, in analogy to the case of LiNb03:Eu3+, Mg2+,10 would cause transfer 
of Tb3+ from Li+ sites to Ta5+ sites, accordingly reducing the number of V'/Li. 
Schematically: 
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FK3URE 2   Effect of Tb3+ concentration on the Diffused Reflectance and on the Luminescence Properties of 

LiTa03 

3Mg + Tb../Li + V'/Li—+3Mg./Li + Tb"/Ta (10) 

After a critical concentration, i.e. 0.02 at/mol, approximately, the Mg2+ incorporation 
mechanism (7), again creating V'/Li, would start to affect negatively the luminescence 
processes for both D.L. and P.S.L.. 

Table I 
Effect of the Mg2+ concentration on the rhombohedral lattice parameter, on the diffused reflectance at 280 nm and 

on the luminescence properties of LiTaC>3:Tb3+. 

[Mg2+] 
iatjmol) 

rhomb. diffused Direct Photo- 

Ä reflect. luminesc. stimul. 

0 5.47104 100 100 100 

1.36E-02 5.47077 230 166 

2.24E-02 5.47163 79 83 117 

4.48E-02 5.47173 73 54 93 
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Absorption and luminescence spectra and decay curves have been measured at temperatures down to 12 K for 
4ZnO-3B203 glasses doped with Pr3+ and Eu3+. Analysis of the spectra has yielded information about the 
probability of the radiative transitions in the impurity ions and the strength of the electron-phonon coupling. The 
strongly non-exponential decay curves indicate the importance of energy transfer and migration processes 
accounting for the dynamics of the excited states of Pr3+. 

Key words: Luminescence, Glass, Lanthanide Ions, Energy Transfer. 

1    INTRODUCTION 

Zn40(B02)6 crystals have been intensively studied from a spectroscopic point of view as 
they are intrinsically luminescent and show efficient thermoluminescence.12 It is of 
interest to undertake the study of the optical properties of the same material in the glassy 
state and as a host for luminescent impurities. Moreover, investigations on the 
spectroscopy of doped zinc borate glasses have been up to now only sporadic. In this 
study we report a preliminary spectroscopic study of glasses having composition 
4ZnO-3B203 and containing the bivalent lanthanide ions Pr3+ and Eu3+ as impurities. 

2    EXPERIMENTAL 

Glasses of composition 4ZnO-3B203 doped with 0.5^1% of trivalent lanthanide ion 
(substituting for Zn2+) were prepared by melting appropriate quantities of ZnO, H3BO3 
and Eu203 or Pr6On in a Pt crucible at 1250°C for 4 h and quenching the melt in a brass 
mould. The samples were then annealed at 500°C for 12 h, cut and carefully polished to 
high optical quality for the spectral measurements. Room temperature absorption spectra 
were measured using a Cary 5E double beam spectrophotomer. 

Emission and excitation spectra were obtained using a dye laser with rhodamine 6G, 
pumped by excimer laser or using a CW Ar ion laser. The fluorescence was focused onto a 
model 1401 double Spex monochromator equipped with a cooled RCA C31034A02 
photomultiplier tube and was detected by photon counting. Both emission and excitation 
measurements were performed in time-resolved spectroscopy. Lifetime measurements 
were performed with a model SR430 Stanford multichannel using a minimum dwell time 
of 40 ns. An Oxford Instruments flow cryostat was used for low-temperature 
measurements. 
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FIGURE 1    5Do <-> 7F0 excitation spectra of the Eu3+ in the zinc borate glass obtained at T = 12 K. 
Detection energy is at (a) 16270 cm'1, (b) 17260 cm-', (c) 17290 cm"1, (d) 17320 cm"1, (e) 17370 cm"1, 
(f) 17390 cm""1. The amplification factor is shown above the spectra. 

3    RESULTS AND DISCUSSION 

The inhomogeneous and the resonant site selective excitation spectra of the 5Do —> 7F0 

transition of the glass doped with 0.5% Eu3+ are shown in Figure 1. Figure 1(a) features 
the inhomogeneous excitation spectrum, detecting the 5D0 —► 7F2 transition. Figure 1 (b)- 
(f) show the resonant excitation spectra at different exciting energies, as reported in the 
caption. All the spectra display well resolved phonon sidebands, all peaking in the region 
of 450 cm"1 from the zero phonon line. The (b)-(f) spectra were measured in site selective 
conditions. The sidebands are assigned to a Eu-O stretching/B03

3" libration localized 
mode, following the analysis of the vibrational structure of the luminescence spectrum of 
Eu3+ in crystalline ScB03

3. This assignment is confirmed by the presence of a vibrational 
mode at about 445 cm"1 in the Raman spectra of the Eu3+ doped glasses, which is not 
present in the spectra of the undoped host glass.4 The structure of the sidebands does not 
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FIGURE 2 Luminescence spectra of Pr3"1" in the zinc borate glass obtained at T = 80 K. The excitation 
wavelength was 488.0 nm. The concentration of Pr3+ was (a) 0.5%, (b) 1.0%, (c) 2.0%, (d) 4.0%. Some 
transitions originating from the 3P0 excited state, and the 'D2 —> 3Hi transition, are marked in the figure. 

appear to change neither with respect to the energy distance from the ZPL, nor to the 
bandshape. The strength of the electron-phonon coupling g is a crucial parameter in 
determining important phenomena such as multiphonon relaxation, phonon-assisted 
energy transfer and upconversion. In the present case we evaluate g « 0.10 for all sites, an 
exceptionally high value, compared to the ones (g < 2 * 10"2) obtained from the phonon 
sideband of the hypersensitive 7F0 —> 5D2 transition in Eu3+ doped borate, silicate and 
fluorophosphate hosts.5-7 The homogeneous linewidth of the 5D0 —> 7F0 transition was 
measured for the glass doped with 0.5% Eu3+ by using the fluorescence line narrowing 
method, yielding a room temperature value of about 2.5 cm"1 at 17 320 cm-1. This value 
can be compared with the one obtained for 10Na2O-90B2O3 glass8 at the same 
temperature (4 cm-1). No time evolution in the shape of the line at different delay from the 
excitation was observed, suggesting that energy transfer processes are negligible, although 
at this temperature the 7Fi state is thermally populated. 

Whilst the spectroscopic study of glasses doped with the Eu3+ ion yields valuable 
information about the static properties of the impurity in the disordered host, especially 
because it is possible to investigate aJ = 0<->J = 0 transition, the dynamic properties 
concerning the time evolution of the excited states are much more efficiently studied in 
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systems doped with other lanthanide impurities, such as Pr3+. The Judd-Ofelt intensity 
parameters Q2, O4 and 06 for the Pr3+ ion in the 4ZnO-3B203 glass were obtained from 
the oscillator strengths of the f-f transitions observed in the room temperature absorption 
spectrum. A physically meaningful set of parameters (O2 = 2.2-10~19,O4 = 3.7-10~20 

and fi6 — 1.4-10"19 cm2,RMS = 2.2-10"7) could be obtained only following the usual 
procedure9 of neglecting the transitions located in the near IR, justified by the different 
degree of mixing of the various 4f2 states with the low lying opposite parity states. The 
values of the intensity parameters are significantly higher than the ones obtained for the 
same impurity in a Zn(POs)2 glass.10 This behavior is attributed to an enhanced mixing 
with the opposite parity states, possibly due to a stronger crystal field splitting and/or to a 
stronger nephelauxetic effect acting on the 5d states. The 80 K luminescence spectra of the 
glasses doped with Pr3+ in the visible region after excitation in the 3P0 state are shown in 
Figure 2. They are composed of transitions originating from both the excited states 3Po and 
^2, the latter state populated by non-radiative transitions due to the presence of phonons 
of 1300 cm-1. Whilst the intensity of the transitions from both the upper 3P0 and the lower 
!Ö2 states increase at all temperatures with the Pr3+ concentration, the relative intensity 
from 3Po markedly increase with the impurity concentration. Clearly the emission from the 
3Po state is not concentration quenched, but probably concentration dependent processes, 
such as energy transfer, are involved in this intensity variation. These processes do not 
appear to be strongly temperature dependent. 

The decay curves of the luminescence from the 'D2 state after resonant excitation were 
measured in the range 12-300 K. They are strongly non exponential, the decay becoming 
distinctly faster when the concentration of Pr3+ is increased, and do not show any 
significant change with temperature. The long time tails of the curves are exponential and 
characterized by decay constants depending on the Pr3+ concentration. The values range 
from 6 * 104s_1 for the most diluted sample (0.5%) to 3 * 105s_1 for the most concentrated 
one (4%), and are virtually independent of the excitation and the emission wavelengths. 
Although the precise values must be considered only as indicative, the behavior seems to 
indicate the simultaneous presence of cross relaxation and energy migration processes 
occurring with a comparable rate (intermediate regime). The absence of temperature 
dependence of the decay curves indicates that the transfer processes do not require the 
involvement of high frequency phonons and therefore are almost resonant. One of the 
possible cross relaxations is XD2 + 3H4 —> ^4 + 3F4(or 3F3), in agreement with previous 
studies.11 

Further time resolved measurements are necessary in order to obtain more information 
about the dynamics of the energy transfer mechanisms responsible for the depopulation of 
3Po and ^2, and to verify the possibility of upconversion emission in these glasses. 
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In this work we study the time dependence of the Eu3+ luminescence from the 5D0 state in a silica gel. Sample 
was doped with a 0.2% Eu/Si molar ratio and fully densified by heat treatment at 1050°C. The 6D0 <-» 7F0 

transition shows a different lineshape in absorption and luminescence at temperatures lower than room 
temperature. This effect is due to efficient energy transfer among Eu3+ ions with different environments.1 Energy 
transfer is studied by detecting the resonant and out of resonance decay profile, after selective excitation within the 
F0 -> 6D0 absorption line. The transfer rate is comparable with the radiative decay rate. At low temperature 

luminescence occurs mainly from the ions in sites having the 5D0 -> 7F0 transition frequency in the low tail of the 
inhomogeneous line. 

Key words: Silica gel, rare-earth, energy transfer. 

1    INTRODUCTION 

Optical energy transfer becomes an undesired effect when one uses the spectroscopic 
properties of lanthanide ions as a probe of the structural evolution in silica gels. In 
particular, the energy transfer does not allow to resolve the internal structure of the 
multiplets by site selection spectroscopy and to measure the homogeneous linewidth by 
Resonant Fluorescence Line Narrowing (RFLN) measurements.2 On the other hand, the 
detailed understanding of the excitation transfer among the optical centers embedded in 
sol-gel materials is important for applications and can provide relevant information about 
the rearrangement of the matrix during the gel-to-glass transition, and in particular about 
the rare earth clustering. 

This work presents a study of the time dependence of the luminescence from Eu3+ ions 
embedded in a silica sol-gel matrix. In particular energy transfer is studied for the fully 
densified sample. 

2   EXPERIMENTAL 

Silica gels were obtained by hydrolysis and copolymerization of tetramethylorthosilicate 
(TMOS), methanol and water with the molar ratios: TMOS/MeOH/H20 = 1/6.2/10. An 
acid aqueous solution of Eu(N03)3 was then added in order to reach a concentration of Eu/ 
Si = 0.2%. The heat treatments were performed in air for 10 h, at different temperatures 
from room temperature (R.T.) up to 1050°C. In this work we study the fully densified 
sample. RFLN measurements were performed in Time Resolved Spectroscopy (TRS) 
using photon counting detection. Lifetimes measurements were performed by a Stanford 
S430 multichannel analyzer with 80 ns minimum dwell time. A detailed description of the 
preparation of the samples and of the experimental setup can be found elsewhere.1'3,4 
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FIGURE 1 (a) Excitation spectrum at T = 15 K of the 7F0 -> 5D0 obtained by detecting at 16 200 cm in the 
5D0 -» 7F2 band, (b), (c), (d) Luminescence spectra at T = 300 K, T = 30 K and T = 15 K respectively after 
excitation at 17 295 cm-1, at about the center of the inhomogeneous absorption profile. The data were in all cases 
acquired using a detection window between 30 and 300 ßs after the laser pulse. 
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FIGURE 2   Decay curve of the luminescence from the 5D0 level, after excitation at 17 295 cm"1 and resonant 
detection at T = 15 K. The continuous line is the result of the fit using a stretched exponential (see text). 

3    RESULTS AND DISCUSSION 

The low temperature excitation spectrum of the 7F0 -> 5D0 band, obtained by detecting in 
the 5D0 -> 7F2 band is shown in Figure 1(a). The band presents a FWHM of about 
100 cm"1 and reflects the large distribution of sites for Eu3+ in densified xerogel. At this 
temperature the homogeneous linewidth of the transition is completely negligible.5 By 
exciting with a narrow laser within the inhomogeneous profile (Figure 1(b), (c), (d)), the 
luminescence band is narrowed. At low temperature ((c), (d)) we observe a sharp resonant 
line whose linewidth is limited by the experimental setup. A broader band appears on the 
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FIGURE 3 Decay curves of the luminescence from the 5D0 level performed at T = 15 K by exciting at 17 295 
cm'1 and detecting at different emission energies: (a) 17 193 cm""1, (b) 17 212 cm"1, (c) 17 235 cm-1, as shown 
in the inset which shows the spectrum of Figure 1(d). 
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low energy tail of the inhomogeneous profile. The relative intensity of the line with respect 
to the band decreases with the delay of detection. The linewidth of the band is temperature 
dependent and does not depend very much on the excitation frequency. The data are 
compatible with a fast energy transfer among the Eu3+ ions in different sites. By assuming 
thermal equilibrium in the population of the energy levels, the calculated line shape fits 
well the data as a function of the temperature.1 In the room temperature spectrum (b), the 
energy transfer is very fast and the resonant line is no more detectable after a delay of 
30 /us. 

More detailed information about the transfer rate are given by lifetime measurements. 
The resonant decay of the luminescence from the donor ions is shown in Figure 2. It has a 
non exponential profile that reflects the energy transfer process dynamics. The decay can 
be fitted using a stretched exponential function6 with a stretching exponential of 1/2 for 
dipole-dipole interaction: 

I(t) = 1(0) * exp[-t/rR -ß* t1/2]. 

TR is the radiative lifetime of the 5Do state, assumed to be site independent, ß is a 
parameter related to the transfer rate and to the dependence of the interaction on the 
distance between the ions. The best fit gives TS = 4ms and ß = 53.4 s-1/2. The critical 
distance is R(15K) = 22 Ä and the average transfer rate is W(15K) = 930 s_1. This 
transfer is comparable with the inverse radiative inverse lifetime. 

This is better evidenced in Figure 3 which shows the decay curves of the luminescence 
for non resonant excitation. The population of the acceptor ions increases through energy 
transfer from the excited donor ions. An estimation of the risetime gives 348 /us for the 
sites emitting at lowest energy (Figure 3 (a)), 178 ^is for the sites emitting at intermediate 
energy (Figure 3 (b)) and it is not detectable for the sites emitting at higher energy (Figure 
3 (c)). The relatively long time needed to populate the ions which give the luminescence in 
Figure 3(a), (b) has a simple interpretation which is also independent of the effective 
transfer mechanism. At low temperature the thermal equilibrium population involves few 
sites which emit in the very low energy tail of the inhomogeneous profile. The donor levels 
are quickly depopulated but many steps of transfer are needed to reach the thermal 
equilibrium. 

More detailed measurements as a function of the temperature, of the excitation and the 
detection frequencies will be necessary to understand in detail the transfer mechanism. 
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SAMARIUM DOPED ALKALINE EARTH HALIDE THIN 
FILMS AS SPECTRALLY SELECTIVE 
MATERIALS FOR HOLE BURNING? 
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Department of Physical Chemistry, University of Geneva, 30 Quai E. Ansermet, CH-1211 
Geneva 4, Switzerland 

Optical hole burning, a potential technique for spectrally selective recording, was demonstrated in Sm-doped 
MBE-grown thin films ofCaF2/Si(lll). The inhomogeneous broadening of the corresponding Sm2+ 5d(Tiu) <$= 
4f(7Fo, Aig) transition (690 nm) was investigated as a function of substrate temperature and film thickness. The 
MBE apparatus is briefly described as well as the thin film growth procedure. 

Key words: Calciumfluoride: Samarium, thin films, MBE, hole burning. 

1 INTRODUCTION 

Materials engineering for optical hole burning1 applications has mainly been directed 
towards designing bulk matrices. The present study was undertaken to extend such studies 
to thin MBE-grown films doped with suitable photochromic systems. Sm-doped CaF2 
films grown on Si(lll) were selected as our model systems because fluorites have 
properties similar to those of the materials used in high temperature hole burning,2 and 
further, growth and characterization of such films is to some extent known.3 The 
possibility to grow them under partially nonequilibrium thermodynamic conditions allows 
to influence the inhomogeneous broadening of electronic transitions. In turn the 
application of hole burning may be useful for the characterization of the insulating 
CaF2 layers in Si technology.4 

2 RESULTS 

Film-growth: Molecular Beam Epitaxy (MBE) has been selected because it offers high 
flexibility through choice of the growth conditions. Then, it presents extended possibilities 
to govern the chemical vapor composition in the growth chamber and allows for relatively 
easy control of the growth parameters. A complete MBE apparatus was designed to suit 
our needs and then built in our laboratory. Its construction allows for five effusion cells. 
The device includes a sample exchange system together with a sample holder which can be 
heated to 1000°C, a quadrupole mass spectrometer, a film thickness meter and a RHEED 
setup which enables to follow the structural evolution of the film during growth. A typical 
growth procedure was as follows. Substrates of dimensions 10 x 10 mm were cut from 
0.2 mm thick polished Si plates, carefully cleaned according to a modified Shiraki 
procedure5 and then heated to 1000°C in situ immediately before film deposition. The 
RHEED pattern presented after this heat treatment the 7 x 7 Si superstructure. The CaF2 

films (doped with nominally 1% Sm) were grown at a typical rate of 0.05 nm/sec. The 
superstructure rapidly disappeared and only the streaks due to the CaF2 film were 
observed. Four substrate temperatures (100, 300, 500, 700°C) and four film thickness' 
(100, 200, 500, 1000 nm, all realized on the same substrate) were selected as growth 
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FIGURE 1    Excitation spectra of the Sm2+ 5d(Tlu) «= 4f(7F0, Aig) transition in CaF2/Si (111) films as a 
function of growth temperature and film thickness. Temperature: 7 K. Spectrum at the top shows a hole burnt 
during set up of the experiment. 
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FIGURE 2   Holes burnt into CaF2:Sm2+ thin films at 7 K. 
a) Substrate temperature 700°C. 
b) Substrate temperature 100°C. 

parameters. The film thickness was determined with a SYCON film thickness monitor The 
equipment was calibrated with the aid of the white light interference method. The films 
obtained were of high optical quality as checked by investigating their scattering properties 
in a laser beam. 

Excitation spectra and hole burning: excitation spectra of the Sm2+ 5d(Tlu) «= 4f (Ai ) 
transition were obtained with a tunable dye laser (line width 3-5 Ghz) by monitoring the 
red shifted fluorescence of the zero phonon line (ZPL) through a color filter (R9G). Films 
corresponding to every pair of the growth parameter set were prepared and investigated. 
Part of the results are shown in Figure 1. Note that the corresponding spectrum of Sm2+ in 
bulk CaF2 was added as a marker to this Figure. The Huang-Rhys factor was determined to 
have the same value (« 0.3) in the bulk and in the films, indicating essentially the same 
electron-phonon coupling strength in both cases. The feasibility of spectral hole burning 
(see spectrum in Figure 1) clearly shows that the observed broadening of the thin film 
spectra is essentially of inhomogeneous origin. The behavior of the inhomogeneous ZPL 
line as a function of substrate temperature and film thickness is as follows, where A[cm-1] 
= (position maximum ZPL in film—position maximum ZPL in bulk), and b \a number! 
= (ZPL width film/ZPL width bulk). 

T[°C] 
100 
300 

100 200 500 
no marked thickness dependence 
=4- increasing width =*• 

1000 [nm] 
I A = 9 cm"1, bss 36 
I A = 24.6 cm"1, bra 53 
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At higher film temperatures strong thickness dependence. 

500° A fa 109 cm"1 «= ('phase transition') =*■ A « 25 cm" 
b ss 30 " b « 33 

For comparison a film (1000 nm thick) was grown at 600°C, homoepitaxially, onto a 
CaF2 (111) substrate. Small shift A (< 0.2 cm"1) but important broadening b (« 32) was 
observed. . 

At low substrate temperature epitaxial growth is bad because of low lateral diffusion. 
But tensile strain is almost absent, resulting in an inhomogeneous line shape determined by 
point defects6. The inverse situation is observed at high substrate temperatures. The 
important tensile strain gives rise to sizable shifts of the line. The strong thickness 
dependence found indicates a reorganization to the 'bulk' CaF2 structure as soon as the 
film is thick enough to overcome the forces due to the interface mismatch. The most 
interesting films were grown at 300° C because they show both, the strong shift and 
important disorder. This transition region is favorable to strong inhomogeneous 
broadening. Spectral holes were burnt into two samples (Figure 2). A 700°C sample 
presented hole widths of ^ 8 Ghz, similar to values obtained in bulk matrices. Deeper and 
wider holes (same laser intensity (1 W/cm2) and burning time (5 sec)) were burnt into the 
300°C samples. 

3   CONCLUSION 

Out-of-equilibrium film growth at rather low temperatures is useful for obtaining both, the 
wide inhomogeneous broadening of the optical line and efficient hole burning, under no 
loss of the optical quality of the film. 
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UPCONVERSION IN CsCdBr3:Pr3+ 
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In CsCdBr3 the bivalent Pr ions substitute the divalent Cd ions. Charge compensation leads to three Pr-vacancy 
centers. The first one is the well known symmetric pair center Pr3+-Cd vacancy—Pr3+ the second one is the 
asymmetric pseudopair center Pr3+-Pr3+-Cd vacancy, and the third one finally is a Pr3-1" single ion with a Cs 
vacancy nearby. Only the Pr3+-Pr3+-Cd vacancy center showed upconversion emission from 3P0 and 3Pi under 
'D2 excitation. The dynamics of the upconversion process is studied. It cannot be explained in the standard 
picture of phonon-assisted cross relaxation in the energy level scheme of the rare-earth ions. In our interpretation 
it is made up by a cooperative energy transfer from the doubly excited pair state 'D2 x 'D2 to lattice excitons 
followed by a back transfer of the energy exciting the pair into the states 3Pi x 3H4, 3P0 x 3H4, and 'D2 x 3H6. 
First experiments on CsCdBr3:Tm3+ confirm the picture of exciton-mediated upconversion. 

Key words: Upconversion, CsCdBr3, Pr3"1", Tm3+ excitons. 

Upconversion1 is a process in which two excited ions redistribute their energy so that one 
ion goes into a higher excited state on the expense of the other one. This process is not 
only interesting from a physical point of view but also for applications: It offers the 
opportunity to make an upconversion laser, a laser which can be pumped at a lower 
quantum energy than it emits. 

Since upconversion is a pair process it is very useful to study this process in crystals 
into which the active ions enter predominantly by pairs. Such a crystal is CsCdBr3 doped 
with rare-earth (RE) ions. CsCdBr3 crystallizes in the hexagonal CsNiCl3 structure2 with 
linear chains of confacial (CdBr6)

4" octahedra arranged along the threefold crystal- 
lographic axis and separated by Cs+ ions. The trivalent RE ions substitute the divalent Cd 
ions. Charge compensation in the linear Cd2+ chain gives rise to three different Pr centers 
which have been identified spectroscopically3. Only the asymmetric pair center Pr3+-Pr3+- 
Cd2+ vacancy shows upconversion3,4 under 'D2 excitation and will be discussed further. 
This upconversion is mediated by lattice excitons as sketched in Figure 1: Both ions of the 
pair have to be excited by the incident light. Due to the strong ion-ion coupling in the 
asymmetric pair the ions can cooperatively transfer their excitation energy to the lattice 
exciton. After relaxation into its metastable state the exciton can transfer its energy to one 
of the pair partners or to a single RE ion, which can be excited to a higher excited state 
compared with the initial ones. Finally, this ion can emit the upconverted light quantum 
v2 < 1v\ ■ 

The energy levels and transitions of the excitons are usually much broader than of the 
RE ions. So for the energy transfer between the exciton and the RE ions good resonance 
conditions can be expected for overlapping energies. This is true for the cooperative 
energy transfer from the doubly excited pair to the exciton as well as for the transfer from 
the exciton to the RE ion in the final step of upconversion. For the first energy transfer 
from the ion pair to the exciton (Figure 2) no back transfer is expected because of the 
usually fast relaxation of the exciton down to its metastable excited state. But for the 
second transfer from the relaxed exciton to the emitting RE ion a limited number of fast 
energy transfers back and forth can be expected for smaller Franck-Condon shifts (Figure 
2) leading to a common decay of the exciton and RE ion. If the energy of the exciton is 
higher than the energy of the accepting level of the RE ion, energy transfer with phonon 
assistance is necessary for reasons of energy conservation. At low temperatures this means 
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FIGURE 1    Scheme of the upconversion process mediated by excitons. 

that the energy transfer is a one-way process from the exciton to the RE ion (Figure 2). 
This kind of transfer is responsible for the 3P0 emission (Figure 3). Its fluorescence rises 
with its intrinsic lifetime of 22 \i& and decays with the decay time of the feeding exciton of 
136 (is as expected from a simple rate-equation model. 

The decay of the 3Pi emission is different (Figure 3). The 3Pj level obviously couples 
resonantly to the faster decaying exciton but not to the slower one. If the fast exciton is 
decayed the 3Pj level stays with some residual population and decays with an own 
lifetime. 

The fluorescence transient of the 'Ü2 level can be interpreted as a superposition of both 
processes. At short times the pair level 'D2 x 3H6 is coupled resonantly to the Si level 
giving rise to the fast ]D2 rise and decay, but for longer times we get a phonon assisted 
feeding from the T level of the exciton resulting in the slower 136 (is decay. 

The red impurity emission of the undoped host lattice (Figure 3) obviously shows a 
similar coupling to the exiton. The origin of the exciton is not clear to us yet and needs 
further investigation. A direct emission from it was not found yet. It seems to decay 
preferentially nonradiatively. 

Another fingerprint for the role of excitons in the upconversion process was found by us 
recently in Tm3+ doped CsCdBr3. Again the risetime of the upconverted fluorescence is 
very short. It is 4 ± 1 (is (Figure 4b), almost the same value as for Pr3+:CsCdBr3. But the 
more interesting fact is that we found a strong upconverted Ho3+ fluorescence (Figure 4a) 
although Ho3+ was present in the crystal only as an impurity (Ho/Tm <10"2). At lower 
excitation energies this upconverted fluorescence has been even the stronger one. For 
reasons of the excitation wavelength the upconversion has to happen on the Tm3+ pairs. 
From here the upconverted excitation energy has to be transfered to the Ho3+ ions over 
mean distances of the order of 100 A in times of the order of 4 (is or even less. This can be 
concluded from the risetime of the upconverted Ho3+ fluorescence. This is far out of the 
range of the transfer times and transfer distances for direct RE-RE interactions, and can be 
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FIGURE 2 Energy-level scheme for the upconversion process in CsCdBr3: Pr.3+ Full lines represent radiative 
transitions, dotted lines—energy transfers. UV excitation was accomplished by a nitrogen laser (A = 337 nm), 
resonant excitation by a tunable pulsed dye laser. 
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FIGURE 3    (a) Fluorescence spectrum of the red lattice impurity emission feeded by the excitons relevant for the 
upconversion. Undoped crystal. T = 4.2 K. 
(b) Fluorescence decays of the impurity emission (A = 677 nm) and of the Pr3+ levels excited via the exciton. T 
= 4.2 K. 
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explained reasonably only through the intermediary of an extended excited state like an 
exciton. There are several excitons discussed in the literature for CsCdBr3

5'6 and similar 
compounds,7'8 but the origin of the mediating excitons needs further investigation to 
understand the discussed fast upconversion in more detail. 
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METASTABLE ONE-HALIDE SELF-TRAPPED 
EXCITONS IN ALKALI HALIDES 

A. LUSHCHIK, CH. LUSHCHIK, F. SAVIKHIN and E. VASIL'CHENKO 

Institute of Physics, Estonian Acad. Sei, Riia 142, EE2400 Tartu, Estonia 

Fast (T < 2 ns) short-wavelength emissions have been detected overlapping the continuous intraband 
luminescence on exciting KBr, RbBr, KC1 and RbCl crystals by an electron beam. These emissions are attributed 
to the radiative decay of metastable one-halide self-trapped excitons. The weak 5.8 eV emission can effectively be 
excited in a KBr crystal in the region of the formation of excitons (6.73-7.3 eV). 

Key words: luminencence, self trapped excitons, alkali halides. 

The emission of relaxed two-halide self-trapped excitons (STE) is dominant in the spectra 
of intrinsic emission of alkali halides (AH), while the weak emission of free excitons (FE) 
can also be observed. Other kinds of exciton emission have not been studied in detail. In 
principle, a metastable state of a one-halide STE could exist as an intermediate one 
between those of the FE and of the two-halide STE. Broad bands tentatively ascribed to 
metastable one-halide self-trapped excitons (OSTE), have been detected in the VUV 
region of cathodoluminescence spectra for KC1, KBr at 80 K1 and NaCl, RbCl, RbBr 
crystals at 10 K2. 

The aim of the present study is to select the OSTE emission among other weak 
emissions excited in AH by VUV-radiation or by an electron beam. Mainly KBr crystals 
grown by the Stockbarger or by the Kyropoulos method in helium atmosphere were 
studied. The KBr salt was preliminarily treated in Br2 gas flow and additionally refined by 
manyfold recrystallization from the melt. The content of impurity ions in KBr was on the 
level of 0.01 to 3 ppm (only the amount of Cl" was about 20 ppm). 

Main attention was paid to the detection of fast (r < 2 ns) emissions on exciting a 
crystal by electron beam pulses (the experimental setup has been described in Ref. 3). 
Special experiments were carried out in order to distinguish the fast emission of OSTE 
from the fast continuous temperature-independent intraband luminescence (IBL) detected 
for the first time in AH by Vaisburd.4 The separation of intrinsic and impurity-defect 
emissions was made by measuring the excitation spectra by using VUV-radiation from a 
deuterium lamp or synchrotron beamline in MAX-Lab, Lund.5 

Figure 1 presents the spectra of fast (r < 2 ns) luminescence of a KBr crystal measured 
at 295 and 85 K on exciting the crystal by single electron pulses (300 keV). The 
continuous luminescence in the region of 6 to 1.8 eV (limit of the apparatus) at 295 K is 
due to indirect electronic transitions between various branches of the conduction band. In 
the 4-1.8 eV region the IBL spectrum is affected by the reabsorption of fast luminescence 
by short-lived F and H centres (absorption maxima at 2.05 and 3.25 eV, respectively). It 
should be remarked that IBL cannot be excited by photons the energy of which only 
slightly exceeds the value of the energy gap Eg = 7.5 eV. A weak a emission of STE 
(maximum at 4.4 eV) overlaps the IBL. The excitation spectra of the 4.0 and 5.48 eV 
emissions have been measured at 295 K in KBr by using the synchrotron radiation. These 
emission ranges were selected within the IBL region. The STE and the impurity emissions 
(e.g., T1+ emission in KBr:Tl) increase strongly by increasing the exciting photon energy 
from 15 to 20 eV due to the formation of secondary excitons or electron-hole pairs by hot 
photoelectrons.5 On the contrary, the process of multiplication of electronic excitations 
causes the decrease of the intensity of IBL at 4 and 5.48 eV. 
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FIGURE 1    Emission spectrum of the fast (r < 2 ns) luminescence of a KBr crystal on excitation by a 300 keV 
electron beam at 295 (1) and 85 K (2). 
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If the sample is cooled to 85 K the fast IBL intensity does not change, while that of 
STE a emission increases remarkably and a weak emission in the range 5.5-6.0 eV 
appears, see Figure 1, curve 2. The last was observed in the steady luminescence spectrum 
by exciting the KBr sample with 6 keV electrons and it was tentatively interpreted as 
OSTE luminescence.1 We have observed analogous fast emissions (overlapping the IBL 
background) at 85 and 10 K in the spectra of some other AH. If the emission is excited by 
an electron beam, the maxima of the emissions for chlorides (NaCl, KC1, RbCl and CsCl) 
are situated in the region of 6.8-7.3 eV, while for KBr and RbBr, 5.5-6.2 eV. Thus, the 
emissions are connected with the radiative decay of anion electronic excitations and not 
cation ones. The relative Stokes shifts ß = (EA - EJ)/EA for these emissions are in the 
range 0.15-0.08 for alkali chlorides and bromides (the maximum of long-wavelength 
exciton absorption band is taken as the EA and E1 is the maximum of emission band), i.e. 
the p values are considerably smaller than those for the two-halide STE. The intensities of 
VUV-emissions are 30-300 times lower than that of two-halide STE. The introduction of 
homologous impurities (I", Br", Na+) into KC1 and RbCl does not enhance these 
emissions. 

We made an attempt to detect the OSTE emission in case of photoexcitation of KBr. 
Figure 2 shows the excitation spectrum of STE -K emission (2.28 eV) obtained by using 
VUV-radiation with a resolution of 10 meV at LHeT (curve 1). The spectrum was not 
corrected for the reflection losses. The excitation efficiency for the IT emission is high in 
the whole spectral region related with the formation of the r(l/2, 3/2) excitons with n = 1 
(6.73-7.3 eV) including the Urbach tail of exciton absorption (6.73-6.8 eV), where the 
direct optical creation of OSTE takes place. Besides -K emission of STE, extremely weak 
emissions at 2.5, 2.85 and 3.5 eV related to Cl," Na+ and I" impurity ions can be excited 
by photons of hu < 6.75 eV at LHeT in a KBr crystal. Figure 2 presents also the excitation 
spectra of the 3.55 (curve 2) and 5.5 ± 0.3 eV (curve 3) emissions. The luminescence 
attributed to OSTE can effectively be excited in the Urbach tail of exciton absorption as 
well as in the short-wavelength region of the exciton absorption band. The 5.8 eV emission 
intensity does not change if the sample is heated to 60 K but is reduced by a factor 2-3 at 
90 K, Such an emission can be excited also by 15-17 eV photons due to the creation of 
secondary excitons by hot photoelectrons. 

The measured excitation spectra of short-wavelength emission in KBr at LHeT support 
the hypothesis that the emission at 5.8 eV is due to OSTE and suggest that OSTE and STE 
can coexist in AH. Unfortunately, small amounts of impurity ions are present in our KBr 
crystals. The excitation spectra of impurity emissions can partly overlap the weak OSTE 
luminescence. The energy transfer by excitons (polaritons) to luminescent impurity centres 
is possible in KBr. The mean free path of FE before self-trapping does not exceed 10 
lattice constants in KC1 and RbCl at 5 K. Thus the fast emission at 6.8-7.2 eV (assumed as 
the OSTE emission in such crystals) should not be due to the energy transfer to 
luminescent centres in these crystals. Further investigations of the nature of the short- 
wavelength emissions are needed. In perspective it is necessary to use the subpicosecond 
technique as in the case of one-halide holes.6 

In KC1 and KBr crystals the efficiency of the creation of F, H pairs with large 
interdefect distances in pairs as well as of a, I pairs (anion vacancy + interstitial anion) is 
high on optical generation of excitons, being by 10 to 20 times lower on the recombination 
of electrons with VK centres.7 OSTE and STE coexist in KBr and KC1 as a consequence of 
the optical formation of excitons, while OSTE does not arise on the recombination of an 
electron with a relaxed hole (VK centre). Significant changes in the equilibrium positions 
of surrounding anions and cations take place during non-radiative transitions 
OSTE —> STE. This circumstance leads to a dynamic increase of 'cation gates' and 
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FIGURE 2   Excitation spectra (scale on the left) of steady photouminescence of the 2.28 (1), 3.55 (2) and 
5 5 ± 0 3 eV (3) emission for a KBr crystal at 4.2 (1, 2) and 8 K (3). The spectra are measured by using deuterium 
discharge (1, 2) or synchrotron radiation (3) with a resolution of 0.5 (1, 2) or 0.33 nm (3). The Urbach tau of KBr 
at 26 K as reported by T. Tomiki et al., 1974 (4) is shown by comparison, scale on the right. 
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facilitates the crowdion displacement of X^ configuration along [110] direction by several 
interanion distances. This mechanism of a stable a, I pair creation has been discussed in 
detail.7 
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OPTICAL STUDIES OF SELF-TRAPPED HOLES AND 
EXCITONS IN BERYLLIUM OXIDE 

S. V. GORBUNOV, S. V. KUDYAKOV, B. V. SHULGIN and V. YU. YAKOVLEV 

Experimental Physics Department, Urals State Technical University, 
620002 Ekaterinburg, Russia 

Time-resolved spectra, decay kinetics, degree of polarization of the luminescence and transient optical absorption 
induced by irradiation of BeO with an electron, synchrotron and subsequent laser pulses have been studied. It is 
found that the two pairs of slowly and fastly decaying intrinsic luminescence bands at 6.7, 4.9 and 4.4 eV are 
associated with the two different types of the self-trapped excitons. The 1.7 eV transient optical absorption band 
and the ultra-violet absorption band at 3.6 eV are attributed to the electron and hole components of the self- 
trapped excitons, respectively. The transient optical absorption band with decay time of 6.5 ms is found to be due 
to the self-trapped holes. The models of self-trapped excitons and holes are discussed on the basis of the present 
experimental results. 

1    INTRODUCTION 

The phenomenon of self-trapped excitons and holes has been observed in insulating solids 
with strong electron-phonon interactions. The structure of self-trapped excitons and holes 
has been well characterized in alkali halide crystals by means of experimental studies of 
the luminescence, transient optical absorption, both of electron spin and optically detected 
magnetic resonances. In cubic alkaline-earth oxides (for ex.MgO) free excitons have been 
found and studied. However, no data on the existence of self-trapped excitons (STE) in 
them are available. Experimental results suggesting self-trapping of excitons in non-cubic 
oxides Si02, Y203, A1203 have been accumulated. However, up to now the structure of 
STE remains vague due to the lack of any spectroscopic ESR and optical evidence of self- 
trapped holes (STH) in oxides. 

2   EXPERIMENTAL TECHNIQUE 

We have studied pure BeO crystals grown by the temperature gradient and Czochralski- 
Kyropoulos methods from a BeO solution in sodium tungstane melt. Total concentration 
of Li, B, Al, Mg and Zn impurities did not exceed 10-50 ppm. The mentioned impurities 
have been discovered by a laser-induced mass-spectrografic method. We measured the 
luminescence and the transient optical absorption induced by pulsed irradiation with an 
optical detection system consisting of a monochromator, a photomultiplier and storage 
oscilloscopes. For registration of fast processes stroboscopic method of electron-optical 
chronography with a picosecond time resolution based on LI-602 dissector has been used. 
Electron pulses with parameters (Energy 200 keV, duration of 10 ns, maximum fluence of 
0.25 J»cm 2) were generated with a GIN-600 accelerator. Synchrotron X-ray pulses with 
parameters (Gaussian shape a = 0.43 ns, flux density 10I4-1016 s-1t>cirr2, frequency 4 
MHz, photon energy 3-62 keV) were generated with a VEPP-3 storage ring. Laser pulses 
of 851 nm (1.46 eV) were obtained using a YLiF4-Er laser (parameters: duration of 70 ns, 
pulse energy of 30 mJ). Frank-Ritter and Raushan polarizers were used to analyze 
luminescence and transient optical absorption. 
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FIGURE 1 Temperature dependences of the decay times of transient optical absorption at 3.6 eV (triangles), 
luminescences at 4.9 eV (closed circles) and at 6.7 eV (open circles). 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

The decay kinetics of the 6.7 luminescence at 6 K can be described by the sum of two 
exponents with time constants of 190 and 850 /us. These components possess temperature 
dependent lifetimes and we observed only one exponential component with time constant 
of 340 /xs. at 80 K. These data show 6.7 eV luminescence (we called it iv\ luminescence 
according to analogous slowly decaying luminescence of STE in alkali halides) to be 
associated with transitions from spin levels of splitted triplet state of STEi in BeO. The 7Ti 
luminescence polarization degree (P = (I||-I_L)/(I|| + I±)-where Iy and I± denote the 
intensities of the components parallel and perpendicular to the optical c -axis, respectively) 
was found to be -0.75. 

The spectrum of the second slowly decaying luminescence (we called it n2 

luminescence) exhibits a broad band with the maximum at 4.9 eV. At 5 K exponential 
component with a time constant of 3.6 ms were detected in the -K2 luminescence decay 
kinetics. We assumed that the TV2 luminescence exponential component is related to triplet- 
singlet transitions in another STE2. We found a number of pecularities in the temperature 
dependence of TT2 luminescence decay, Figure 1. In the 20-160 K temperature range the 
behaviour of decay and decay time are typical of a simple process of temperature 
quenching with an activation energy of 13 meV. In the 160-220 K range in the 4.9 eV 
luminescence kinetics the second slower exponential component appears. Its value and 
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temperature dependence of decay time are correlated with those of m luminescence at 6.7 
eV. At the subsequent temperature increase in w2 luminescence decay is clearly manifested 
growth stage was found. It disappears above 260 K and again there is only one exponential 
component whose temperature behaviour is described by the quenching process with an 
activation energy of 13 meV. All these facts can be explained by non-radiative transitions 
from the triplet state of STE2 as well as transitions between the triplet states of STEi and 
STE2. The value of P for ir2 luminescence was found to be -0.60. 

In addition to slowly decaying luminescence bands two fast luminescences were found. 
One of them has the same spectrum as the 7r2 luminescence. This fast emission that called 
a2 luminescence shows a single exponential decay with a time constant of 30 ns. On the 
other hand, we obtained the a2 luminescence polarization degree as -0.46. The second 
fastly decaying emission at 4.4 eV called TT2 luminescence has an exponential decay with a 
time constant of 2 ns. It should be emphasized that ax luminescence is strongly polarized 
along the C-axis. Its degree of polarization was found to be +0.67. According to the 
obtained results we assumed that both of the fastly decaying luminescences arise from the 
singlet excited states of the two types of STE in BeO. They have high stability of the initial 
intensity and decay time at least in the temperature range of 80 - 600 K. 

We suggested two types of STE models in BeO using transient absorption. In time 
resolved spectra of BeO transient optical absorption induced by electron pulse at 80 K two 
bands at 1.7 and 3.6 eV have been observed. Detailed studies of transient absorption decay 
showed that the relaxation in 1.7 eV band was described by single exponential dependence 
with a time constant of 340 ßs. typical of 6.7 eV luminescence. Besides, absorption decay 
in the range of 3.6 eV can be fitted by summation of three exponential curves with 
constants n = 340 /xs, T2 = 6.5 ms, T3 = 450 ms. The intensity of absorption of centers 
linked with components 340 [is and 6.5 ms increases proportionally to the fluence of 
electrons while the intensity of a component 450 ms has a saturation dependance. The 
latter indicates that transient absorption decaying with time 450 ms is due to impurities or 
nominal defects. 

The comparison of decay times of the first component of transient optical absorption 
and 6.7 eV luminescence demonstrated that their values coincide rather well. The 
mentioned result are allowed to conclude that the absorption band at 1.7 eV and the main 
part of the band at 3.6 eV are due to STE,. As it is seen from Figure 2 ultra-violet band of 
STE] absorption at 3.6 eV is a two-band superposition with maxima 2.9 eV (E _L C) and 
3.9 eV (E || C) and long-wave band 1.7 eV is observed only for the electric vector E 
perpendicular to the C-axis. The component with r2 = 6.5 ms manifests only one peak at 
3.6 eV coinciding with UV-band of STE; absorption. However, this band is superposition 
of two bands with maxima at 3.5 eV (E ± C) and 3.7 eV (E || C). Thus, there is similarity 
in absorption of the second component and a short-wave range of STEi absorption 
alongside several characteristic features. The latter are due to a smaller splitting value (0.2 
eV) for the bands with different polarization compared to that of STEi. 

It is known that in alkali-halide crystals in spectra of transient absorption of STE bands 
resulting from optical transitions both in exciton hole and electron components1 have been 
found. The experimental data mentioned above can be explained assuming that the 
absorption band at 1.7 eV is due to optical transitions in STE electron component and UV- 
band at 3.6 eV is linked with optical transitions in an exciton hole component. At 
subsequent laser excitation in the band 1.7 eV an intensive luminescence of both STE 
types in BeO has been found. The intensity dependence of this luminescence on the laser 
pulse delay time relative to the electron pulse coincides with the decay time of 
luminescence and optical transient absorption of triplet STEi. It proves that excitation of 
transitions in an electron component of STEi causes its luminescence as well as 
transformation into another type of STE2. 
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FIGURE 2 a) Polarized transient absorption spectra of BeO crystal taken 50 ns (1, 2) and 5 ms (3, 4) after 
irradiation with an electron pulse at 80^. Closed circles and squares (1,3) and open circles and triangles 
(2, 4) denote the data measured with E perpendicular and E parallel to C-axis, respectively, 
b) Polarized transient absorption spectra of BeO crystl taken 1500 ns after irradiation with an electron pulse at 
300 K. Closed circles (1) and crosses (2) denote the data measured with E perpendicular and E parallel to 
C-axis, respectively. Solid curves (1, 2) are the calculated spectra and broken curves (3, 4) is a result of 
decomposing the (1) into two Gaussian shape curves. 
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The above-cited experimental data allow to adduce a hypothesis that component of the 
transient optical absorption with a lifetime of 6.5 ms is related with the STH since in its 
spectrum the band at 1.7 eV has not been found. A model of STH in oxides has been 
proposed in Ref.2. As opposed to Vk-centers in alkali-halide crystals the motion of STH in 
oxides can't be frozen completely as STH are small polarons being O- ions. This 
assumption is based on optical and ESR studies of holes in alkaline-earth oxides trapped 
near a cation vacancy or impurity ions.3 According to these data at liquid helium 
temperature the hole tunnels from anion to anion around a defect for 10-1000 times per 
second. From this standpoint we studied the temperature dependences of the transient 
optical absorption decay. Based on the behaviour of decay of components 340 /zs and 
6.5 ms we made a conclusion that STH absorption decay in BeO goes on according to the 
scheme: motion of STH to traps —> tunnel recombination with electron —> formation of 
STE —»• radiative decay of STE. This scheme can be described by the following equation: 

D = [DSTE + DSTH{1 - exp(-t/TSTH)}]exp(-t/TsTE) + DSTH • exp(-t/rSTH) + Ds • exp(-t/rs), 

where TSTE, TSTH, TS, DSTH, DS are decay times and optical absorption amplitudes of STE, 
STH and traps, respectively. The calculated curves correlate very well with experimental 
data. The 80-100 K range where the decay time of STH absorption does not depend on 
temperature can be considered to be an interval of their tunnel motion, Figure 1. At 
T > 100 K the process of thermally activated motion of hole polarons with the activation 
energy of 0.21 eV begins. In BeO STH and STE generation efficiency do not depend on 
temperature in the range 80-160 K which is due to the absence of competitive channels in 
comparison with alkali-halide crystals. 

In the decay of optical absorption induced by electron pulse at 300 K a component 
coinciding in temperature-time parameters with triplet luminescence (n2) of STE2 has been 
found. It turned out to be so because in the range of T > 260 K a transformation of one 
STE type into another takes place. Figure 2 shows BeO transient optical absorption 
spectrum taken 1,5 ßs after irradiation with an electron pulse at 300 K. The comparison of 
optical absorption spectra of two STE types helps to make a conclusion that transitions in 
the electron components in the form of a 1.7 eV band with E perpendicular to the c-axis 
are of similar origin. At the same time transient optical absorption in the hole component 
of STE2 is shifted to the short-wave region and is more isotropic than that for STEi. In 
order to interpret optical absorption of hole components of STE and STH in BeO we have 
chosen a model of small polarons in the form of O- ion earlier used by Schirmer.4 

Dichroism of short-wave bands of hole-trapped centers is related to different symmetry of 
two excited states, however, for STE and STH the succession of these states is inverse. 
Polaron transitions have oscillator strength about 0.3-0.4. The weakness of electron 
component absorption band is indicative of oscillator strength that is considerably less than 
the one which could be expected for spin-allowed transitions unlike the allowed transitions 
in STE electron component in alkali-halides. 

In BeO wurtzite lattice there are two types of bonding, i.e. Be-O axial and Be-0 non- 
axial having different directions relative to the optical C-axis of the crystal. We assumed 
the hole component of one STE to be a small polaron in the form of O- ion occupying an 
axial position. Since luminesences ir\ and a\ are strongly polarized perpendicular and 
parallel to the C-axis we ascribed them to triplet and singlet transitions in STEi whose axis 
is almost parallel to O axial-Be bond directed along C-axis. There is unexpected inversion 
of STEi singlet and triplet levels in BeO compared with alkali halides. Additional support 
for this effect may be experimental evidence of the inversion of the normal ordering of the 
valence band spin-orbit splitting found earlier in MgO,5 not long ago theoretically 
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explained in Ref.6. At the same time the er2 and 7r2 luminescence may be related to the 
STE2 singlet and triplet transitions. The similar singlet and triplet luminescence spectra 
have been found for STE in rare gas crystals. Polarization degree analysis of the a2 

luminescence shows that STE2 axis is almost coincident with the O non-axial-Be direction. 
We suggested that STE2 hole component is of the form of an O- ion occupying non-axial 
position. From the point of view of the STEi and STE2 models the non-radiative 
transitions from STE] triplet state to STE2 triplet state can be explained by thermally 
activated jump of the hole component of the STE from O axial- to O non-axial. 
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POTENTIAL BARRIER FOR SELF-TRAPPED EXCITON 
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The optical absorption induced by the electron pulse irradiation of Na+ doped KC1 has been measured. Transient 
optical absorption band of FA centers was observed at 80 K (LNT). The temperature dependence of FA center 
formation was studied. It is proposed that the obtained activation energy originates from the potential barrier 
between the STE perturbed by the cation impurity and the nearest neighbour FA-H pair. The mechanism of the 
suppression of the defect formation by the monovalent cation impurity in alkali halide crystals is discussed. 

Key words: transient absorption, self-trapped exciton, Frenkel defects, potential barrier, cation impurity, KCl-Na. 

1 INTRODUCTION 

Color center production in alkali halide crystals doped with the homologous cation 
impurities has been intensively studied.1-5 However, the detailed mechanism of the 
influence of the impurity cation on the radiation defect formation is not clear yet. It has 
been shown that the STE is trapped near the impurity cation site such as KBnLi and 
KBr:Na resulting in a significant potential barrier on the way toward further separation of 
the F-H pair. The presence of a potential bump is expected to influence the low 
temperature F center creation.6 In this paper we shall analyze from this point of view our 
experimental data on defect generation of KCl-Na crystals. 

2 EXPERIMENTAL 

Single crystal of KC1 with Na+ ion concentration ss ~ 0.5 mol% have been investigated. 
The experiment was performed under irradiation with nanosecond electron pulses. The 

high-power electron accelerator was able to produce single electron pulses with the 
following parameters: electron energy 300 keV, pulse duration 5 ns, current density 
100 A/cm.2 The transient absorption was detected by the fast photomultiplier and 
oscilloscope using monohromator DMR-4. 

3 RESULTS AND DISCUSSION 

We have shown that at 15 K the absorption spectrum of KCl:Na crystals measured just 
after electron pulse is the same as in the case of pure KC1 crystals. At 80 K the 
F-absorption band measured just after the electron pulse has a larger halfwidth than in pure 
crystals and a shoulder at its longwave length side. However, the F-band absorption 
spectra measured 100 ns after the electron pulse are again identical in both crystals. Figure 
1 shows the spectrum of F centers, which recombined during 100 ns. As it is seen from 
Figure 1, the absorption spectrum consists of the F and FA absorption bands. Thus, it can 
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FIGURE 1    Transient absorption spectra due to F centers produced in KCl:Na at 80 K after irradiation by an 
electron pulse: 
1) the difference between the optical absorption change measured with delay 2 ns and 100 ns after the electron 
pulse; 
2) the absorption spectrum due to F centers; 
3) the absorption spectrum due to FA centers. 
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FIGURE 2   Temperature dependence of the optical density at 2.075 eV produced in KCl:Na after electron pulse 
irradiation. 

be concluded that the FA-H centers are indeed produced due to the impurity—perturbed 
self-trapped exciton (STE) decay.7-8 

Next, let us discuss briefly the temperature dependence of the optical absorption at 
2.075 eV observed under electron irradiation. This band is known to be the absorption 
peak due to FA centers.9 As it is seen from Figure 2, when irradiation temperature 
increases from 15 K to 40 K, the appreciable growth of the FA centers concentration 
measured just after electron pulse is observed. Therefore, it is reasonable to conclude that 
results of Figure 2 indicate that the probability of the perturbed-exciton decay into FA-H 
defect pair increases with the temperature rise. From the temperature dependence of In OD 
as a function of inverse temperature (Figure 3), one can easily obtain the activation energy 
of E = 12 meV. In our opinion it is reasonable to ascribe this activation energy to the 
potential barrier between the first (perturbed STE) and the second nearest neighbor FA-H 
pair configuration on the APES. 

It is also very interesting, to study the kinetics of annihilation of these FA centers. At 
LNT the kinetics of F center decay in pure KC1 crystals can be described by the 
superposition of three exponentials with the distinctive parameters: TX = 15 ns, r2 = 
70 ns and r3 = 5 [is and about 50% of total F center concentration are destroyed in the 
former component. In the case of FA center decay in KCl:Na up to 80-90% of the 
F-centers are destroyed in the former component. Since the annihilation of F-H pairs at 
LNT in this range of times is due to the electron tunneling, decay times are determined 
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FIGURE 3   Arrhenius plot of the optical density at 2.075 eV produced in KCliNa after electron pulse irradiation. 

directly by the distances between F and H centers. Thus, the qualitative increase in a 
number of the F centers recombining with the fast component could be explained by a 
predominant creation of the nearest F-H pairs, created in the case of the perturbed-exciton 
decay in KCl:Na crystal, compared with STE decay in the perfect lattice. From this point 
of view it is possible to explain the FA center absence in the absorption spectra of the 
stable defects and the suppression of the stable defects formation by Na+ and Li+ impurity 
in KC1 and KBr at low temperature (LHeT and LNT). The exciton state which is 
responsible for the creation of the F-H pair is trapped by the Na+ or Li+ impurity. The 
return of this state of the perturbed exciton to the ground state is accompanied with the 
emission of phonons at LHeT or formation of the short lived transient FA-H pair at LNT, 
which results in the decrease of the production efficiency of stable F centers. 
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The study of spectral and decay parameters of self-trapped exciton emission in crystals NaMgF3, KMgF3, 
RbMgF3, CsMgF3, KMgCl3, KCaCl3 and RbCaCl3 is carried out. It is established that in all crystals the intrinsic 
luminescence contains spectrally-unresolved fast (nanoseconds) and slow (about 1 p,s) components. 

The self-trapped excitons (STE's) have been observed in a wide variety of ionic crystals.1 

The STE luminescence bands in alkali halide crystals have been classified into three group 
I, II and in, in order of increasing Stokes shift. A simple model for the initial state of type I 
emission is an on-center STE with Vk + e~ configuration. Types II and III come evidently 
from two different off-center configurations, which resemble more or less the nearest- 
neighbour F-H pair. The luminescence bands with decay time shorter than 5ns (c-bands) 
belong to type I. The bands of type III usually have a much longer decay time (7r-bands). 
The degree of the off-center relaxation in the STE correlates with Rabin-Klick parameter 
S/D (S is the space between adjacent halogen ions, and D is the diameter of halogen 
atom).1 In crystals with large S/D value (S/D > 0.35) the cr-bands are located 
approximately 1-2 eV above the 7r-band. In case NaBr and Nal (S/D < 0.35) fast and 
slow components have the same spectral position. 

It is interesting whether the STE model is valid for crystals with more complicated 
structure, such as ternary halide compounds ABX3. Here we made the attempts to perform 
a detailed study of luminescence of some fluorides and chlorides with perovskite structure. 
The intrinsic luminescence was studied early only in KMgF3 

2 and RbMgF3.
3 

Spectra and decay time of luminescence are measured under pulsed X-ray excitation 
(1 ns, 35 kV) at 77 K. The ABX3 luminescence spectra contain the broad single bands 
which are shifted from absorbtion edge by nearly 5 eV in chlorides and more than 8 eV in 
fluorides. The spectrum of RbMgF3 is in a good agreement with short-wave emission band 
of the crystal at 10 K.3 In KMgF3 the 3.7 eV luminescence band of STE reported in2 was 
not observed at 77 K due to temperature quenching. We detected only long-wave tail of 
luminescence band which is attributed to radiative core-valence transitions in KMgF3.

4 

The luminescence of the studied ABX3 crystals contains two components, namely the 
fast cr-component with decay time less than 10 ns and the slow 7r-component with that 
about 1 ßs. As example the decay profiles of luminescence in NaMgF3 and RbMgF3 are 
presented in Figure 1. 

In all crystals the fast component has a considerable intensity—this fact allowed us to 
carry out the measurements of time-resolved spectra of luminescence. It was found that the 
spectra of fast and slow components coinside. It means a slight splitting of the initial 
singlet and triplet states of STE or their mixing. 

Measured luminescence parameters are summarized in Table I. 

[779J/281 
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FIGURE 1    Luminescence decay curvers of NaMgF3 (1) and RbMgF3 at 77 K. 

Table I 

crystal Is exciton STE emission band decay time 
peak (eV) band (eV) width (eV) (ns) 

KCaCl3 8.0 2.75 0.65 5.2 
RbCaCl3 7.3 2.65 0.5 3.9 
KMgCl3 3.25 0.75 3.7 
NaMgF3 11.6 3.25 0.9 4.1 
KMgF3 11.8 3.7 0.9 
RbMgF3 4.25 0.95 2.0 
CsMgF3 3.3 1.25 2.4 

The relative Stokes shifts of ABX3 are bigger than 0.6 and by analogy with alkali 
halides these crystals should be related to group III in which the coinsidence of a- and n- 
bands was not observed. Alternatively, the ABX3 have large variance of Rabin-Klick 
parameter S/D. In chlorides this parameter is small S/D < 0.3 caused by densiffied anion 
packing. Thus the on-center STE can be realized in chlorides studied. The condition for 
off-center STE has to be proper for fluorides having S/D > 0.3. There is an important 
feature of the crystals with perovskite structure: the point symmetry of "VVcenter (and on- 
center STE) in C2v. 

We can use a new approach based on Jahn-Teller effect to explain the mutual spectral 
position of the <x- and 7r-bands of the crystals.1 Since each luminescent state corresponds to 
a minimum of the adiabatic potential-energy surface (APES) of the lowest state of the 
STE, the capability of classifying of the excitons into three cases appear. This situation is 
illustrated in Figure 2. Three possible variants of schematic representation of the singlet 
and triplet states of the lowest APES are shown. Q2 represents the off-center relaxation. 
Figure 2a shows the case when Jahn-Teller effect has not appear. The coincidence of o- 
and 7r-emission in Q2 = 0 (on-center STE) is displayed (the case of ABC13 crystals). 

The other cases of energy instability caused by Jahn-Teller effect are presented in 
Figure 2b and 2c. In case 2b the energy instability exists only for triplet state. Here triplet 
STE slides down toward the off-center position and separated a- and 7r-bands may be 
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FIGURE 2    Schematic representation of adiabatic potentials for STE's (see text). 

observed (some alkali halides). Figure 2c shows the situations of mutual mixing of singlet 
and triplet levels resulting in energy instability for both singlet and triplet states. 
Additional minimuma at a nearly parallel APES's arise. Relaxed excitons occupies the off- 
center position too, however a- and 7r-emissions have almost the same spectral shape 
(perhaps the case of ABF3 crystals). Since the spectral and decay time peculiarities of STE 
luminescence observed in Figure 2a and 2c are very close, only more essential Stokes shift 
may be a characteristic of the off-center STE in case 2c. 
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This work presents new data concerning CsPbCl3 crystal luminescence under high excitation intensity. Six 
maxima are evidenced in the low temperature (LNT) spectrum. Using two geometries of measurement, particular 
features of the complex emission spectrum were pointed out which allowed us to associate some bands with 
phonon shifted free exciton lines, and one of them, located at 23880 cm-1 was attributed to a stimulated emission 
due to an exciton-free electron inelastic collision process. 

The researches regarding the optical properties of perovskite-type compounds of chemical 
formula AMX3 (A = Cs, Rb; M = Pb, Sn, Cd; X = Cl, Br) aroused lately a great interest. 
This interest is generated both by the understanding and correlation of optical properties 
variations with the specific phase transitions and by the possible applications in 
optoacoustics and scintillation techniques. 

For CsPbCl3 crystals the X-ray measurements and the ultraviolet photoelectron spectra 
suggest that the first absorption peak is due to exciton absorption, closely related to the 
intra-ionic 6s->6p transition in Pb2+ ions.1 The few results reported so far on CsPbCl3 

crystal luminescence conclude that its low temperature emission spectrum is dominated by 
a complex excitonic emission, dependent on both the excitation energy and intensity.2'3 

This paper presents new data concerning the gradual generation of a phonon structure in 
the CsPbCl3 luminescence spectrum at 77 K by increasing the excitation intensity. For a 
certain measuring geometry an excitonic stimulated emission is also emphasized. 

The samples were cleaved from a monocrystal grown by the Bridgman method using an 
equimolar CsCl and PbCl2 mixture. The emission spectra were measured in a right angle 
geometry, in a nanosecond time scale, with a double monochromator. The excitation 
source was a nitrogen laser with a FWHM of 4 ns, operated at 15 Hz repetition rate. Two 
excitation methods were used: the first with a circular focalization of the radiation onto the 
surface of the sample, at 45° incidence angle (Figure la), adequate to the spectral analysis 
of the emission, and the second with a linear focalization (cylindrical lens) along the 
observation direction, at 9° incidence angle (Figure lb); this geometry minimizes the 
autoabsorption losses, allows the separation and points out a stimulated emission. 
The maximum excitation density used (W = 100 a.u.) was 400kW/cm2. 

In Figure 1 a complex emission, strongly dependent on the excitation intensity is 
presented. The assignation of the emission bands was made by combining the 
deconvolution analysis of emission spectra with the cleaning of spectra by temperature 
rising, the last procedure being illustrated in Figure 2. Thus, in the spectra presented in 
Figure 1, 6 maxima were identified with a +/ - 10 cm-1 precision: E0 = 24 290 cm-1 

E, = E0 - 110, E2 = Efl - 200, E3 = E0 - 310, E4 = 23 880 cm"1 and 
E5= 23 790 cm-1. 

The Iemis sa (Wit) ' dependence of Eo emission band confirms its association to the 
free exciton. This band presents at higher temperatures an almost symmetric broadening 
relative to the position of its maximum, which presents a Stokes shift less than 30 cm-1. 

The Stokes shifts of Ei, E2 and E3 maxima do not depend on temperature. The 
correlation of luminescene spectra with Raman spectrum (obtained at 77 K, under 
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FIGURE 1    Luminescence spectra of the CsPbCl3 crystal at 77K under various excitation densities 
(Aexdt. = 337.1 nm). 
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FIGURE 2   Temperature effect on the luminescence spectrum of CsPbCl3 crystal. 

A = 514.5 nm excitation and in X(YX)Z measuring configuration) presented in Figure 3 
shows that the Stokes shifts of EUE2 and E3 maxima relative to Eo are connected with 
wro = HO cm"1, WLO = 200 cm"1 and UJJO + WLO = 310 cm"1 respectively. The 
integrated intensity ^ of the complex emission spectrum (Figure la) depends on the 
excitation intensity with a law I^a « (W)°, where a lies in the range 2.0-1.8. 

For the E5 band the dependence on the excitation intensity is similar to that observed 
for E0 band. A tempting explanation is to consider this band as a phonon replica of the free 
exciton line involving the vibrational modes at 480 cm-1 identitied by Raman 
spectroscopy (Figure 3). 

E4 peak, well observed in the second measuring geometry (Figure lb), has a totally 
different behaviour: it presents an almost quadratic dependence on the excitation intensity, 



PHONON ASSISTED EXCITONIC LUMINESCENCE IN CsPbCl, [785]/287 

CTS/secxfci 
1000 

asm 

0200 

iOOO 120.00 200.00 

FIGURE 3    Raman spectrum of CsPbCl3 crystal at 77 K. 

Iium « (Wit) ' , accompanied by a gradual Stokes shift and a decrease of its FWHM. 
Unlike the Ei,E2 and E3 maxima—for which a gradual decrease of the exponent a to a 
value slightly sublinear can be observed at high excitation intensities—for the E4 

maximum a growing tendency of this exponent exists at high excitation intensities. This 
peak is fastest quenched when temperature is rising; it also presents an exponential 
enhancement with respect to the length of the excited area in the crystal. 

These peculiarities of E4 band lead us to the conclusion that it has to be associated to a 
stimulated emission probably due to an exciton-electron inelastic collision process. The 
well-marked increased of this band at high excitation intensities results from the growth of 
free electron density in volumn unit. The subsequent increase of the inelastic collisions rate 
generates a gradual Stokes shift of peak's position. The second observation geometry 
(Figure lb)—suitable for luminescence radiation observation along the excited volume  
points out a spectral self-selecting process of the emission, specific to an optical 
stimulation process, experimentally emphasized by a decrease of FWHM and by a higher 
directivity of the luminescene radiation. 
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The absorption and steady state emission properties of Pb2+-aggregated phase in NaCl and CsCl matrices are 
found to be close to those of the PbCl2, and CsPbCl3 bulk crystals, respectively. Much shorter picosecond decay 
times have been found for CsPbCl3-like aggregates in CsCl host with respect to the bulk CsPbCl3. It is ascribed to 
microscopic superradiance effect and together with the achieved high energy shift of the exciton absorption peak 
proves that the quantum confinement effect takes place in the observed emission in CsPbCl3-like aggregates. The 
autolocalisation of the cation exciton in PbCl2-like aggregates is considered to explain the absence of similar 
effects in Pb2+-doped NaCl crystals. 

Key words: alkali halides, lead aggregates, time-resolved luminescence, quantum confinement. 

1    INTRODUCTION 

Optical properties of foreign aggregated phases in crystal and glass matrices are the subject 
of the intensive research during the last years in connection with the study of quantum size 
effects, which can be well demonstrated in these systems.1 The semiconductor 
microcrystallites with the structure of the known bulk materials dispersed in a dielectric 
matrix are the most suitable systems for such a study. Observed optical properties are 
strongly influenced when the dimensions of these aggregates (quantum dots QD) are less 
than about 10 x RB, where RB is the radius of the exciton in QD. Namely the broadening 
and high, energy shift in the optical spectra were reported e.g. for CuCl QD in NaCl 
matrix2 and extremely fast picosecond components were reported in similar system3 and 
explained by microscopic excitonic supperradiance in the aggregates. Many of the 
observed phenomena can be explained as the consequence of the spatial confinement of 
the Wannier exciton motion in the aggregates. 

It is our aim to introduce two new systems suitable for such studies—PbCl2-like phase 
and CsPbCl3-like phase in NaCl and CsCl host crystals, respectively. 

2   EXPERIMENTAL 

The crystals of NaCkPb (0.05% of PbCl2 in the melt), CsCkPb (0.01% of PbCl2 in the 
melt) and CsPbCl3 were grown by Bridgman technique from chemicals purified by 
multiple zone melting. The samples of dimensions about 7x7x2 mm were cleaved or 
cut from as grown crystal and polished. Thin film of CsPbCl3 was obtained by evaporation 
of CsPbCl3 bulk crystal from platinum crucible on quartz substrate in the vacuum. The 
details about experimental apparatuses used are reported elsewhere.5 
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FIGURE 1    Emission spectra of long stored NaChPb, Aex = 275 nm. 
a) T = 4.2 K, b) T = 20 K. 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

Absorption of NaCl:Pb (as received and long stored at 295 K (RT)) is very close to that of 
PbCl2 thin film deposited on NaCl substrate. The Pb2+ cation exciton absorption peak is 
situated at about 272 nm at RT. Under 275 nm excitation two wide emission bands are 
observed in NaChPb (peaking at ~ 340 and 410 nm) and energy transfer from the 340 to 
the 410 nm band is evident in the 10-80 K temperature range, see Figure 1. These 
observed characteristics are similar to the situation in PbCl2, where energy transfer is 
observed between the bands peaking at 330 and 420 nm in the 12-25 K temperature 
range.4 The decay kinetics in both systems is qualitatively similar, too. For NaCl:Pb at 
4.2 K in the 330 nm wavelength emission, a fast (a few ns) and a slow (several tens of /zs) 
components are observed and more than 90% of emission intensity is contained in the slow 
component. These results are comparable with the data reported for PbCl2 crystal. 
These data allow the conclusion that small aggregates of PbCl2-like phase can be created 
in NaCl host. 

Absorption of CsChPb (as received sample) at A > 320 nm is similar to that of 
CsPbCl3 thin film, which shows sharp Pb2+ cation exciton absorption peak at 407 nm at 
RT. Just mentioned absorption structure for A > 320 nm can be erased by quenching 
(T > 400° C for at least 30 min and fast cooling to RT) and reproduced again by annealing 
at 200 < T < 250°C. At the lower annealing temperatures clear high energy shift (up to 
7 nm) of the sharp exciton absorption peak was achieved with respect to the as received 
or heavily annealed samples. 

The emission spectra of CsChPb and CsPbCl3 in Figure 2 are quite similar peaking at 
about 419 nm at 10 K (the peak at the low energy side of the bulk CsPbCl3 spectrum was 
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FIGURE 2   Emission spectra of CsCl:Pb and CsPbCl3 single crystals. 
a) CsCl:Pb, Aex = 337 nm (N2 laser), T = 10 K 
b) CsPbCl3, Aes = 337 nm (N2 laser), T = 10 K 

ascribed to the emission of Pb2+ perturbed sites mainly at the surface of the sample).5 The 
emission found in bulk CsPbCl3 is ascribed to the radiative decay of Wannier exciton in 
Pb2+ sublattice as the top of CsPbCl3 valence band and the bottom of conduction band are 
created by 6s and 6p wavefunctions of Pb2+ cations, respectively.6 Hence we can state that 
the microcrystallites of CsPbCl3 are created in the CsCl host during the final cooling of the 
crystal in the growth process. However, the decay kinetics of the CsPbCl3 aggregates is 
completely different from that observed in the bulk CsPbCl3. While in the bulk three decay 
times are observed at 418 nm (0.5, 2.8 and 12 ns),5 the luminescence decay in the 
CsPbCl3-like aggregates is single exponential with the decay time of about 30 ps only at 
418 nm in as received samples. This effect can be explained under the assumption that the 
dimensions of the aggregates are less than about 10 nm (radius of Pb2+ cation exciton 
RB = 1 nm in CsPbCl3) and microscopic excitonic superradiance takes place enhancing 
the oscillator strength of the radiative transition. In Figure 3 the temperature dependence of 
the decay times is given at three different wavelengths within the emission band CsPbCl3- 
like QD. This temperature dependence can be tentatively explained as follows. At 
sufficiently low temperature, when exciton motion is possibly coherent throughout a QD, 
only the lowest-energy exciton state is significantly populated and the observed decay time 
is constant and characteristic of this level. At higher temperatures, because of the 
interaction of exciton with the acoustic phonons, the temporal and spatial coherence7,8 of 
macroscopic transition dipole moment is degrading and the decay time is increased. With 
the rising temperature also the nonradiative quenching processes are intensified (the 
overall luminescence intensity decreases with the temperature reaching at 180 K 5-10% of 
its value at 4.2 K). In case that these processes occur in the relaxed exciton excited state, 
they shorten the emission decay time, which may lead (because of competition with the 
previously mentioned process) to the maximum of the T(T) dependence. 
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FIGURE 3    Temperature dependence of observed decay times of CsPbCl3-like QD at three different 
wavelengths, Aex = 400 nm. Because of the shift of the emission band with rising temperature, the wavelength 
was adjusted at every temperature to keep its relative position with respect to the maximum of emission band a 
constant: 
a) Aem = 413 nm at 10 K 
b) Acm = 419 nm at 10 K 
c) Aem = 426 nm at 10 K. 

The main reason for the different aggregate structure for Pb2+-doped NaCl and CsCl 
host crystals is probably connected with the different structure of the host lattice (f.c.c. in 
NaCl and b.c.c. in CsCl crystal) and with the fact that there exists no stable ternary 
compound in Na-Pb-Cl system. The fact that no microscopic superradiance effect is 
observed in PbCl2-hke aggregates in NaCl could be explained under the assumption that 
the exciton is immediately autolocalized after creation and at the lowest temperatures does 
not move through the aggregate at all. Autolocalization of cation exciton in PbCl2 was 
generally accepted in the earlier works4 and big Stokes shift between the maximum of 
excitation and emission (~ 0.8 eV) also strongly supports this hypothesis. As for the 
difference in the temperature dependence of the energy transfer between 340 and 410 nm 
bands in PbCl2-like aggregates and equivalent process in the bulk PbCl2 it is not clear, if 
the only reason is a slightly different structure of the aggregates with respect to the bulk 
material induced possibly by non-homogeneous pressure of the surrounding NaCl lattice. 
Also the quantum confinement effect can play some role, as thermally induced hopping of 
the localized exciton was proposed to explain the energy transfer between the 330 and 
420 nm band in the bulk PbCl2. 
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Energy-transfer and self-trapping processes of orthoexcitons and paraexcitons in alkali iodides are studied. 
Intensities of emission bands caused by T1+ impurities and the self-trapped excitons are measured with varying 
temperature and excitation photon-energy. It is clarified that free excitons participating in the energy transfer to 
T1+ in KI and Rbl are mainly paraexcitons. The intensity of the a band increases gradually with elevating 
temperature in KI. The increase of the intensity will be attributed to a thermally activated process over a potential 
barrier. 

Key words: orthoexciton, paraexciton, alkali iodide, self-trapped exciton, energy-transfer, T1+. 

1    INTRODUCTION 

In alkali iodides free exciton luminescence is observed in addition to the luminescence of 
self-trapped excitons (STEs). There exists a potential barrier between the free exciton (FE) 
state and the^STE state,1 and the barrier height for self-trapping was estimated at 
10 ~ 30 meV. It has recently been clarified that the luminescence of FE in KI and Rbl 
originates from paraexciton (total angular momentum / = 2) state,3,4 and that of Nal from 
orthoexciton (7=1) state.5 The population distribution between J = 2 and J = 1 states is 
governed by the rate of relaxation via LO phonon scattering in these crystals.5 The result 
leads us that the role of spin multiplicity of FE must be considered for understanding the 
dynamical processes of FEs. It is well known that energy-transfer of FE to impurities 
occurs under excitation in the n = 1 exciton absorption band. However, it has not been 
examined how the two states, orthoexciton and paraexciton states, participate in the 
energy-transfer process. 

The rate of energy-transfer of FE is influenced by the self-trapping rate. The dynamical 
processes of self-trapping have been intensively studied both theoretically and 
experimentally. In this paper we study the energy-transfer to T1+ and self-trapping of 
FE in KI and Rbl. A crystal of KI doped with Tl by 0.03 mol% was grown by the 
Kyropoulos method. A single crystal of KI was obtained from the University of Utah, 
which crystal is referred to undoped KI below. We used a deuterium lamp as the excitation 
light source filtering with a single-path monochromator. An excimer laser pumped dye 
laser (Lambda Physik EMG103MSC and FL3002) was also used for the measurement of 
the intensity of the a emission band. 

2   RESULTS AND DISCUSSION 

KI has two emission bands due to STE, o and -K bands. The o band, which is observed at 
4.13 eV, is mainly composed of a singlet component, and the 7r band, which is observed at 
3.31 eV, is composed of a triplet component. Another band called Ex appears at 3.00 eV 

[793J/295 
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FIGURE 1    (a) The intensity of a emission relative to that of the sum of TT and Ex bands versus excitation 
photon-energy in undoped KI at 10 K. Ef, Eh, EL, and E2s indicate paraexciton, orthoexciton, longitudinal 
exciton, and the edge of the n = 2 exciton energies, (b) The intensity of a emission relative to the total intensity of 
T1+ bands versus excitation photon-energy in KI:T1 at 10 K. 

under excitation in the n = 1 exciton absorption band. The origin of the Ex band is 
identified as a Na-perturbed STE.7 Figure 1 (a) shows the intensity of the a relative to the 
sum of intensities of the ix and Ex bands in undoped KI.5 £P, Er, EL, and E2s indicate 
paraexciton, orthoexciton, longitudinal exciton, and the edge of the n = 2 exciton energies. 
The relative intensity decreases at E2s with the decrease of the excitation energy, and it 
remains small between E2s and Eh. It increases for a further decrease of tlte excitation 
energy and reaches a peak value around ET. We revealed in a preceding paper that the a 
band originates from the orthoexciton, and the -K and Ex bands from the paraexciton 
inundoped KI. The small intensity between £2s and EL is attributed to an efficient 
scattering of FE from the orthoexciton state to the paraexciton state via LO-phonon 
emission. The increase toward ET is interpreted as the reduction of the number of the 
scattering events to the paraexciton state. 

KI doped with Tl has emission bands originating from T1+ at 2.9 eV and 3.7 eV under 
excitation in the n = 1 exciton absorption band of KI. The intensities of the bands are 
much larger than those of a and TT bands at 10 K, which exhibits an efficient energy- 
transfer of FE to T1+. Figure 1 (b) shows the intensity of the a band relative to the sum of 
intensities of the T1+ bands in KI doped with Tl by 0.03 mol% at 10 K. The spectral profile 
in Figure 1 (b) is quite similar to that in Figure 1 (a) although the peak value at £T in 
Figure 1 (b) is somewhat smaller than that in Figure 1 (a). The similarity of the two spectra 
suggests that the paraexciton rather than the orthoexciton participates in the energy- 
transfer to Tl+. We obtained a similar result in Rbl. 



DYNAMICAL PROCESSES'OF ORTHO- AND PARA-EXCITONS [795]/297 

1.0 - 

5    0.5 

0.0 

'          1          ■          1          '          1          '          1 

mw^*Z*~^~~      "         u    u    u               u    D   - 

KI:T1 (0.03M%)                              V <°" 
6.05eVexcitation                          .-a * v 

-•D 
- 'O 

p.-'O 

 ,/fto--y o' 4—*—^—^—£—a—A 1 $  

0 20 40 60 

Temperature (K) 

80 

FIGURE 2 The intensities of emission bands in KI:T1 under excitation of 6.05 eV as a function of temperature. 
Crosses, triangles, circles, and squares indicate the intensities of the sum of Tl+ bands, a band, 7r band, and total 
emission, respectively. 

In Figure 2 are shown intensities of a, IT, and Tl+ (2.9 eV and 3.7 eV) bands by 
triangles, circles, and crosses, respectively, as a function of temperature under excitation at 
6.05 eV. The sum of these emission bands is shown by the squares. The total yield of the 
luminescence remains constant with the change of temperature. The sum of the intensities 
of the Tl+ bands decreases for the rise of temperature, which is compensated by the 
increase of the intensity of the ix band. The fact can be interpreted as the increase of the 
self-trapping rate of FE and the consequent reduction of the energy-transer rate to Tl+ with 
elevating temperature as already discussed by Nishimura.8 The intensity of the a band 
remains small, which is quite different from the behavior of the intensity of the n band. 
These facts support the result mentioned above that the paraexciton exclusively 
participates in the energy-transfer to Tl+. Most orthoexcitons will be scattered to the 
paraexciton state in a short time after photo-excitation. The paraexcitons will move in a 
crystal by diffusion to perform energy-transfer to Tl+. In undoped KI energy-transfer to 
residual Na impurities induces Ex emission.7 According to this interpretation, so far 
experimentally obtained value of the height of the adiabatic potential barrier from the FE 
state to the STE state, 20 ~ 30 meV in KI, should be that from the paraexciton state to the 
triplet STE state. 

Figure 3 shows the intensity of the a band in undoped KI as a function of temperature 
under excitation at 6.046 eV. It increases gradually with the rise of temperature from 10 K 
up to 70 K. A similar behavior was observed for a band in the Tl+-doped KI in the 
temperature range above 20 K. The increase will be attributed to thermal activation of the 
orthoexciton over an adiabatic potential barrier to the singlet STE state. The residual 
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FIGURE 3    The intensity of a band in undoped KI as a function of temperature. The excitation energy is 6.046 
eV. 

intensity at low temperatures indicates the existence of a component of which intensity is 
independent of temperature. Tunneling through the barrier and self-trapping by hot 
orthoexcitons are the candidates for the processes inducing such a component. 

3    SUMMARY 

The paraexcitons rather than the orthoexcitons participate in the energy-transfer to Tl+ in 
KI and Rbl. The intensities of the Tl+ bands decrease for the increase of temperature, and 
the intensity of the IT band increases complementarily. The intensity of the a band remains 
small and increases only gradually with increasing temperature. The increase indicates the 
existence of a potential barrier between the orthoexciton state and the singlet STE state. 
Tunneling through the barrier and self-trapping of hot orthoexcitons may also contribute to 
the a emission. 
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A main emission band appeared in the pure and lightly I-doped samples at 2.5 eV. The decay times of the 
luminescence pulse were 16 and 30 /isec in the pure and doped samples respectively. The temperature dependence 
of the decay time, the thermal activation energy and the halfwidth of the 2.5 eV emission of the doped samples 
also differed from those of the pure crystals. These difference indicate that the process responsible for the 
emission in the pure crystals differs from that in the I-doped samples. The 2.5 eV emission in the pure crystals 
may be due to a radiative decay of an exciton bound to an intrinsic defect. This is supported by the recorded 
effects of thermal treatment and of plastic deformation on this emission in the pure crystals. 

Luminescence methods were applied for the study of optical properties and of defects 
induced in silver halides by impurities and by thermal and mechanical treatment. Pure and 
I-doped AgBr crystals were investigated. Some practical motivation for this study was that 
IR-transmitting fibers are extruded from silver halide crystals and that the properties of the 
starting materials are of importance for the properties of the resultant fibers.1'2 

The pure and I-doped crystals, used for our studies, were grown in our laboratory by the 
Bridgman-Stockbarger method using ultrapure starting materials. For the study of the 
effects of heating on the optical properties, the samples were heated to 350°C in a dry N2 

atmosphere and then either rapidly quenched (3-5 min) or slowly cooled (~ 5 hours) to 
room remperature (RT). The luminescence was excited between 15 and 120 K by 
monochromatic light using either a continuous 150 W high pressure xenon lamp or a pulse 
source and a grating monochromator. The rise and decay times of the exciting pulse were 
about 20 nsec and 0.1 /xsec respectively. 

The main emission band appeared in the pure AgBr crystals at 15 K at 2.5 eV and an 
additional band at 2.15 eV (Figure 1, curve a). In the slightly I-doped samples (up to 0.01 
mol%) the main band also appeared at 2.5 eV but its half-width was 0.15 eV compared to 
0.13 eV in the pure crystals. For higher iodine concentrations the emission maximum 
shifted to lower energies (2.34 eV for 4 m%); the half-width was in this case 0.18 eV 
(Figure 1, curve b). 

Heating of the pure AgBr samples to 650 K in a nitrogen atmosphere and fast recooling 
to RT caused a strong decrease in the intensities of the 2.5 and 2.15 eV bands and the 
appearance of an additional band at 1.7 eV (Figure 1, curve c); the I-doped samples were 
not affected by this thermal treatment. 

Our time resolved luminescence measurements have shown, that the decay time of the 
emission near 2.5 eV in the I-doped samples is 30 /xsec, compared to 16 /usec in the pure 
crystals, and does not dependent on the I-concentration. These results fit previously 
reported data.3'4 The temperature dependence of the decay time of the I-doped samples 
also markedly differed from that in the pure AgBr crystals (Figure 2). The thermal 
activation energy of the decay was evaluated from the decay curves and was found to be 
0.09 eV and 0.038 eV for the pure and I-doped samples respectively (Figure 2). 
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FIGURE 1 Emission spectra at 15 K of: (a) a pure untreated AgBr crystals: (b) an I-doped (4 m%) sample and 
(c) an pure crystal after thermal treatment at 650 K; the luminescence intensities in curve c are enlarged by a factor 
of 10. 

It has previously been suggested that the main emission band at 2.5 eV is due to a 
radiative decay of an exciton bound to an I-ion in the nominally pure as in the I-doped 
AgBr crystals (e.g. 3-5). The here observed diferences in the decay time, in its temperature 
dependence and in the thermal activation energies as well as in the halfwidth of the 2.5 eV 
emission band indicate that the process, responsible for this band in the pure crystal, differs 
from that in the I-doped AgBr crystals. The exciton responsible for the 2.5 eV emission in 
the pure AgBr crystals may be bound to an intrinsic defect, such as a cation vacancy, 
interstitial silver ion or dislocation, rather than to a casual I-impurity. This is supported by 
the finding that the thermal treatment caused significant changes in the intensity and in the 
spectral composition of the emission in the pure samples, but did not influence the 
emission of any of the I-doped samples, It is well known that thermal treatment as well as 
plastic deformation may strongly influence the concentration of intrinsic crystal defects. ' 
Preliminary results of our recent investigations on effects of pressure on the 2.5 eV 
emission have shown that in pure AgBr crystals the intensity of this band notably 
decreases with plastic deformation, while in the I-doped samples no such effect was 
observed. 
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Although conversion efficiency of orthophosphate materials is limited by the high frequency vibrations of the P04 

group, some of them show remarkably promising scintillation properties. In order to understand that behavior, we 
have studied the orthophosphates of Lu and Yb in various combinations both with and without Ce as an activator. 
We conclude that, although both Ce and Yb ions scintillate, they also show strong tendency toward mutual 
quenching. The mechanisms and consequences of this quenching are discussed. 

Key words: scintillation mechanism, orthophosphate scintillators, nonradiative processes. 

1    INTRODUCTION 

Cerium-activated lutetium orthosilicates (LSO) and orthophosphates (LOP) have recently 
been identified as outstanding scintillators.1'2 The role played by lutetium has not yet been 
elucidated and since it is relatively expensive, a cheaper alternative would be desirable.2'3 

Ytterbium would seem to be a viable candidate since its 4/13 electronic configuration 
produces only low energy//transitions (~ 10 000 cm"1) while the free ion 4fu-4fn5d 
transition energies, at 88 195 cm-1, are almost as high as those of Lu (100 000 cm"1).4 

However, Yb3+ activated orthophosphates (LuP04 and YP04) have been found to produce 
luminescence assigned to transitions connecting the charge transfer state (CTS, Yb2+ + hv, 
a bound valence hole) with two states (2F7/2 and 2F5/2) of the Yb3+ 4/13 configuration.5' 
The corresponding absorption band peaks at about 204 nm. The absorption edge in LuP04 

lies at about 8.6 eV,6 allowing the unrelaxed 2+ charge state energy level of Yb ion about 
2.5 eV below the conduction band to be stable. The presence of the stable 2+ charge state 
has been related in earlier work to inefficient scintillation in Ce-activated materials.7-8 

2   EXPERIMENTAL RESULTS 

The samples used in this study were characterized previously,9 and also the growth 
method,2 and experimental details7 have already been described. The emission spectra 
under 7-excitation are shown in Figure 1. Spectrum a (LuP04, sample 10, 6 ppm Ce, 
14 ppm Yb) shows two peaks at 334 and 360 nm (2160 cm-1 apart), characteristic of the 
Ce3+ ion. On the other hand spectrum d (YbP04:Ce, sample 1, 1.4 ppm) shows two peaks, 
at 300 and 430 nm (10 070 cm"1 apart), due to the charge transfer transition involving Yb 
ion.5'14 Spectra b and c (YbxLu,_xP04:Ce, 0.18 wt%, x = 0.01 and 0.1, samples 7 and 8, 
respectively) show a dip in the Yb 300 nm emission band at about 320 nm obviously due 
to absorption by Ce ions. Although this indicates efficient radiative energy transfer 
processes from Yb to Ce and, possibly, nonradiative as well, the detectable Ce emission 
unexpectedly diminishes with increasing Yb content (compare spectra b and c). 
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FIGURE 1    Room temperature emission spectra under 7-excitation (see text). 

In Figure 2 we show scintillation light output vs Ce content for YbP04 crystals. 
Although the Yb scintillation efficiency diminishes with increasing Ce concentration no 
corresponding increase in Ce emission is seen in the scintillation spectra. Therefore we 
conclude that in addition to the quenching of Yb emission by Ce ions, the emission from 
Ce must also be quenched by Yb ions. 

In Figure 3 we present scintillation pulse shapes under 7-excitation at room temperature 
for different emission wavelengths. As shown by trace a the Yb emission (LuP04:Yb, 
1.0 wt %, 10"3 wt % of Ce, sample 6) exhibits both a rise time and a relatively long decay 
time, neither of which is shown by Ce emission.2'9 At A = 430 nm the rise and decay 
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Ce concentration (weight %) 

FIGURE 2    Scintillation light output under 7-excitation (compared to BGO) of YbP04 vs Ce concentration. 

times are about 3.3 ns and 125 ns, respectively. However, with increased Ce doping the 
decay time of the Yb emission decreases (compare traces b, c, and d). In addition, a new 
faster decaying component becomes evident; some of which may be due to overlapping 
emission from the partially quenched Ce ions but most of it very likely reflects a 
quenching of the Yb emission by nonradiative energy transfer to Ce ions. Further 
examples are shown in traces b and c, taken for sample 7 (Ybx Lui_xP04:Ce, 0.18 w%, 
x = 0.01). Trace b was measured at A =430 nm; it shows no rise time and two 
components, 15.7 ns (21% zero-time amplitude) and 100 ns (79% zero-time amplitude). 
Trace c was taken at A - 360 nm; it again shows no rise time and two component, 12 ns 
(63% zero-time amplitude) and 90 ns (37% zero-time amplitude). The scintillation pulse of 
sample 8 (Ybx Lui_xP04:Ce, 0.18 w%, x = 0.1), shown as trace d, was measured at 
A = 360 nm. Again, there is no rise time and there are two components, 19 ns (36% zero- 
time amplitude) and 84 ns (64% zero-time amplitude). In all cases the emission attributable 
to both Ce and Yb are less than would be expected in the absence of interaction between 
them. 

3    DISCUSSION AND CONCLUSIONS 

Perhaps the most important consequence of the simultaneous presence of Yb and Ce is 
their mutual quenching. This observation can be explained in terms of the mechanism 
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FIGURE 3    Spectrally resolved pulse shapes of 7-excited scintillations taken at room temperature (see text). 

proposed earlier for another rare earth combination, Ce and Eu,10 and for the Ce self- 
quenching in CeF3.

u Whenever one of the ions (e.g. Eu, Yb or even Ce itself) has a stable 
2+ state, then the emission from the other ion (Ce) can be severely quenched by the 
formation of a metal-metal charge transfer state which decays nonradiatively to the ground 
state as shown in Figure 4. This process can be described as follows: 

(Ce
4+ + efc)* + Yb3+ exchange (Ce4+ + Yb2+)*relaxation exchange Ce3+ + ^3+. 
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(Ce4+ + eb) + Yb3+ 

(Ce3+)* + Yb3+ 

(Ce4+ + Yb2+)' 

scint 

Ce3+ + Yb3+ 

relax 

Ce4+ + Yb2+ 

ex + relax 

FIGURE 4   The proposed mechanisms of radiative and nonradiative decays of the excited Ce3+ ion by 
interaction with the close neighbor Y3+ ion. The nonradiative decay requires the stability of the Yb 2+ charge 
state and efficient exchange of an electron between highly excited Ce3+ and Y2+ ions as necessary conditions 

The exchange of electron between two neighboring ions, a highly excited Ce3+ ion 
(designated as Ce4+ plus loosely bound electron tb) and an unexcited Yb3+, leads to 
formation of the oppositely charged metal-metal ion pair far from the equilibrium point in 
the configuration coordinate space. After relaxation there will be a repeated electron 
exchange leaving two ions in unexcited 3+ charge states. In this way the Ce3+ ion 
preserves a high quantum efficiency when excited directly into its lower excited states but, 
after tonization, the new nonradiative recombination channel is open, where the energy of" 
Ce electronic excitation is carried away by lattice and/or local vibrations. Therefore, if 
the Yb concentration is high enough, the energy gathered by Ce ions is lost nonradiatively. 
Also, the preceding radiative and nonradiative energy transfer from excited Yb ions to Ce 
ions will, by virtue of the same process, waste the energy gathered by Yb ions. The final 
conclusion is that intentional or unintentional codoping of Ce and Yb ions into the lattice 
of a scintillator material has to be carefully avoided. For this reason ytterbium does not 
provide a cheaper substitute for lutetium in orthophosphate crystals activated with Ce. 
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SCINTILLATION PROPERTIES OF Lu3Al5_xScx012 
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The scintillation properties of Lu3AI5_xScxOi2 single garnet crystals doped with different concentrations of Sc3+ 

were investigated. The best scintillation properties were obtained for the crystal with x = 0.2 in the melt This 
crystal has a broad (FWHM ~ 1 eV) ultraviolet emission band with a maximum at 275 nm. An energy resolution 
of 7% is observed for the 662 keV photopeak. The main decay component of the scintillation pulse has an 
exponential decay time of about 600 ns and accounts for 90% of the total light yield. The total scintillation light 
yield was found to be about 22,500 ph/MeV. Within 10% a linear response was obtained in the energy interval 
from 8 keV to 1.3 MeV. 

Key words: Scintillation, garnet, isoelectronic impurity. 

1    INTRODUCTION 

Lu3Al5012 garnet crystals (LAG), due to their high density (6.67 g/cm3) and other 
physical properties such as shock-resistivity, nonhygroscopicity, chemical and radiation 
stability are quite promising host crystals for scintillating materials. Earlier,1 scintillation 
properties of LAG crystals doped with Ce3+ ions were reported. 

It was shown2 that substitution of Al3+ ions by Sc3+ in the LAG lattice gives rise to a 
broad (FWHM ~ 1 eV) ultraviolet (UV) band located near 280 nm. This band was 
assigned to isoelectronic impurity centres formed by Sc3+ ions substituting Al3+ ions in 
the LAG lattice. In this paper, results of an investigation of the scintillation properties of 
LAG doped with Sc3+ ions are presented. The Lu3Al5_xScxOi2 (LAG-Sc) crystals were 
grown by the horizontal directed crystallization technique. Details on the experiments 
carried out in this paper can be found in3. 

2   RESULTS AND DISCUSSION 

Five LAG-Sc crystals with different x (0.001; 0.04; 0.2; 0.5; 2.0 in the melt) were 
investigated at room temperature. Some scintillation parameters of the LAG-Sc crystals as 
a function of the scandium concentration are compiled in Table I. The highest light yield 
values were obtained for LAG-Sc at a concentration x of 0.2 and 0.5 both under X-ray 
(25 mA, 35 kV, Cu anode) and 662 keV gamma ray excitation. Decay curves can be fitted 
quite well with a sum of two exponential components I = £Ijexp(-t/Tj), where Ii is the 
initial intensity and r, is the decay time. As can be seen from Table I, the LAG-Sc 
(x = 0.2) crystal is the most interesting from the standpoint of application as a scintillation 
detector. We therefore focus on the scintillation properties of this sample. The emission, 
excitation, and absorption spectra of LAG-Sc (x = 0.2) are shown in Figure 1. The 275 nm 
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FIGURE 1    The excitation (1), emission (2), and absorption (3) spectra recorded for the 1 mm thick LAG 
(x = 0.2) crystal at 300 K: (1) - Aemissio„ = 275 nm, Aexci,ali0I1 = 140-250 nm; (2) - Aemissi„„ = 200-450 nm, Aexcita 
= 180 nm; 

UV excited emission band (Figure 1, curve 2) looks the same as under X-ray excitation. 
The excitation spectrum (Figure 1, curve 1) starts at energies where the optical absorption 
rises strongly (Figure 1, curve 3) and depicts two relatively broad bands with maxima at 
about 160 and 180 nm. A pulse height spectrum of a 137Cs source obtained with LAG-Sc 
(x = 0.2) using an electronic shaping time of 2 fjs and an XP2020Q photomultiplier tube is 
shown in Figure 2. An energy resolution of 7% with a photoelectron yield of 3490 
photoelectrons/MeV (phe/MeV) was obtained. The spectrum was fitted in the range from 
530 keV to 750 keV with two Gaussian peaks and a background. Together with the 
photopeak at 662 keV, the characteristic X-ray escape peak of Lu can be seen at an energy 
of 608 keV. The main Lu X-ray emission energy is 54.07 keV. Figure 2 also shows two 
peaks within the energy interval from 100 keV to 250 keV. The one at an energy of about 
195 keV is due to Compton backscattering. The one at about 136 keV is again the X-ray 
characteristic escape peak of Lu but now due to absorption by the crystal of the Compton 
backscattered 7-rays. The best energy resolution obtained with LAG-Sc (x = 0.2) in our 
experiments was 6.3%. Despite the two times smaller light yield of LAG-Sc (x = 0.2 
compared to NaI(Tl+) the energy resolution is about the same. This can be explained by 
the fact that the linearity of LAG-Sc (x = 0.2) is better than that of Nal-Tl. Actually, 

Table I. 
Some properties of Lu3Al5_,ScxOi2 garnet crystals at 294K. 

Light yield, Decay 

FWHM, ph/MeV parameters 

X nm eV X-ray 7-ray Ti.ns r2,ns ii, h, 
nm excitation excitation % % 

0.001 293 1.43 14400 9750 1000 4500 70 30 

0.04 273 1.10 18500 12250 750 5000 85 15 

0.2 275 1.01 22400 20750 610 3300 98 2 

0.5 282 1.09 23800 19500 760 5000 92 8 

2.0 340 1.03 17600 5000 850 7500 90 10 
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FIGURE 2   Pulse height spectrum of 137Cs (E7 = 662 keV) measured with the 1.0 x 10 x 15 mm3 LAG-Sc 
(x = 0.2) crystal at room temperature using a shaping time of 2 ßs. 

within the energy interval from 8 keV to 1.3 MeV we observe within less than 10% a 
linear response. This linearity is much better than those of Csl-Tl, Nal-Tl, Li^SiOs-Ce, 
and Gd2Si05-Ce. Further studies are carried out to find a correlation between the linearity 
and other features of a scintillator. Such investigations will give a better understanding of 
the mechanisms affecting scintillation efficiency and energy resolution. 
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CREATION OF EXCITED REGIONS IN 

INSULATORS BY A PHOTON 
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Moscow, 117234 Russia 

Different approaches to solution of the kinetic equations for relaxation of electronic excitations (analytical, 
numerical solution of integro-differential equations, and Monte-Carlo simulation) display the properties and 
evolution of the excited region created by the absorption of a high-energy photon. The relaxation at the final 
stages of inelastic electron-electron scattering determines the number of low-energy excitations in CeF3. The 
number of close excitations around a core hole in BaF2 rapidly increases after the absorption of photons with 
energy above 32 eV, which results in a faster decay of crossluminescene. 

Key words: Electron relaxation, scintillations, crossluminescene, inelastic scattering, Monte-Carlo. 

1    INTRODUCTION 

The computer simulation of the fast stages of energy relaxation in insulators after the VUV 
or XUV photon absorption is useful for evaluation of the yield of different secondary 
processes (luminescence, scintillation, defect production, etc.). The absorption of a high- 
energy photon results in the creation of the excited region in an insulating crystal after the 
absorption of VUV or X-ray photon. This region consists of a number of electrons, holes, 
excitons and fast defects, if the photon has energy sufficient for producing of several 
electronic excitations. Therefore the kinetic equations should include all types of 
interactions between excitations. 

2    KINETIC EQUATIONS 

The dynamics of excited region created in insulators after the absorption of high-energy 
photon can be described using polarization approximation for kinetic equation. Such 
kinetic equation can be derived using Klimontovich's technique.1 The number of 
electrons, holes, and excitons created after inelastic electron-electron scattering followed 
by a photon absorption changes in time. This problem is problem of finite, but large, 
number of particles. Thus the total set of kinetic equations consist of a large (but finite) 
chain of kinetic equations for multi-particle distribution functions. The set is rather 
cumbersome, so Figure 1 shows only one equation for electron energy distribution 
function. Each term in this equation has an evident sense which is illustrated by the scheme 
of the process at the right part of the Figure. The following notations are used: fa(E, t) is 
the energy distribution function for particles of a-type (a = e,h),E is their energy, t is the 
time, n(w) is the refractive index, ga{E) is the density of states, I(w, t) is the intensity of 
external radiation, e{u, k) is the complex dielectric permittivity with account for spatial 
dispersion (the first term in the bracket describes the interaction accompanied by an 
exchange of longitudinal photon, the second one, by transversal photon; the latter is 
negligible for most cases), 

[813]/315 
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is the rate of phonon relaxation, n^ is the mean number of phonons with frequency ft and 
wavenumber k for temperature T, fimax is the maximal phonon frequency. 

Other equations in this set have the analogous structure. 

3    EXAMPLES OF SOLUTION 

3.1 Analytical Solution 

Such complicated set of equations can be solved analytically only for the oversimplified 
cases. The case of the only narrow valence band and random distribution of secondary 
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FIGURE 1    The schemes of different elementary processes for electron production and scattering and 
corresponding kinetic equations. See notations in the text. 
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FIGURE 2   The energy distribution of electrons (a) and holes (b) at different time after the absorption of 200 eV 
photon for CeF3 band parameters. Only electron inelastic scattering was taken into account. 

electrons after the scattering was presented earlier.2 The mean energy for the production of 
an electron-hole pair was estimated there as (1.4 + 0.55al/2)Eg, where E. is the forbidden 
gap and a is the dimentionless rate of phonon relaxation. The energy distribution of 
secondary electrons has logarithmic singularity for low energies just above the bottom of 
conduction band (E = Eg) and smoothly decreases for energies up to E = IE . 

3.2 Estimating of Electron Energy Distribution in CeF3 

The second approach to the solution of kinetic equations for energy distribution function is 
the numerical solution of integro-differential equation. The result of the simulation is given 
in Figure 2. We used the band scheme parameters similar to that of CeF3 crystal The 
valence and core levels are supposed to be flat, and electrons in the conduction band are 
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FIGURE 3   The dependence of the mean distance from a core hole to the closest excitation on the photon energy 

for BaF2. 

described by free-electron dispersion law. The analytical expression for dielectric 
permittivity was based on the suggestion of hydrogen-like transitions from core levels, 
and the amplitude of each contribution was normalised to satisfy sum rules for dielectric 
function The rate of relaxation is overestimated in about two times since we neglect 
spatial dispersion of the permittivity. We simulate only electronic relaxation, and the 
account of Auger relaxation of core holes should increase the total number of electron-hole 
pairs in « 1.5 times. The electron distribution at final stages of relaxation is close to that 
which was obtained for analytical solution. 

This simulation demonstrates the role of low-energy stage of inelastic electron-electron 
scattering The yield of CeF3 scintillations is determined mainly by the number of ionized 
and excited Ce3+ ions. Holes at the 4/ - Ce3+ level are produced mainly at the final stage 
of electron-electron scattering due to impact ionization of cenum ions. Their yield is 
strongly determined by the details of electronic distribution at energies between the 
threshold of such ionization (about 16 eV) and that of ionization of flounne ion (about 
20 eV) and by the rate of thermalization Sf (£). 

3.3 Spatial Distribution of Excitations in BaF2 

Another approach to solution of kinetic equations is the Monte-Carlo simulation (see 
e g )4 This kind of simulation allows to receive much more information, since two- and 
even three-particle space and energy distribution functions can be evaluated. The 
simulation was based on the set of kinetic equations similar to that displayed in Figure 1 
but with account for spatial motion of excitations (in gas-kinetic approximation for stage 
of inelastic scattering and in diffusion one for thermalization). The main attention focuses 
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on the spatial distribution functions of excitations, i.e. one-particle and two-particle 
distribution functions. One-particle distribution represents the spatial shape of the 
concentration of excitations in the excited region produced by a photon absorption, 
whereas two-particle distribution function describes the spatial correlations between 
different excitations. The latter function determines the energy transfer at final stages of 
energy relaxation and is important for different quenching processes and the acceleration 
of the luminescene.5 

The Monte-Carlo simulation was performed for BaF2 crystal for photon energies from 
20 eV to 100 eV. The possibility of existence of long-living outermost core holes increases 
the number of excitation types in the crystal (such core holes decay through transversal 
photon emission, which is described by the second term in the brackets with dielectric 
permittivities in Figure 1, for details refer).6 The kinetics of crossluminescence is 
determined by the correlation between a core hole and any other excitation (electron, 
valence hole or valence exciton). Figure 3 shows that the two-particle distribution 
functions and thus the kinetics are strongly changed with photon energy. For photon 
energies above 32 eV the mean distance to the nearest excitation strongly decreases. 
Starting from this energy the spatial distribution of secondary excitations becomes strongly 
non-homogeneous. For such type of distribution the mean distance between a core hole 
and the closest excitation occurs to be much less than the mean distance between arbitrary 
excitations. This situation can be interpreted as creation of separated groups of secondary 
excitations. 

4   CONCLUSION 

Three different approaches to solving of kinetic equations for electronic excitations 
demonstrates that all stages of energy conversion and transfer in crystals are tightly 
connected. The total yield of secondary processes depends not only on the number of 
electron-hole pairs but on the energy and spatial distribution of excitations as well. 
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The scintillation properties of GdA103 single crystals doped with different concentrations of Ce3+ are reported. 
Dipole allowed transitions in Ce3+ ions from the lowest 5d to the two 4f levels cause luminescence between 320 
and 400 nm. 

Key words: Scintillation, 5d-4f luminescence, Ce3+. 

1 INTRODUCTION 

In this work we report on the scintillation properties of Ce3+ doped GdA103 (GAP) single 
crystals which were grown by means of the horizontally oriented crystallization technique. 
Four crystals with different Ce concentrations were studied. They are not optically perfect; 
some crystals are hazy causing substantial scattering of light. The material has a density of 
7.5 g/cm3 and an effective atomic number Z^ = 56.2. The luminescence properties under 
optical excitations were reported already in 1975 by Fava et al.1 and recently by Mares 
et al. ? We focus on the luminescence properties under X-ray and gamma ray excitation. 
Details on the experimental set-ups employed in this work can be found elsewhere.3 

2 RESULTS AND DISCUSSION 

Figure 1 shows the X-ray excited emission spectra of the Ce doped crystals. Near 340 and 
360 nm one observes two Ce3+ emission bands caused by transitions from the lowest 5d 
level (2D3/2) to the 2F5/2 and 2F7/2 levels of the 4f' configuration, respectively. 
Luminescence due to unwanted Tb3"*" impurities can also be seen; i.e. near 382 nm, 
415 nm, and 436 nm. The optical absorption spectrum shows at 288 and 306 nm bands 
due to 4f->5d transitions in Ce3+ and at 276 nm an absorption line caused by Gd3+. 
Similar bands appear in the excitation spectrum of 350 nm luminescence. Table I compiles 
the optical attenuation coefficients, p, due to Ce3+ absorption at 306 nm. Based on these 
values, we estimated the Ce concentration in the crystals. Because the precise relation is 
not known the true Ce concentration may deviate by a factor of two. 

The integrated light yield of the Ce3+ luminescence bands in photons/(MeV of 
absorbed X-ray energy) increases with the Ce concentration up to values of 9000, see 
Table I. Light yield values obtained with 662 keV gamma ray excitation and employing 
electronic shaping times of 2 and 3 ^s are also compiled. 

Figure 2 shows the gamma ray excited decay time spectra of the GAP:Ce crystals. Each 
crystal shows a small fast component in the first 20 ns of the spectrum, but the dominant 

'These investigations in the program of the Foundation for Fundamental research on Matter (POM) have been 
supported by the Netherlands Technology Foundation (STW). 
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FIGURE 1    Curves 1, 2, 3,4) X-ray excited emission spectra Y in photons/(MeV-nm) of the GAP crystals doped 
with 0.02, 0.22, 0.44, and 0.75 mol% Ce3+, respectively. 5) optical absorption A in cm"1 of the crystal with 
0.22 mol% Ce and 6) \em = 350 nm luminescence excitation spectrum rj in arb. units of the crystal with 
0.02 mol% Ce. 

decay is caused by a slow process. We have fitted the decay curve with a sum of two 
exponential decay curves (I(t) = £^exp(-f/ri) with r the decay time and N the 
intensity). The fit parameters are compiled in Table I. The main decay component of the 
0.02 mol% Ce doped crystal is 1700 ns, and it shortens with almost an order of magnitude 
for the 0.75 mol% doped crystal (r = 180 ns). Note that the dominant decay time is 
considerably longer than the lifetime of the 5d level responsible for the luminescence 
which is about 60 ns.1 This indicates a slow transfer rate of the excitations of the host 
lattice (i.e. the Gd3+ sublattice) to the Ce luminescence centers. 

In conclusion, the combination of a high density (7.5 g/cm3), reasonable light yield 
(6000-9000 photons/MeV), and reasonable decay time (« 180 ns) merits further 
investigation of GAP:Ce crystals. Considering that the optimal Ce concentration has not 
been established yet, and the sometimes poor optical quality of the crystals, one may 
expect to be able to improve their scintillation properties. 

Properties 
Table I 

of Gd!_xCe^A103 crystals. 

X 

mol% 
ß (306 nm) 

cm-1 
photons/MeV 
(X-ray exc.) 

photons/MeV 
(7-ray exc.) N2 

decay parameters 
Ti(ns)          r2(ns) 

0.02 
0.22 
0.44 
0.75 

11 
110 
220 
370 

840 
2900 
6200 
9000 

1120 (3/iS) 
2800 (3/xs) 
3350 (2/is) 
6000 (2/zs) 

0.17 
0.16 
0.12 
0.14 

240            1700 
60              500 
30              260 
30              180 
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0.75 mol% CeJ+, respectively. The spectra are normalized to unity at time t = 0. 
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E1?nZ ^M5"«"»^ (EPMA) the absolute Ce3" concentration was determined to be: 0.02 0 16 
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SCINTILLATION PROPERTIES OF Y2SiOs:Pr 
CRYSTALS1 

P. DORENBOS, M. MARSMAN, C. W. E. VAN EIJK,* M. V. KORZHIK,** 
and B. I. MINKOV*** 
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Ukraine 

We report on the scintillation properties of Y2Si05 (YSO) single crystals doped with different concentrations of 
Pr5 . Dipole allowed transitions from the lowest 4f5d level of Pr<+ to 4f2 levels cause a fast scintillation emission 
component (T « 30 ns) in the wavelength range 260-350 nm. 

Key words: Scintillation, 5d-4f luminescence, Pr3-1". 

1    INTRODUCTION 

The Ce3+ doped oxy-orthosilicates Y2Si05, Gd2Si05, and Lu2Si05 have been studied 
widely for their scintillation properties.1 Instead of Ce3+, one may also consider Pr3+ as a 
luminescence center Generally, the 4f5d-4f2 luminescence of Pr3+ is located at energies 
1.3 eV (10 000 cm ') higher than the luminescence of Ce3+ if doped in the same host 
crystal. Consequently, one may expect a decay time even faster than in the case of Ce3+ 

doping due to the A 3 dependence of the transition rate on the emission wavelength A 
Figure 1 shows the energy levels of Pr3+ in YSO as has been deduced from its optical 

absorption, emission, and excitation spectra. One observes that the bottom of the 4f5d 
band is located below the lS0 state of the 4f2 configuration; this is essential for fast 
4f5d-4fz luminescence to occur. 

The YSO:Pr single crystals were grown by means of the Czochralski method by one of 
us (B. I. Mmkov). We studied three single crystals containing Pr concentrations of 0.3 0 8 
and 2.5 wt% Pr + and dimensions of about 8x8x6 mm3. The YSO host crystal has a 
density of 4.45 g/cm3 with an effective atomic number of Zeff = 33.6 and a refractive 
index of n = 1.8. 

2   RESULTS AND DISCUSSION 

The broad Pr3+ emission bands, see Figure 2, located between 260 nm and 370 nm are 
caused by transitions from the bottom of the 4f15d1 configuration to levels of the 4f2 

configuration; i.e. to the 3H7 and 3F, states. The faint emissions in the 490 nm region are 
caused by transitions from levels of the 3P7 states down to the 3H4 ground state of Pr3+ 

Transitions from the ground state up to the 3P7 and % excited states are responsible for the 
optical absorption lines between 440 and 500 nm. From the strength of the absorption line 
at 452 nm ( H4 -> 3P2), we calculated relative Pr3+ concentrations of 0.34 • 0 8 ■ 2 7 for 
the crystals doped with 0.3, 0.8, and 2.5 wt % Pr3+, respectively. 

1 These investigations in the program of the Foundation for Fundamental research on Matter (FOM) have been 
supported by the Netherlands Technology Foundation (STW). 
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FIGURE 1   Energy levels of the 4f2 and 4f5d configuration of Pr^ in Y2Si05 single crystals. The shaded region 
represents the location of levels of the 4f5d configuration. 

The rapid drop in transmission near 260 nm is caused by the onset of 4f2 -» 4f5d 
transitions in Pr3+. The excitation bands between 190 and 260 nm are also attributed to the 
levels of the 4f5d configuration. 

In addition to Pr3+, there appears to be small concentrations of Cej+ and Gd + present 
in the crystals. The presence of Gd3+ is evidenced by the characteristic emission line of 
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FIGURE 2    1) X-ray excited emission light yield Y in photons/(MeV-nm). 2) optical transmission T in %. 
3) \em = 280 nm luminescence excitation quantum efficiency {rj) of the 6 mm thick YSO:0.8 wt.% Pr3+ n i 
expressed as a percentage of the quantum efficiency of Na-Salicylate powder. 

Gd3+ near 312 nm (6Pz -► 8S|) which can be observed in Figure 2. The presence of Ce3+ 

causes the 5d-4f emission bands between 370 and 450 nm and the 4f-5d absorption bands 
at 290 and 358 nm. 

The light yields of the crystals under X-ray irradiation (total) and with 662 keV gamma 
radiation employing an electronic shaping time of 0.5 ps are compiled in the second and 
third column of Table I, respectively. We refer to2 for details on the experimental methods 
used. There appears to be no clear dependence of the light yield on the Pr3+ concentration. 
A fast scintillation component with decay time of 27 to 47 ns is responsible for the light 
yield observed employing 0.5 ps shaping time. The difference between the total light yield 
is caused by the presence of a component of several hundreds of ps decay time. We note 
that similar features have been observed for the scintillation properties of Pr3+ doped 
K2YF5 crystals.3 F 

In conclusion, YSO crystals have been studied with different amounts of Pr doping. 
The crystals show the anticipated luminescence due to 4f5d -> 4f2 transitions in Pr3+. 
Unfortunately only a small part of this emission appears as fast luminescence 
(r = 30-50 ns). The dominant part (75%) is very slow. Consequently, the crystals are 
less suited for application as a scintillation detector. 
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Table I 
Scintillation properties of Y2Si05 crystals doped with x wt.% Pr3+. 

x photons/MeV photons/MeV r/Mf 

(wt.%) (total) (0.5 /is) (ns) 

0 3 5500 1600 47 
0 8 7000 1600 33 
2 5 6400 1900 27 
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SCINTILLATION MECHANISM IN CsGd2F7:Ce3+ AND 
CsY2F7:Ce3+ CRYSTALS* 

D. R. SCHAART, P. DORENBOS, C. W. E. VAN EIJK, R. VISSER, C. PEDRINI,* 
B. MOINE* and N. M. KHAIDUKOV** 
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do IM, Mekelweg 15, 2629 JB Delfi, The Netherlands; *Universite Lyon l-Batiment 205 

43, Boulevard du 11 Novembre 1918, 69622 Villeurbanne Cedex—France; **N. S. 
Kurnakov Institute of General and Inorganic Chemistry, Moscow, Russia 

The scintillation properties of CsGd2F7 and of isostructural CsY2F7 crystals doped with Ce3+ together with the 
energy migration mechanisms to the Ce ions are reported. Ce3+ '-> Gd3+ as well as Gd3+ ->Ce3+ energy 
transfer, both dependent on temperature and Ce concentration, strongly influence the scintillation properties. 

Key words: Scintillation, energy migration, 5d-4f luminescence. 

1    INTRODUCTION 

Recently we reported on the scintillation properties of CsGd2F7 crystals doped with Ce3+ 

concentrations between 0.1 and 10 mol% Ce3+.1>2 The intensity of a fast scintillation 
component, due to 5d-4f luminescence of the Ce3+ ions, appeared to increase with the Ce 
concentration. On the other hand, a slow component becomes less dominant and its decay 
time becomes shorter at high Ce concentration. With the expectation to obtain better 
scintillation properties, crystals with 20 and 30 mol% Ce were studied. To understand the 
scintillation excitation mechanisms, we also studied the luminescence properties of the 
isostructural CsY2F7 crystals doped with Ce. 

For details on the method of crystal growth and the experimental techniques to study 
scintillation properties, we refer to.3 Two experimental set-ups were used for determining 
excitation spectra in the vacuum ultra violet (VUV): i) a set-up installed at the SA61 line of 
the SUPER-ACO synchrotron facility at LURE (laboratoire pour 1'utilisation du 
rayonement) in Orsay, France, and ii) a set-up employing a D2 lamp, a VUV- 
monochromator, and MgF2 optics in Delft, The Netherlands. 

2   RESULTS AND DISCUSSION 

CsY2F7 and CsGd2F7 crystals have an orthorhombic structure with probably 8 
inequivalent sites for the Y and Gd ions.4 Ce3+ is expected to enter the crystal at Y or 
Gd sites. Optical absorption, luminescence, and excitation spectra indicate the presence of 
two inequivalent Ce3+ centers, hereafter referred to as Ce7 and Ce77. Ce7 centers luminesce 
near 310 nm and Ce77 near 332 nm. Based on optical excitation spectra of these bands and 
optical absorption spectra, we arrived at the level schemes shown in Figure 1. The main 
features are: i) the Ce7 luminescence band overlaps the Gd3+ 8S -> 6P absorption line 
causing complete energy transfer from Ce7 to neighboring Gd ions, ii) due to a small 
overlap of the Ce77 emission band at 332 nm with the Gd 312 nm absorption line, 

t These investigations in the program of the Foundation for Fundamental research on Matter (FOM) have been 
supported by the Netherlands Technology Foundation (STW) 
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FIGURE 1   Energy level schemes of Gd3+, Ce, and Ce„ centers in CsGd2F7 and CsY2F7 crystals. 

Ce7/ -> Gd transfer is also possible iii) energy migration is possible over the Gd sublattice, 
iv) energy transfer is possible from the Ce7 5d(l) and Gd (6P) levels to the 295 nm Ce/7 

absorption band. 3 
At room temperature, the X-ray excited emission spectrum of CsGd2F7:0.1 mol% Ce 

shows a Gd3+ emission line at 312 nm and a Ce/7 type emission band at 340 nm, see 
Figure 2. The excitation bands at 295 nm and 235 nm are ascribed to the 5d bands of the 
Ce7/ centers. The narrow line at 312 nm (8S -»6P of Gd3+) in the excitation spectrum 
indicates that Gd -> Ce7/ energy transfer takes place. Excitation at room temperature in the 
Ce7 5d(l) band near 265 nm leads to Ce// luminescence due to Ce7 -> Gd -> Ce// transfer. 

At temperatures of 95 K a narrowing of the Ce„ 5d(l) band occurs; the overlap with the 
312 nm Gd line disappears, and consequently there is no Gd(6P) -> Ce7/ energy transfer. 
Both the 312 nm Gd line and the 265 nm Ce7 5d(l) band then disappear from the 
excitation spectrum; see spectrum b in Figure 2. Excitation at 160 nm produces in both 
CsY2F7 and CsGd2F7 a broad emission band near 450 nm which is attributed to self 
trapped exciton luminescence. The band which was also observed under X-ray excitation 
is quenched at room temperature. 

Based on excitation spectra as a function of Ce concentration, temperature, and 
wavelength we arrive at the following model for the scintillation mechanism. Details on 
this model and a justification for it will be presented elsewhere.5 In CsY2F7:Ce the energy 
transfer from the host crystal to Ce is quite inefficient resulting in a light yield of only 
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FIGURE 2    a), b) excitation and c), d) emission spectra of CsGd2F7: 0.1% Ce3+. a) Aem = 340 nm and 
T = 295 K. b) Xem = 340 nm and T = 95 K. c) X-ray excited luminescence (photons/(MeVnm)) at 295 K. 
d) \ex = 160 nm and T = 95 K in arbitrary units. For illustration purposes, spectrum a) has been shifted upwards 
by 10 

1400 photons/MeV at 5 mol% Ce. Due to fast Ce, -> Ce„ transfer the scintillation 
emission spectrum of this crystal shows mainly Ce7/ luminescence with a decay time of 32 
ns. The Gd sub-lattice in CsGd2F7 crystals causes a more efficient energy transfer from the 
host lattice to the Ce ions resulting in a light yield of 7300 ± 700 photons/MeV for crystals 
doped with 20% Ce. The fast nonexponential scintillation component of 
CsGd2F7(T?«25ns) is ascribed to luminescence of directly excited Ce77 ions. The 
dominating slow component (r of the order of /xs) is attributed to Ce77 ions excited via the 
Gd sublattice. 
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NANOSECOND UV-SCINTILLATION IN CESIUM 
IODIDE CRYSTALS 
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8 Kengaraga st, LV-1063, Riga, Latvia 

The fast UV-luminescence of CsJ have been investigate by nano- and subnanosecond time-resolved spectroscopy. 
The decay time and yield of fast luminescence are determined. The temperature dependence of fast UV- 
luminescence intensity under subnanosecond irradiation have been investigated. A most probable nature of fast 
high temperature UV-luminescence in CsJ cristals is discussed. 

Key words: luminescence, rise time, decay time, yield, time-resolved spectroscopy, CsJ. 

1 INTRODUCTION 

In the last few years fast UV emission in CsJ crystals at room temperature was 
investigated. The increasing interest in pure CsJ is mainly caused by possible 
application of this crystals as radiation resistant scintillators with very good timing 
characteristics. Although the study of the UV-luminescence of CsJ at room temperature 
has a long histroy (see e.g. ref.),7 the mechanism which leads to the UV emission is not 
clear. There are discrepancies in the definition of the spectral parameters and decay rate of 
the UV band. It is very likely that the contradictions are caused by the different impurities 
levels in the CsJ samples and by the use of different sources excitation. 

In the present work experiments on the emission in CsJ, especially high resolution 
temporal measurement, have been carried out under electron pulse excitation. 

2 EXPERIMENTAL 

Single CsJ crystals, both pure and doped with Br, Cl and Rb were grown in Kharkov 
Institute of Single Crystals. The emission was excited by single pulses of electron 
accelerators. Two kinds of accelerators were used: (1) pulse duration 5 ns, electron energy 
300 keV, pulse current density 20 A cm"2 and (2) 50 ps, 200 keV 100 A cm"2. 

The luminescence was detected through a prism monochromator by streak-camera 
'Agat-SFI' (time resolution 10ps)orby means of a 18ELU-FMphotomultiplierandS7-19 
high speed oscilloscope. The experimental procedure has been discussed elsewhere.9'10 

3 RESULTS AND DISCUSSION 

The maximum of the fast luminescence band is observed within the region of 305-340 nm 
at room temperature, and it depends on the types of structural and impurity crystal defects. 
The major fraction of the centers responsible for the UV luminescence at room temperature 
decays within 1 ns and the slow component have decay time of 10-15 ns. The quantum 
yield of the fast luminescence was found to be 0.1-0.5%. 

In order to clarify the origin of the fast luminescence emitting state, picosecond 
spectrscopy will be a useful method of investigation. The decay curve of the 300 nm 

[831J/333 
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FIGURE 1    Decay kinetics of Csl luminescence after excitation by 50 ps electron pulses: fast UV emission (305 
nm) at 293 K (1), luminescence of triplet STE (337 nm) at 80 K (2) and electron pulse shape (3). 

emission intensity in pure CsJ at the room temperature can be decomposed into a fast 
(jf = 1 ns) and a slow (rs = 10 ns) exponential component. It can be seen from Figure 1, 
that at high temperatures the emission intensity decays mainly in the fast component. The 
rise time of the emission coincides with the excitation pulse duration (see 3, Figure 1) and 
was obtained to be rr < 50 ps. It should be stressed that the rr value hi much smaller than 
the growth time of the triplet STE emission in CsJ (see 2, Figure l).9 The fast emission 
appears in the temperature region T > 150 K. The intensity increases up to room 
temperature and then remains nearly constant up to 420 K. 

The most outstanding feature of the present data is that the rise time of the fast emission 
rr is less than 50 ps, i.e. is considerably smaller than the free electron lifetime in CsJ. It 
was shown in refs.9,10, that the creation times of the STE and F-centers are controlled by 
free electron recombination with a self-trapped hole and have values of hundreds of 
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FIGURE 2   Emission spectra of Csl (Tl) crystals with Tl concentration (0.002-0.006) mol% at the excitation by 
ionizing particle of various types: 1-30 keV X-ray,4 2-1.4 MeV protons; 3-2 MeV a-particles.7 

picoseconds under presents experimental conditions. Therefore the recombination 
mechanism of the fast emission can be excluded from consideration, i.e. the emitting 
state cannot be formed via trapping and recombination of electrons and self-trapped holes. 

We suggest that the emitting state arises from the free exciton (FE) or the comlex 
- e)    capture in the regions perturbed comprising an unrelaxed hole and an electron (X° 

by the lattice defect and STE. 
From this viewpoint it is possible to explain the high threshold of excitation (>20 eV) of 

the fast UV-luminiscence which has been observed in experiments with synhrotron 
irradiation. • It is necessary to produce two or more electron excitations simultaneously by 
one VUV photon to observe fast UV-luminiscence.5,6 The possibility such as events must 
be increases with an increase of exitation density. It was shown4 that the relative intensity 
of 2 ns component-luminiscence is larger for a-particle than for 7-rays. 

From Figure 2 it can be observed that in CsJ crystal with the small Tl dope intensity of 
UV-luminiscence is inrease with increasing excitation density.7 

We propose that the emission center mentioned above should be formed as a result 
interaction of several located electronic excitation: FE + STE, FE + (X° + e) complex 
(X° + e) complex + STE etc. ' 

The localization of the emission center in lattice sites perturbed by impurities could give 
rise the probability of the radiative transition and a displacement of the luminescence band 
to the long-wave region. 
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4   CONCLUSIONS 

A fast UV-luminescence appears in the spectral region 300-340 nm at high temperatures 
in pure and doped CsJ crystals. The luminescence rise time is less than 50 ps and the decay 
time of fast emission component 1 ns at the room temperature. 

It is proposed that the emission arises as a result interaction of several located electronic 
excitation. 
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DEFECTS INDUCED BY IRRADIATION AT ROOM 
TEMPERATURE IN CERIUM FLUORIDE 

E. AUFFRAY, I. DAFINEI, P. LECOQ and M. SCHNEEGANS* 

CERN, Geneva, Switzerland; *LAPR Annecy, France 

One of the crucial parameters of Cerium Fluoride (CeF3) which is currently among the best candidates for large 
electromagnetic calorimeters in future High Energy Physics experiments is the radiation hardness. Several Cerium 
Fluoride crystals from different producers and with different doping conditions have been irradiated at room 
temperature with 7-rays at different doses. The behaviour of induced radiation damage has been studied by 
systematic measurements of absorption spectra with non polarised and polarised light. The saturation of radiation 
damage in function of the dose, the recovery at room temperature, the optical and thermal bleaching of the 
damage have been investigated. Based on these experimental results, a tentative explanation of the defects 
induced by irradiation at room temperature will be given. 

Key words: CeF3, radiation damage, colour centres, electromagnetic calorimeters. 

1    INTRODUCTION 

Cerium Fluoride (CeF3), since the discovery of its fast scintillation,1-2 is currently one of 
the best candidates for large electromagnetic calorimeters in High Energy Physics 
experiments because of its high density (6.16 g/cm3), small radiation length (1.68 cm) 
small Mohlere radius (2.6 cm). Furthermore because of the high luminosity and high 
radiation level at the future accelerators, a good radiation hardness is a crucial parameter 
for the choice of crystals for an electromagnetic calorimeter. 

Since 1991, The Crystal Clear Collaboration has undertaken a systematic evaluation of 
CeF3 properties and particularly of its radiation hardness. This paper will give a summary 
of CeF3 behaviour when exposed to 7 radiation at room temperature, based on the study of 
several CeF3 crystals from different producers and with different doping conditions. 

2   EXPERIMENTAL RESULTS 

The radiation damage on CeF3 has been investigated for more than 200 samples, grown by 
8 different producers from all over the world and using different raw materials The 
dimension of the studied crystals varies from few cm3 to 150 cm3. The different samples 
were irradiated at room temperature with the ^Co source (4400Ci) from the radiotherapy 
unit of Geneva Cantonal Hospital with a dose rate of 3Gy/min. 

After a gamma irradiation at room temperature, two different behaviours are observed 
on the CeF3 crystals which show some damage. For some crystals, generally grown with 
bad quality raw material, a pink coloration appears after irradiation due to the presence of 2 
absorption bands at 320 nm and at 500 nm (Figure 1). For other crystals, two strong UV 
absorption bands at 340 nm and 385 nm appear. In some cases two additional weak bands 
at about 450 nm and 550 nm are observed (Figure 1). 

The studies of the recovery at room temperature, of optical and thermal bleaching show 
that the two kinds of damage observed on CeF3 are certainly associated with different 
defects. Indeed, for the first behaviour the damage recovers slowly but continuously at 
room temperature, and can be annealed by optical or thermal bleaching. For the second 
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FIGURE 1    Different behaviours of CeF3 crystals under 7 irradiation. 

one, after a more or less fast recovery in the first hours after irradiation, a very stable 
residual damage remains at room temperature. It can be only partially annealed with 
temperature, and optical bleaching is quite inefficient.3 

The fact that the two kinds of damage have been observed in the same crystal, the first 
one at the top of the crystal and the second one at the seed side, allows to assume that these 
damages are associated with different impurities having different segregation coefficients. 

Moreover the measurements of the absorption spectra with linear polarised light on 
oriented crystals confirm the different nature of the defects associated to the two kinds of 
damage. Indeed for the second behaviour, the absorption bands are stronger when the 
polarisation is parallel to the c-axis, whereas for the first behaviour, the absorption at 
500 nm is also higher for polarisation parallel to the c-axis, but the absorption at 320 nm is 
stronger for polarisation perpendicular to the c-axis. The polarisation dependence of 
absorption of radiation induced defects suggests they are oriented in preferential directions 
in the lattice.3 

It has been also observed that for long CeF3 crystals a strong gradient of the damage is 
observed along the growth axis. This effect, larger at the top of the crystal reflects the 
segregation of the impurities which occurs during the growth process. 

3    DISCUSSION 

It is well known that the presence of the impurities lowers the radiation hardness of 
crystals, as well as the presence of intrinsic defects in the lattice. In the CeF3 the most 
probable point defect is the fluorine vacancy which can trap an electron to form an F 
centre In some cases, this defect can be associated to impurities present in the crystal, 
forming perturbed F centre which are generally more stable than F centre only. Moreover, 
in the CeF3 structure (tysonite), three types of fluoride sites exist with different Cerium 
coordinations. The mobility of one of these fluoride ion is higher, creating a preferential 
site for fluorine vacancies. This can result in the creation of oriented defects as it has been 
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FIGURE 2   Comparison of absorption coefficient of several samples with different dopings. 
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observed As it is likely that both fluorine vacancies and impurities play an important role 
on the radiation damage of CeF3, different tests have been made to study their influence 

In order to study the influence of fluorine vacancies on the radiation damage of CeF, 
some crystals doped with divalent or tetravalent cations have been tested under 
7 irradiation. The divalent cation doping increases the number of fluorine vacancies 
(for charge compensation of cation impurities), whereas tetravalent cation doping should 
reduce it The irradiation of barium doped crystals shows4 that the damage is higher 
(figure 2), but recovers very quickly at room temperature proving the role of fluorine 
vacancies in the radiation damage of CeF3. The irradiation of Ce4+ doped crystals doesn't 
show a reduction of the damage (Figure 2), but an important gradient of damage is 
observed along the crystal with no or little effect on one side. The density of CeF4 is much 
ower than CeF3 (4.8 g/cm3 vs. 6.13 g/cm3) which can induce a migration of Ce4+ ions to 

the part of the crystal where no effect is observed. Some crystals doped with both 
tetravalent and divalent cations have been also irradiated. The observed damage (first tvoe) 
is small (Figure 2) and recovers quickly at room temperature. 

As it has been already said, an important factor for the radiation damage on CeF3 is the 
presence of impurities in the raw material. A strong effort has been made to improve the 
purity of the raw material and particularly in reducing oxygen contamination. Recently 
several long CeF3 crystals grown with raw material which had undergone specific 
treatment have been irradiated. An important improvement in the radiation hardness of 
CeF3 has been observed. Indeed, several recent crystals grown with different raw materials 

iZ r 3aJf °n effe,Ct (FigUre 3)' aRe[ a stronS Samma irradiation at high dose up to 
5000 Gy. These results show that CeF3 could be intrinsically radiation hard at room 
temperature And even for the crystals of the new generation which still present some 
radiation effects, the intensity of the damage is very low and no gradient is observed due to 
the good uniformity of the quality all along the crystal. It has been also observed that the 
improvement of the purity of the raw material decreases the saturation dose of CeF3 

Whereas for the first generation of crystal the saturation was reached after about 1000 Gv 
for the latest crystals, the saturation dose is less than 100 Gy. It shows that the reduction of 
impurities decreases the number of potential defects in CeF3. 
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FIGURE 3    Radiation effect on a CeF3 grown with a specific purification treatment. 

This result confirms that a good control of purity of the raw material allows to reduce 
radiation effects and that CeF3 could be intrinsically radiation hard at room temperature 
This fact seems to confirm that the damage observed on CeF3 at room temperature is not 
simply due to the formation of F centres, but probably more complex colour centres 
involving fluorine vacancies with oxygen or diverse impurities. This 1S coherent with the 
results obtained by irradiation at low temperature. • ■ 

4   CONCLUSION 

The precise nature of the defects created by irradiation at room temperature on CeF3 is not 
yet known But the different studies made on CeF3 grown with different raw materials and 
different dopings, show that the fluorine vacancies intrinsically present in the material play 
a rde but not alone (damage created is not simply F centre). The purity of the raw material 
I the crucial parameter to obtain radiation hard crystals. The latest results obtained with 
the new crystals allow to consider CeF3 as a suitable candidate for application in High 
Energy Physics, provided the raw material and growth conditions are correctly chosen. 
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LOCAL TRAP CENTRES IN PbW04 CRYSTALS 

E. AUFFRAY, I. DAFINEI, P. LECOQ and M.  SCHNEEGANS* 

CERN, Geneva, Switzerland; *LAPP, Annecy, France 

This paper reports on PbW04 trapping centres analysis by the thermally activated luminescence (TSL) method as 
an attempt to explain the nature of luminescence and quenching processes in PbW04 crystals. 

At least four trapping centres were identified with energy values of E! =0.183 eV; E2 =0.297 eV; 
E3 = 0.518 eV; E4 = 0.525 eV and activation temperatures of T! = -154°C; T2 = -107°C; T3 = -54°C- 
T4 = +8°C respectively. The excitation and emission spectra of thermolumines'cence are given The possible 
nature of the trapping centres is discussed. 

Key words: luminescence, thermally activated luminescence, PbW04. 

1    INTRODUCTION 

Although the light yield is quite low (^ 100 photons/MeV), PbW04 is considered a 
promising scintillator particularly because of its very high density (d = 8.2 g/cm3) leading 
to a short radiation length (xo = 0.87 cm) and a small Moliere radius (Rm = 2.2 cm). It 
also has a good radiation hardness, is not hygroscopic and the decay time constant is 
particularly fast (80% of scintillation in 20 ns). This low value is due to the strong 
temperature quenching of several emitting centres and may be connected with the presence 
of electron levels in the forbidden band. 

Though very intensively studied in the last few years, there is no general agreement in 
the PbW04 luminescence centres origin and no systematic work has been done on PbW04 

thermoluminescence despite the high sensitivity of this method in revealing energy levels 
associated with radiative recombination. Virtually nothing is known about the local centre 
parameters although the energy levels which govern the PbW04 luminescence lie in the 
forbidden band. The aim of this work was to examine the trapping centres in PbW04 and 
to determine their parameters by thermally activated luminescence (TSL) method. 

2   EXPERMENTAL RESULTS 

The investigated crystals were obtained from Dr. M. Korzhik from the Institute of Nuclear 
Problems in Minsk, Belarussia, and were grown by Czochralski method in platinum 
crucibles in atmosphere close to air in composition with some abundance of W in the 
initial mixture. The crystals were transparent and had no visible defects. 

A thermoluminescence bench has been specially designed for the PbW04 studies. It 
allowed TSL spectrum recording with wavelength control both in excitation and in 
emission. Each 1 cm3 PbW04 sample was held in a commercially available TRG/TBT 
cryostat with quartz windows free of oil vapour. A BT200/TBT temperature controller 
heated the crystal at a typical rate of 5°C/min with an accuracy of 0.PC in the range 
-190°C to +60°C. The TSL signal was read with a Hamamatsu R446 photo multiplier 
and recorded on an X-Y plotter as a function of temperature. A 150W Xenon lamp and 
a Jobin-Yvon H20UV monochromator with a resolution of 2 nm were used as exciting 
source. 
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FIGURE 1    (a) TSL spectrum of a PbW04 crystal. 
(b) rising part of TSL peaks obtained by the thermal bleaching method. 
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FIGURE 2   PbW04 glow peak dependence on the excitation wavelength in the 230 nm-290 nm (a. and b.) and 
330 nm-410 nm (c. and d.) spectral range. 

For energy calculations the initial rise method was used. During the first 
portion, the glow curve can be expressed as: 

I = F-exp(-E/kT) 

where F is approximately constant. Plotting logl vs 1/T will result in a straight line. From 
its slope -E/k, the thermal activation energy for the trapped carriers, E, can be extracted. 
Since the method is applicable only to well defined peaks, a 'cleaning-up' of those having 
a complex structure was tried by thermal bleaching. To do this, the sample was warmed-up 
to a temperature just below that of the considered peak and then quickly recooled. As a 
consequence, the traps which complicate the peak in question are emptied and after 
warming the sample the low temperature side of the peak appears clean. 

Several PbW04 samples were studied and all of them presented four major glow peaks 
within the temperature range mentioned above after typically 20 min of Xe lamp exposure 
at -192°C (Figure la). A detailed analyse of the glow peaks for an arbitrarily chosen 
sample proved that the TSL spectrum is more complicated and at least six peaks were 
identified (labelled in Figure lb from I to VI). The thermal activation energy was 
calculated for four of them. The peaks II and VI have a more complicated structure and 
their activation energy could not be calculated through the initial rise method. For the V 
peak, though strongly perturbed at the beginning by a second peak, it was still possible to 
evaluate the activation energy by this method. The values of the glow peak position and 
their activation energy are given in Figure lb. Figure 2 give the TSL spectra obtained for 
monochromatic excitation and illustrate the complex nature of both major peaks at ^ - 
150°C and ^ -50°C. All these spectra are corrected for the spectral characteristic of the Xe 
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FIGURE 3    PbW04 thermoluminescence excitation and emission spectra. 

lamp and were plotted in the same arbitrary units. The spectral analysis of the TSL signal, 
corrected for the quantum efficiency of the R446 photomultiplier, is given in Figure 3 
together with the TSL excitation spectrum. 

3    DISCUSSION 

The PbW04 photoluminescence emission spectrum at low temperature is composed of two 
large overlapping bands peaking at 420 nm and 495 nm and a third weaker band at 
600 nm. At room temperature the emission is almost entirely quenched. Under 7 
excitation, the observed spectra are the superposition of the above mentioned bands. The 
relative intensities of the blue and green bands and their contribution to the total spectrum 
depend strongly on the crystal purity and its growing conditions. As a result, the position 
of luminescence spectrum maxima varies from 430 nm to 530 nm. 

Although the spectral dependence of the TSL signal given in Figure 3 is not as reliable 
as that obtained from photoluminescence or radio luminescence measurements,1 it seems 
that only the 504 nm emitting centre is responsible of the thermoluminescence emission. 
On the other hand, the TSL excitation spectrum, correlated with the photoluminescence 
and reflectivity spectra2 in PbW04) suggest that the photoexcited electrons enter 
the conduction band and after thermalisation pass either to the scintillating centres or to 
the trapping centres. In this last case, by thermal activation two processes are possible: the 
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return of trapped carriers to the initial state followed by radiative recombination at the 
centre(s) active in fluorescence or the direct transfer to the scintillating centre(s) followed 
by radiative desexcitation. 

Thermostimulated conductivity (TSC) measurements will identify which of the two 
processes is responsible of each TSL peak. They will also help in finding out the signs of 
the recombination and trapping processes in PbW04, which for the moment we consider to 
be due solely to electrons as free carriers. Indeed, when PbW04 crystals are grown, some 
loss of oxygen occurs. Thus an oxygen deficient crystal is pulled from the melt We 
assume that oxygen vacancies are the predominant ionic defects in PbW04 crystals. Local 
charge compensation of these vacancies will create different kinds of defect which act as 
electron traps. The electronic nature of the traps responsible of the I and II overlapping 
TSL peaks is proved by the evolution of their relative amplitude dependence on the 
excitation wavelength (Figure 2c). For the other TSL peaks, the situation is much more 
complex (Figure 2a, b) and any statement on their nature is impossible for the moment. 

4   CONCLUSIONS 

The first low temperature TSL measurements on PbW04 prove the existence of at least six 
trapping centres m this crystal. The evaluation of the thermal activation energy of the 
trapped earners was made through the initial rise method for four of these peaks. 

Only the 495 nm luminescence centre is responsible for the TSL signal. 
The excitation of TSL occurs mainly through a Pb2+ ('S0 - >Pi) band to band 

transition but other kind of excitation might also be possible. 
Apparently only electronic traps participate to TSL process in PbW04. 
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TEMPERATURE DEPENDENCE OF 
CROSSLUMINESCENCE CHARACTERISTICS IN CsCl 

AND CsBr IN THE 20-300 K RANGE 
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Crossluminescence characteristics of CsCl and CsBr crystals were studied in the temperature range 20-300 K 
under excitation by synchrotron radiation with photon energies 13-20 eV. Temperature dependences of 
parameters of high-energy bands in crossluminescence spectra of both crystals show sharp changes at temperature 
T < 100 K. Data are analyzed on the basis of the hypothesis of coexistence in the crystal of different states of core 
hole separated by an activation barrier. 

Key words: crossluminescence, temperature dependence, core hole, activation barrier, synchrotron radiation. 

1 INTRODUCTION 

Fast intrinsic emission observed in some wideband insulating crystals which is caused by 
radiative recombination of valence band electrons with relaxed uppermost core (cation) 
holes is studied during about ten years since its discovery.1'2 We shall refer to it as the 
crossluminescence (CRL) as proposed in ref.3 Many recent theoretical and experimental 
investigations4"8 show that CRL is a local phenomenon: a wideband emission is due to 
recombination of localized excitations in the local region of the crystal and can be 
adequately described by a molecular cluster approach.5"8 Nevertheless in cesium halide 
crystals besides wide emission bands predicted by calculations the extra narrow lines are 
observed which were not found theoretically.8 In some cases CRL properties strongly 
depend on temperature that is not consistent with the existing simple model of CRL. The 
purpose of the present paper is to study temperature dependence of CRL characteristics in 
CsCl and CsBr in the temperature range 20-300 K under excitation by synchrotron 
radiation with photon energies 13-20 eV right after the threshold of CRL excitation. 

2 EXPERIMENT 

Experiments were performed at the SUPERLUMI station9 of HASYLAB at DESY. Two 
secondary monochromators were used for measurements in different spectral ranges (in 
fact for different samples): 0.5-meter Czerny-Turner-type monochromator (visible and UV 
ranges; CsCl crystal) and 0.5-meter Pouey-type vacuum monochromator (vacuum UV and 
UV ranges; CsBr crystal). In the first case emission spectra were analyzed using position- 
sensitive detector Photec IPDM 18 having a magnesium fluoride window and a thin S20 
photocathode. For our measurements we used its internal ADCs (2*10 bits) and a Target 
TMCA-2 multi-channel analyser. The best spectral resolution for the PSD system with this 
monochromator is 0.8 nm. In the second case the solar-blind photomultiplier was used to 
detect emission spectra. 

Crystals were grown in Tartu by the Stockbarger method after a special purification 
cycle and were polished before the installation into the helium cryostat. Samples were 
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mounted on the sample holder using silver solution in acetone for better thermal contact. 
Pressure in the vacuum chamber of the cryostat was about 10"9 Torr. 

Measured emission spectra were recalculated per unit photon energy interval and were 
corrected on spectral sensitivity of the detect or used and spectral transmittance of the 
secondary monochromator. Due to specific peculiarities of used set-up and specimens we 
could analyze only relative intensities of the peaks in CRL spectra. At low temperatures we 
have also observed monotonic decrease of CRL intensity with the irradiation dose. This 
effect is obviously due to quenching of CRL by defects created in the crystal under 
irradiation. 

3    RESULTS 

In Figures 1 and 2 emission spectra of CsCl and CsBr measured at different temperatures 
and their deconvolution into subbands simulated by Gaussians are shown. At 20 K CRL 

-0.4 
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FIGURE 1    Crossluminescence spectra of CsCl crystal measured at 300 (a) and 20 (b) K and their deconvolution 
into Gaussians (a' and b' - residuals). Excitation photon energy is 14.6 eV. Spectra are normalized to their 
maxima at 4.5 eV. 
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FIGURE 2   Crossluminescence spectra of CsBr crystal measured at 150 (a) and 20 (b) K and their deconvolution 
into Gaussians (a' and b' - residuals). Excitation photon energy is 14.7 eV. Spectra are normalized to their 
maxima at 5.0 eV. 

spectrum of CsCl consists of two main bands centered near 4.50 and 5.15 eV. High-energy 
band in CRL spectrum of CsCI can be decomposed at least into two subbands centered 
near 5.15 and 5.4 eV. CRL spectrum of CsBr has four bands at 4.96, 5.50, 5.80 and 6.02 
eV. High-energy edge of CRL spectra shifts monotonically to lower energy with the 
decrease of temperature that is consistent with the decrease of valence band width and 
increase of band gap in the crystals as it was found earlier in ref.10 The shapes of spectra 
are independent on the excitation energy in the studied spectral region. In accordance with 
well-known data3,4 CRL in CsBr is quenched at temperature T > 150 K due to competing 
radiationless Auger-decay of core holes. 

It was found that intensity and spectral parameters of high-energy bands in CRL spectra 
of CsCl and CsBr show sharp changes at temperature T < 100 K (see Figure 3 where 
temperature dependences of intensity ratios and FWHM for different bands as parameters 
of spectra deconvolution procedure are shown). FWHM of high-energy band in CRL 
spectrum of CsCl changes from 0.40 eV at 300 K to 0.22 eV at 20 K and in that of CsBr 
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FIGURE 3   Temperature dependences of crossluminescence characteristics in CsCl (a): ratio of intensities 
(amplitudes) of 5.1 and 4. 5 eV bands (1), FWHM of 4.5 (2) and 5.1 (3) eV bands; and CsBr (b): ratios of 
intensities (amplitudes) of 6.0 and 5.0 eV bands (4), 5.8 and 5.0 eV bands (5), FWHM of 6.0 (6) and 5.8 (7) eV 
bands. Lines are drawn only for the better visualization of data. 

(6.0 eV) — from 0.40 eV at 150 K to 0.23 eV at 20 K. In the same temperature ranges the 
relative intensities (amplitudes) of these bands increases by a factor of 1.7 in CsCl and 1.55 
in CsBr. Temperature dependences of high-energy bands in CRL spectra of CsCl and CsBr 
can be treated as an appearance at low temperature of 'new' narrow bands with 'new' 
spectral parameters which are similar for both crystals. The relative intensity of a narrow 
(FWHM = 0.16 eV independent on temperature) band centered near 5.8 eV in CRL 
spectrum of CsBr increases by a factor of 4.5 between 100 and 50 K. Characteristics of 
low-energy bands in CRL spectrum of CsCl (4.5 eV) and CsBr (5.0 and 5.5 eV) depend 
very slightly on temperature in the same range. 

4   DISCUSSION 

Several hypothesis were proposed about the nature of narrow lines in CRL spectra of 
cesium halides. In ref.11 it was suggested that in CRL spectrum an inverted Rydberg-like 
series of narrow lines and wideband continuum should exist due to radiative transitions to 
bond and unbond final hole states (hole was supposed to be self-trapped in both cases). 
Following ref.8 parity-forbidden transitions or spin-orbit splitting are responsible for the 
extra narrow lines. In ref.12 narrow and wide emission bands in CRL spectrum were 
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attributed to recombination of valence electron with free (with momentum in the vicinity 
of a high-symmetry point of the Brillouin zone) and localized (self-trapped) core hole. 

Coexistence of emission bands due to free and localized states is possible if an 
activation energy barrier exists between these two states, otherwise localization of core 
hole will occur within 1(T12- 1(T14 s. The possibility of existence of an activation barrier 
between free and localized states of core hole was mentioned earlier in ref.13 In the 
presence of an activation barrier a specific temperature dependence of emission intensity 
should take place that we really observe in CsCl and CsBr for narrow bands which are 
quenched (or transform into wider emission bands) at T > 100 K. Wideband emission of 
localized excitations is well described by molecular cluster calculations. In fact in this case 
we should consider the bond state of relaxed core hole and electron from valence band. 
Probably it would be fruitful to introduce a new term 'core-valence exciton' describing the 
bond state of core hole and valence electron. In principle such excitation can exist both in 
localized and mobile (free) state. 

One more consequence of possible coexistence of free and localized states is the 
possibility of migration of free excitations before self-trapping. Migration process results 
in radiationless losses of excitations near the surface of the crystal that can lead in 
particular to the non-exponential decay (quenching) of CRL at excitation energies where 
absorption coefficient is high. The effect was observed in ref.14,15 and can be explained 
both by migration of core excitations and the resonant energy transfer to the surface states. 
Following our suggestions in the first case the effect should be more pronounced at low 
temperature. This was really observed in ref.16 for decay kinetics of CRL in CsCl. Detailed 
time-resolved measurements at low temperatures are necessary to check this suggestion. 

The disadvantages of the proposed model is that the width of narrow emission bands 
seems to be too large (about 0.2 eV) for the transitions to free states of core hole (it should 
be of the order kT). So one more possible explanation of the temperature behaviour of 
CRL emission spectra can be proposed: there exist two different but localized states of 
core hole also separated by an activation barrier. These states can originate from different 
local maxima of core band. In principle radiative lifetimes of core holes can be different for 
these states. So the complicated temperature-dependent CRL decay kinetics should take 
place that was really observed in fact for all CRL crystals (see for example ref.14"16) 

5    CONCLUSIONS 

Till now there is no full understanding of all processes involved in CRL phenomenon. 
Measurements of temperature dependences of CRL characteristics can give new 
information about the relaxation and possible migration of core hole excitations. When 
performing such measurements for CsCl and CsBr crystals it was found that spectral 
parameters of high-energy bands in CRL spectra of these crystals show sharp changes at 
temperature T < 100 K. Experimental results can be well described in the framework of the 
model of coexistence in the crystal of different states of core hole separated by an 
activation barrier. Time-resolved measurements at low temperatures are necessary to study 
the observed effects in detail. 
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TIME-RESOLVED STUDIES OF FAST SCINTILLATING 
CRYSTALS UNDER VUV AND X-RAY SYNCHROTRON 

RADIATION EXCITATION 

E. G. DEVITSIN,1 N. M. KHAIDUKOV,2 N. YU. KIRIKOVA,1 V. E KLMENKO l 

V. A. KOZLOV,1 V. N. MAKHOV1 and T. V. UVAROVA3 

'Lebedev Physical Institute, Moscow, Russia; 2Kurnakov Institute of General and 
Inorganic Chemistry, Moscow, Russia; 'institute of General Physics, Moscow, Russia 

Time-resolved luminescence studies of several new multi-component crossluminescence crystals as well as 

rtf      i , U        Ü } Cry 3S have been camed out under vacuum uv (10-H30eV) and soft X-rav 
(hi/ ~ 1 keV) synchrotron radiation excitation. The band structure parameters of the studied crossluminescence 
crystals have been estimated by using the spectral data obtained. The non-monotonic dependence of St vWd 
Zl /rrT tSerV,1 f°r La.-,Ce,F3, the optimum value of x being near 0.7. The'result is discussed on me 
basis of different models of Ce3+ emission quenching. 

Key words: fast scintillators, crossluminescence, cerium fluoride, synchrotron radiation, emission quenching. 

1    INTRODUCTION 

Crystals having crossluminescene (CRL), i.e. fast (r < 3 nsec) intrinsic emission due to 
radiative recombination of uppermost core holes with valence band electrons l are now 
considered as promising fast scintillators for high counting-rate detectors of ionizing 
radiation. Composition variation of complex CRL crystals permits one to obtain emission 
characteristics required for particular applications. Therefore synthesis and investigations 
ot new multicomponent CRL crystals seem to be a topical problem 

The second family of the crystal scintillators which is now widely discussed for 
application in fast scintillation detectors is stoichiometric Ce3+ compounds, like cerium 
fluoride. However the nature of complicated emission spectrum and decay kinetics of CeF, 
is still under discussion. Besides, the disadvantage of CeF3 is also relatively low light yield 
and strong dependence of emission properties on the crystal quality. Obviously further 
investigations are necessary to find out the nature of processes forming the spectrum and 
Kinetics ot CeJ+ emission centers in cerium compounds. 

In the present work time-resolved luminescence characteristics of some new complex 
fluoride CRL crystals as well as La^Ce^ (x = 0.4 ~ 0.9) crystals have been studied 
using pulsed vacuum UV and soft X-ray synchrotron radiation (SR) excitation at the S-60 
SR source. 

2   EXPERIMENT 

At the S-60 SR source the experimental facility for luminescence studies of solids consists 
of two stations: 1) station for time-resolved luminescence excitation spectra, reflection 
spectra and decay kinetics measurements under vacuum UV (5 -h 30 eV) excitation- 
2) station for time-resolved emission spectra (in the range 2 -=-11 eV) and decay kinetics 
measurements under 'white' soft X-ray (bv ~ 1 keV) excitation. In case of X-ray 
excitation, when one absorbed photon creates hundreds of electronic excitations the 
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FIGURE 1    Crossluminescence excitation (1,3) and reflection (2,4) spectra of Rb3ScF6( 1,2) andKLiYF5(3,4) 
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FIGURE 2   Crossluminescence spectra of KLiYF5(l), KLiLuF5(2) and Rb3ScF6(3) crystals. 

conditions existing in the excited region of the crystals are close to those in the 'real 
scintillator' after high-energy particle absorption. ,..   MO   f 

In all cases measurements were performed on freshly cleaved samples with thickness of 
several mm. At soft X-ray excitation the emission spectra were detected from both he 
irradiated surface of the sample ('surface' geometry) and the opposite site of the crystal, 
i.e. transmitted through the crystal ('bulk' geometry). „tupr™i 

The KL1YF5, KLiLuFs and Rb3ScF6 crystals were synthesized by hydrothermal 
technique. KL1YF5 and KLiLuF5 crystallize in their own structure type (monochmc 
system, s.g. P21/c,z = 4) with lattice parameters a = 6.292Ä, b - .747 A, 
c = 6467A 0=113.715°, p = 3.49 g/cm3 and a = 6.220 A, b-ll.o/oA, 
c = 6387 A', ß = 113.837°; p = 4.98 g/cm3, respectively2 Rb3ScF6 crystallizes in the 
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tetragonal /?-(NH4)3ScF6 structure with lattice parameters a = 6477Ä   c - 9 22? Ä- 
p = 3.59 g/cm3. ' '        *-^A, 

Lai-*Ce,F3 crystals were grown in the Institute of Crystallography of the Russian 
Academy of Sciences. The growth has been carried out by means of vertically directed 
crystallization technique (Stockbarger-Bridgeman method) in a fluorine atmosphere. 

3    RESULTS AND DISCUSSION 

3.1  Crossluminescence Crystals 

Measured, reflection and excitation spectra for studied crystals are shown in Figure 1 
These crystals have CRL excited by photons with hi/ > 21.2 eV for KLiYF5 and KLiLuF,' 
and hu > 17.2 eV for Rb3ScF6. For former two crystals the energies of the direct optical 
creation of amon and cation excitons (from data of reflection spectra measurements) lie at 
fex ~ ]IA 

eZ ex = 20A eV resPectively and for Rb3ScF6 - E» = 10.3 eV and aex = io:4 ev. 

CRL emission spectra for these crystals are shown in Figure 2. Since the spectra were 
measured in the bulk' geometry, some peculiarities of the spectra can be due to self- 
absorption of CRL in the crystal volume. For KLiYF5 and KLiLuF5 crystals the CRL 
characteristics are similar. Their CRL spectra lie in the range 4.3 - 9.2 eV and have two 
bands centered at 5.8 and 7.8 eV. CRL spectrum of Rb3ScF6 lies in the range 2.7 - 5 9 eV 
and has the main peak centered at 4.9 eV. • 

Though theoretical and experimental investigations show that CRL takes place after 
complete electronic and lattice relaxation of the excited region of the crystal, nevertheless 
in most cases correlation between CRL spectra and band structure parameters is rather 
good.     Thus measurements of CRL emission and excitation spectra can be used for the 
estimation of the band structure parameters of the crystal, namely, valence band width 

AU  u emission spectrum), energy distances between the top of core band 
and the bottom of conduction band Eec (threshold of CRL excitation) and between the tops 
of core and valence bands Evc (high energy edge of CRL emission spectrum), band gap 
Kg - bcc.- hvc. The bond energies of anion and cation excitons E? and E? can be 
estimated combining data of CRL excitation and reflection spectra measurements 

From the spectral data the following estimations of band structure parameters were 
obtained. For KLiYF5 (KLiLuF5) these parameters are as follows (coreband-K+3Py 

p =JtV%' cv = 9'2 eV; Ece = 2L2 eV' E* = 1Z0 eV; E* = L0' eV> E£ = 1-1 ev! ^or    Rb3ScF6    corresponding    values    are     (core band-Rb+ 4p)-     AE  - 3 2 eV 
En, = 5.9eV;Ere = 17.2eV,EÄ = ll.leV;E?=K = 0.8eV. _ 

3.2 Lai-.xCexF3 Crystals 

It is well-knowni that the emission spectrum of CeF3 consists of two bands: 1) shortwave- 
ength band (SWB) with two maxima at 285 and 305 nm which is due to the radiative 

transition from the lowest excited 5d state to the spin-orbit split ground 4f state of 
Ce ions situated in regular lattice sites; 2) longwavelength band (LWB) centered 
n!ar 5 6 °JT ^hlCh 1S, USUally attributed t0 5d - 4f transition of Ce3+ ions being in defect 
sites. • The decay law for SWB of CeF3 is non-exponential and has an initial fast 
r~2^3nsec) stage which is due to quenching of Ce3+ emission having radiative 

lifetime r ~ 30 nsec (the slow stage of the decay)5'7 
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FIGURE 3    Emission spectra of Lai-ÄFa crystals for x = 0.4,0.6,0.8 and 0.9. 

Emission spectra measured for La1_,Ce,F3 crystals with different concentrations of 
Ce3+ ions are shown in Figure 3 (the spectra are normalized to their maxima). Both 
relative and absolute intensity of LWB increases with x while the absolute intensity of 
SWB (and the total light yield) has a maximum near x = 0.7 (the intensity of SWB is 
about 3 times higher for x = 0.7 than for x = 0.4 and 0.9). Decay curves measured for 290 
nm emission of La^Ce.F, are shown in Figure 4. The quenching of SWB decreases.with 
the decrease of x. The optimum value of x corresponding to the maximum light yield and 
relatively fast decay seems to be near 0.7. 

Three main mechanisms of Ce3+ SWB emission quenching were proposed so far: 
1) non-radiative energy transfer from regular to perturbed Ce3+ sites; 2) non-radiative 
near-surface recombination as a result of the energy transfer to the surface states; 
3) interaction of adjacent excited Ce3+ ions in the small volume of the crystal after the 
absorption of one high-energy photon (or particle)9 The first mechanism is efficient in 
heavily doped CeF3 and in crystals with high concentration of defects. In principle this 
mechanism does not decrease the total light yield of CeF3. The second mechanism is 
important only at vacuum UV excitation when the penetration length of radiation is very 
small (of the order lO"6 cm). This mechanism can explain some peculiarities of the 
spectral dependence of decay kinetics in the vacuum UV excitation region. The third 
mechanism is valid only at high-energy excitation and seems to have a threshold near the 
edge of electronic excitation multiplication in CeF3 at about 17 eV. 

The qualitative analysis of our results permits one to conclude that the increase of 
quenching of SWB with x seems to be directly related with the increase of the non- 
radiative energy transfer between regular and perturbed Ce3+ sites. Since rather small 
amount of La3+ ions strongly suppresses quenching of SWB (La3+ ion cannot take part in 
the energy transfer and be the quencher in this mechanism) the critical radius of the energy 
transfer is close to the distance between neighbouring Ce3+ ions in CeF3. Nevertheless the 
third mechanism should be also taken into account to explain the increase of the total light 
yield with x changing from 0.9 to 0.7. For x > 0.7 the decrease of the light yield is 
obviously due to the decrease of Ce3+ emission centers concentration. Thus additional 
studies are necessary to find out the role of different mechanisms of Ce + emission 
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FIGURE 4 Decay curves of 290 nm emission of La^Ce^ crystals for x = 0.4,0.6,0.8 and 0.9. 

quenching. 

4   CONCLUSIONS 

The use of SR permits one to obtain new information about the emission properties and 
electron structure of scintillating crystals. By combining spectral data obtained from 
measurements of emission, excitation and reflection spectra one can estimate the band 
structure parameters for crystals having CRL. The procedure was successfully used for 
KLiYF5, KLiLuF5 and Rb3ScF6 crystals. 

The light yield of La1_JCexF3 (x = 0.4 -^0.9) crystals shows non-monotonic 
dependence on x. The optimum concentration of Ce^+ ions seems to be near 0.7. The 
value of quenching of Ce3+ SWB emission decreases with the decrease of x and correlates 
to some extent with the decrease of the energy transfer from regular to perturbed Ce3+ 

sites. 
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ODMR OF CD IMPURITY CENTERS IN GG 
IRRADIATED BaF2 CRYSTALS 
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The magnetic circular dichroism of the optical absorption (MCD), optically detected magnetic resonance 
(ODMR) as well as ESR and luminescence in Cd- doped BaF2 crystals 7-irradiated at RT were investigated. 
MCD signals centered at 295 nm, 290 nm and 365 nm are observed, together with corresponding radiation 
induced optical absorption bands in the same wavelength regions. The ODMR detected in all these bands is 
caused by hyperfine (hf) interaction of unpaired spin with Cd- nucleus. Three types of different Cd- related defects 
have been separated: 1) Cd+

C represented by the MCD of derivative type centered at 295 nm and hf constant 
Acd = 480 mT, 2) Cd+

C-center having lowered symmetry of the nearest neighbours and represented by 
derivative- type MCD centered at 290 nm and Acd = 370 mT. The nature of perturbation is not clear yet. The 
ESR spectrum of perturbed Cd+c-center significantly differs from that of the regular Cd+

C-center. 3) Center 
represented by the MCD around 365 nm and the hf constant Acd = 380 mT which is attributed to Cd+(l)-type 
center. \ > iv 

Key words: BaF2-Cd; Impurity defects; MCD; ODMR; Optical absorption; Luminescence 

BaF2 single crystals find widespread use as fast scintillators, however, only the lead and 
oxygen—impurity bands have been identified in UV spectral region so far. The optical 
properties of Cd- related defects are not known. Substitutional Cd+

c-defects in alkaline- 
earth fluorides were recently studied by the ESR technique.1 ODMR due to Cd- centers 
detected by tunnelling—recombination luminescence have been observed in CaF2.

2 

ODMR spectra of Cd+C and AF(Cd) defects have been detected in KC1 and NaCl crystals.3 

We studied Cd- defects in BaF2-Cd crystals using the MCD, ODMR, ESR, optical 
absorption and luminescence techniques. Cd- doped BaF2 crystals were grown in vacuum 
and contained approximately 0.02 at.% Cd. Part of the crystals (denoted as type I) 
contained at least an order of magnitude less impurities. The impurity content of the other 
crystals (type II) was comparable to or exceeding (up to 10_1 at.% for alkali metal ions) 
the Cd concentration. The impurity content was controlled by atomic absorption and mass- 
spectrometry. 

Samples were 7-irradiated at room temperature (doses 105-108 rad). MCD 
measurements were performed in helium-immersion cryostat (T = 2-4.2 K) in the 
spectral range 205-530 nm, the applied magnetic field being up to 3.4 T. Frequency range 
38-53 GHz (microwave power on the sample in nonresonance system ~ 5 mW) were used 
for ODMR measurements. 

Characteristic 7 -induced absorption band of the type I crystal (Figure la), located at 
~ 295 nm has a derivative type line shape MCD spectrum (Figure lb). The spectrum of 
the MCD of the type II crystal (Figure lc) is shifted to shorter wavelengths ~ 290 nm in 
respect to that of the type I. The distortion of the line-shape is due to excessive optical 
density in the type II samples. Additionally, another MCD band located at ~ 365 nm with 
a shoulder at long wavelength side occurs. 

The observed ODMR signals are qualitatively the same for all MCD bands (located at 
290, 295 and 365 nm) in both types of samples (Figure 2a, Figure 2b). In the frequency 
range from 38 GHz to 53 GHz the ODMR spectrum has a central line at g ~ 2, the 
splitting of the side lines is frequency- independent and evidently is the hf splitting (hfs). 
Analysis indicate that the observed hf splitting is due to Cd-isotopes Cd111 (12.8% nat. 
abundance) and of Cd113 (12.2%) both having spin 7=1/2. The average values of hfs for 
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FIGURE 1    The spectrum of the 7-ray induced absorption of the BaF2-Cd (0.02 at.%) crystal of type I (curve a) 
and the spectrum of the magnetic circular dichroism of the crystal of type I (curve b) and of type II (curve c). 
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FIGURE 2   The spectrum of the ODESR of the BaF2-Cd crystal of type I, detected at 310 nm MCD band (curve 
a), of the crystal of type n, detected at 300 nm MCD band (curves b). 
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FIGURE 3    The spectrum of the conventional ESR of the BaF2-Cd crystal of the type II (curve a) and, for 
comparison, the ESR spectrum of the crystal of the type I (curve b), which has the same parameters as the ESR of 
the Cd+

C center known from the literature.1 

Curve c-Breit-Rabi diagram for the ESR spectrum of the sample of type II. 
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different MCD bands differ, the expected slight difference between the hfs due to Cd111 

and Cd is not resolved because of the large width of the ODMR lines. Although the hf 
splitting for 290 nm (A = 370 mT) and for 365 nm (A = 380 mT) MCD bands of type II 
crystals has close values, the difference in thermal annealing kinetics of the corresponding 
optical absorption bands indicate their different nature. 

The spectrum of the conventional ESR of the BaF2 -Cd crystal of the type I (Figure 3b) 
is consistent with the parameters observed earlier for Cd+C-centers:1 hf interaction is 
isotopic with AT Cd) = 12.51 GHz and (113Cd) = 13.06 GHz, the Isotropie g-factor is 
g - 1.9846 at 300 K. Two significant differences are observed in the ESR spectrum of the 
crystals of the type II (Figure 3a): (i) The central group no more has correctly 'binomial' 
sM interaction with 8 equivalent fluorine nuclei, nature of the perturbation causing this 
deviation is not clear at now. (ii) A low- field ESR group from Cd- hf interaction occurs 
!,fn^ Parater values obtained from the ESR spectrum are 
A(»iCd) = 10.04 ± 0.03 GHz and (113Cd) = 10.51 ± 0.03 GHz at 300 K 

The values of hf splitting parameter A, estimated by ODMR both for the 290 nm band 
and for the 365 nm band, within the measurement accuracy coincides with those obtained 
by ESR (taking into account characteristic changes of the hf constant A with the 
temperature). Because in the samples of type II the 290 nm MCD band strongly 
dominates and no other ESR signal can be separated, we attribute the obtained ESR signal 
to the 290 nm MCD band. 

So, there are at least three types of Cd- defects, which occur in BaF2- Cd crystals after 
irradiation: a) Cdc+-defect, b) perturbed Cdc+-defect, nature of perturbation is not clear at 
now c) following the peculiarities of the activator-vacancy associate centers observed in 
alkali- hahdesj we attribute the center with the 365 nm MCD band to Cd+ (1) type center 
which involves adjacent anion vacancy, where the unpaired spin is mostly localised at Cd+ 
ion. 

Excitation in the region of the discussed absorption bands at 290 nm and 295 nm results 
as well in photoluminescence bands at E ~ 730 nm and 750 nm respectively, both with 
approximately the same half-width ~ 0.35 eV. The intensity of this luminescence 
increases insignificantly upon cooling from 300 K down up to 77 K. 
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COLOUR CATHODOLUMINESCENCE FROM 
Bi4 [Ge04]3 CRYSTALS 

T. A. NAZAROVA, M. V. NAZAROV, G.V. SAPARIN* and S. K. OBYDEN* 
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Moscow State University, Moscow, Russia 

The regions of homogeneous and heterogeneous capture of impurities, point and linear defects, affected the 
luminescence from the undoped Bi4[Ge04]3 (BGO) and doped BGO:V, BGO:Yb, BGOCr3+ BGOFe as grown 
single crystals, were studied. A rapid cathodoluminescence (CL) spectral analysis, based on the panchromatic CL- 
images in scanning electron microscopy (SEM), was used. Depending on the doped impurities and dislocation 
configuration, changes in the intensity and wavelength of CL from BGO were found. 

Key words: BGO, defects, cathodoluminescence, electron microscopy, dislocations. 

1    INTRODUCTION 

Bi4[Ge04]3 (BGO) single crystals are of interest as modulators, based on the linear electro- 
optic effect, and scintillator for X-ray and positron detectors. Besides, doped BGO 
crystals have also found application as a new photorefractive (PR) material.2 Defects in 
BGO are responsible for PR response and for decrease of the luminescence output.3 

The influences of doped impurities and dislocation configuration on the intensity and 
spectral band of cathodoluminescence (CL) emission from undoped BGO and doped 
BGO:V, BGO:Yb, BGO:Cr3+, BGO:Fe were investigated by using colour images in the 
scanning electron microscopy (SEM). 

2 METHOD 

The experiments were carried out in the 'Stereoscan' SEM using standard attachment for 
colour CL described by Saparin.4 Accelerating voltage of the device and beam current 
density remained unchanged during the investigations (V = 20 kV, I = 0.5 A/cm2) Some 
regions of every sample have been indented on a (001) surface with the standard diamond 
pyramid by quasistatic loading at 200 gf before the SEM studies. 

3 MATERIALS 

The undoped BGO and BGO:V, BGO:Yb, BGO:Cr3+, BGO:Fe, used in this study, have 
been grown from the melt in the Institute of Physics and Technology of Materials 
Bucharest, under the direction of Dr. Topa, using the Czochralski method. 

Structure of Bi4[Ge04]3 can be presented as a 3-dimensional chain of Bi03-groups 
named Bi-umbrellas, and Ge04-groups, named Ge-tetrahedra.5 The Ge04 group may be 
considered as a tightly bound unit, which does not undergo a translation and rotation in the 
crystal • It has been established,7-8 that intrinsic absorption and luminescence in the 
undoped BGO are due to the intraionic transition of Bi3+. We suppose, that a distortion 
(for example, along the axis of dislocation) in Bi-sublattice may induce a change of CL 
from undoped and doped BGO. The presented structure and spatial symmetry of 
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BGO I43d, (Tjj) allowed us to suppose that Burgers vector (b) of dislocation loops in BGO 
is b= f  " "        U'~ 
direction. 
is b= § (111), i.e. the translations take place mainly in the (111) crystallographic 

4   RESULTS AND DISCUSSIONS 

Regions of homogeneous capture of impurity We have revealed, that a homogeneous 
capture of Yb-; V-; Fe-impurity leads to decreasing of CL intensity and to shift of its 
wavelength peak position from blue region of spectrum to green one, in comparison with 
undoped BGO. We assume, that one of the possible reasons of this change is that the 
donors being intrinsic defect in the undoped BGO, provide the emission in blue spectral 
band. However, the impurity ions of V, Yb and Fe, localized on the Ge or Bi sites, can 
provide the extrinsic CL in green spectral band. 

Regions of deformation-induced defects We observed a decay of CL from all the 
samples in the centre of indentation. This phenomenon can be attributed to a high 
concentration of different point and linear defects in these regions as a result of plastic 
deformation. Besides, we revealed a deformation-enhanced CL emission around all the 
indentations in the regions created by equilibrium configuration of dislocations with 
b = ä (111). The spectral band of this CL is wider in comparison with undeformed 
regions. Enhanced CL can be explained by an increase of traps created by multivalent 
impurity ions in the vicinity of dislocations. 

Regions of growth defects The decay of CL in the growth defects has been revealed in 
BGO-Yb- BGO:Cr and BGO:V. However, two types of growth defects have been revealed 
in BGOFe: one of them provides the decay of CL and the other one provides an intensive 
CL emission in a wide spectral band, analogous to CL around the indentation. These 
phenomena can be attributed to different configurations of point and linear defects induced 
by growth procedure.9 

5    CONCLUSIONS 

The extrinsic CL from BGO depends on the doped impurities and dislocation 
configuration. A significant increasing of CL intensity and broadening of spectral band 
were found in the dislocation zones, created around microindentations on doped BGO:Fe 
and BGO:Yb crystals. 
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Spectroscopic properties of Ce3+ ions in GdA103 crystal are presented. At least three Ce3+ nonequivalent centres 
(mulnsites) are present in this crystal. Energy transfer from the Ce3+ main in the UV emitting centres to the Ce3+ 
green emitting centres is observed. Ce3+ fluorescence decays are either fast (1.5-20 ns) or slower due to 

ZSrS'TubTattL? 6nergy tranSfer a°d migrati0n (Ce3+)i - (Gd3+)n-steps - (Ce3^ (energy transfer 

Key words: GdA103:Ce (GAP:Ce), multisites, Gd3+ sublattice, energy transfer, migration, scintillator. 

1    INTRODUCTION 

The latest applications of scintillators (in medical imaging, high performance 
electromagnetic calorimeters etc.) require high density, fast and radiation hard 
scmtil ators. One of the attractive materials is Gd2Si05:Ce (GSO) with very good light 
yield (three times higher than that of BGO) and suitable density (,9 = 6 71 g/cm3) u 

GSO belongs to the group of the so called Gd3+-concentrated compounds. Some of these 
materials may offer simultaneously high density, good light yield or even good radiation 
hardness, which are the main reasons for their intensive studies at present. A disadvantage 
of Gd -concentrated compounds are various transfer processes and interactions in Gd3+ 

sublattice or between Gd3+ and impurity ions,2'3 which can influence fluorescence 
processes of scintillation ions. 

GdA103:Ce (GAP:Ce) is another crystal from the group of Gd3+-concentrated 
compounds, which is under study as for scintilation applications.4-6 Its density is higher 
than that of GSO (p = 7.5 g/cm3) and recent studies have shown that Ce3+ 5d -> 4f 
emission u^GARCe occurs in the UV (Ap ~ 360 nm) and its decay is very fast 
(T ~ 1.5 ns). Similarly as in the other Gd3+-concentrated compounds, one may expect 
also in GAP:Ce fluorescence processes that Gd3+ sublattice will take part in the processes 
of energy transfer to and from Ce3+ ions i. e. Gd3+ - Ce3+ energy transfer, migration 
through Gd + ions, transfer to unwanted impurity ions or various defects.2'3,7 

This paper deals with time-resolved emission spectroscopy of GAPCe crystal Ce3+ 

multisites, energy transfer processes and Gd3+-Ce3+ interactions are discussed For the 
first time we present results of the studies of Ce3+ fluorescence decays (different 
components are observed) including their temperature dependences. 

2   EXPERIMENTAL 

Three GAP:Ce crystal samples having Ce concentrations between 0.02 and 0 07 at % 
have been studied. Unfortunately, the growth of GAP:Ce crystals has not been 
satisfactorily solved yet and the studied crystals contain frequent cracks. These cracks 
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FIGURE 1    Emission spectra of GAP:Ce crystal at 80 K under excitation wavelengths 275 nm (curve a), 220 nm 

(curve b) and 320 nm (curve c). 

arise during cooling down of the crystals during their growth. It seems that a major part of 
GAP crystals studied have a local distorted cubic structure (distorted octahedron around 
Gd3+ lattice ions).7 

Different methods have been used for the spectroscopic studies of GAP.Ce crystals. 
Classical and laser excited time-resolved spectroscopies were used together with the 
excitation under synchrotron radiation at LURE (in- Orsay, France). Electron 
microanalysis of the crystals were carried out at the Institute of Physics in Prague, Czech 
Republic (electron excited x-ray analysis). 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

Emission and Excitation Spectra of GAP.Ce 

Ce3+ emission spectra of GAP.Ce crystal are given in Figure 1. Under differrent excitation 
wavelengths several UV and visible emission bands are observed Apart from the line 
spectrum in the red, which is due to the presence of unwanted Eu3+ impurity, the other 
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FIGURE 2 Temperature dependence of the fast component mean decay time (rf), slow component mean decay 
time (T8) and the percentage of the fast component emission intensity (If) in the overall emission (solid line)- all 
given for the main Ce3+ UV emission band (360 nm) in GAP:Ce crystal. 

broad emission bands are ascribed to Ce3+ 5d -> 4f transitions. The main Ce3+ emission 
band is peaking in the UV at 360-365 nm and can be decomposed to two gaussians with 
the maxima at about A! = 360 nm and A2 = 335 nm at room temperature (this is due to 
the Ce3+ transitions from the lowest 2D excited level to 2F7/2 and 2F5/2 ground state 
levels). Ce3+ emission is slightly shifted to the high energy side with temperature 
increasing (from ~ 80 K to room temperature). 

Much less intense visible Ce3+ emission bands are peaking at 480 and 560 nm (see 
Figure 1). The main Ce3+ UV emission band at Ap ~ 360 nm is most efficiently excited at 
~ 300-305 nm and ~ 285-290 nm maxima, while the visible Ce3+ emission bands 
(apart from the UV excitation maxima just mentioned) have still excitation bands peaking 
at A ~ 325 nm and A ~ 380 nm. This is an evidence that GAP:Ce crystals contain various 
nonequivalent Ce3+ centres (Ce3+ multisites). 

Ce3+ Fluorescence Decays 

The presence of Ce3+ multisites can be clearly seen from Ce3+ fluorescence decays. Ce3+ 

fluorescence decays in GAP crystal consist of fast (ns) and slow (ps) components, the 
decays deviate from single exponential behaviour. This behaviour shows that the 
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processess of energy transfer are present in this crystal. The observed fast Ce3+ decays 
have different lifetimes ranging from 1.5 to 20 ns. The temperature dependences of the 
mean Ce3+ decay times rf and rs for fast and slow components, respectively are given in 
Figure 2 (dashed curves). Furthermore, the percentage of the fast component intensity If in 
the overall emission is given by solid line (in Figure 2). 

Under Aex = 380 nm the Ce3+ visible emission bands show only the fast, exponentially 
decaying components with lifetimes in the time range 15-20 ns at T = 80 K. Under 
Aex = 287 nm (both Ce3+ UV and visible emission bands are excited), the decay of Ce + 
green emission shows risetime, which is roughly equal to mean decay time of the main 
Ce3+ UV emission band (njv = 6.2 ns) and the slow component is also present. This 
behaviour can be interpreted as that the radiative energy transfer from the main Ce3+ UV 
centres to the Ce3+ green emitting centres takes place. 

Gd3+ - Ce3+ Interactions 

Under UV excitation at about A ~ 300 nm we excite mainly Ce3+ ions (the intense Gd3+ 

absorption lines are around 277 nm).4 The fast ns decay components can be undoubtely 
ascribed to allowed Ce3+ 5d -> 4f transitions, the observed slow components of the 
decays are most probably connected with Ce3+ -> Gd3+ energy transfer followed by 
energy migration through Gd3+ sublattice and subsequent trapping at some other Ce + 
centres      {i.e.      delayed      Ce3+      fluorescence      or      processes      (Ce3+)i -> 

(G<23+)n-steps - (Ce3+U 
The high energy shift of the Ce3+ UV emission with the increase of temperature might 

be the reason of intensifying the nearly resonant energy transfer between Ce3+ and Gd3+ 

ions at higher temperatures (the lowest Gd3+ excited states are in the 310-314 nm range^). 
This assumption can consistently explain the observed temperature dependences of Ce + 

fast T{ and slow rs mean decay times and If from Figure 2. 

4   CONCLUSIONS 

Detailed time resolved emission spectroscopy of GAP:Ce crystals and other studies can be 
summarized as the following: 

1. At least three Ce3+ nonequivalent centres (multisites) are present having maxima at 
360 (the main one), 480 and 560 nm. 

2. The fast components of Ce3+ decays are due to 5d -> 4f transitions of Ce3+ ions (the 
mean decay lifetimes are in the time range 1.5-20 ns). 

3. The slow components of Ce3+ decays (delayed fluorescence) are due to processes of 
Ce3+ -> Gd3+ energy transfer followed by energy migration through Gd3+ sublattice 
and subsequent trapping at Ce3+ ions. 

4. Ce3+ multisites emitting in the visible are also excited by radiative energy transfer 
from the main Ce3+ UV emitting centres. 
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Excitation spectra of intrinsic emissions have been measured for NaCl, RbBr and CsBr crystals at 8 K The 
excitomc and electron-hole mechanisms of multiplication of electronic excitations have been detected' The 
processes of radiative decay of cation electronic excitations and the non-radiative decay with the formation of a 
double amount of anion electronic excitations will be discussed. 

Keywords: multiplication of electronic excitations, excitons, photoluminescence, alkali halide crystals. 

Irradiation of wide-gap crystals by 7-rays leads to the formation of a large number of 
emission quanta per one absorbed quantum. The elementary act of this process, i.e. the 
creation of two emission quanta by one photon with the energy of 12-21 eV has been 
investigated in doped alkali iodides.1 During the last thirty years voluminous information 
has been obtained for the process of multiplication of electronic excitations (MEE) in 
various solids (see e.g., Ref. 2). During 1993-94, the process of MEE has been studied for 
a number of alkali halide crystals (AHC) at 8 K by using synchrotron radiation of 6-32 eV 
energy (MAX-Lab, Lund). The first results have been published for KC1, CsCl3 and KBr 4 

The aim of the present study is to obtain new information about MEE processes in 
NaCl RbBr and CsBr crystals at 8 K by means of luminescence methods. Special attention 
will be paid to the formation of secondary excitons and electron-hole pairs by hot 
photoelectrons and also to the process of radiative and non-radiative decay of cation 
electronic excitations (CEE) CEE can be formed by photons of 16-22 eV in RbBr5 and 
13-20 eV in a CsBr crystal.6 Single AHC were grown by the Stockbarger method after a 
special purification cycle involving manifold recrystallization from the melt The intrinsic 
luminescence of self-trapped excitions (STE) and cross-luminescence (CL) were recorded 
through a MDR-12 monochromator and using additional optical filters. Excitation spectra 
were measured with a spectral resolution 0.25 nm at equal quantum intensities of the 
excitation falling onto the crystal. 

Figure 1 presents the excitation spectrum of STE a emission for a NaCl crystal Only 
anion electronic excitations (AEE) can be created in the region of intrinsic absorption of a 
crystal. The intensity of STE emission rises by a factor of three when the photon energy 
increases from 17 to 32 eV. This fact testifies to the realization of excitonic and electron- 
hole MEE mechanisms in NaCl. Figure 1 also shows the intensity ratio for n (3 4 eV) and 
a (5.5 eV) emissions of STE {\/la) measured for NaCl at 8 K. The maximum of Ijl at 
19 eV can be assigned (analogous to a KBr crystal)4 to the realization of the excitonic 
mechanism of MEE in NaCl. It involves the formation of a secondary exciton by a hot 
photoelectron. Typical STE (mainly the w component) emission arises from the radiative 
decay of this secondary exciton. A subsequent recombination of an electron with a self- 
trapped hole leads to the appearance of a second quantum of STE emission (mainly the a 
component). The hot photoelectrons create mainly secondary electron-hole pairs at 
hi/ > 20.5 eV. 

Figure 2 presents the excitation spectra of the a component of STE emission in RbBr 
(4.15 eV), 7T emission of STE in CsBr (3.5 eV) and of 5-6 eV emission in a CsBr crystal at 
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FIGURE 1    The excitation spectra for STE <r emission (D) (5.5 eV) and the intensity ratio (A) for -K (3.4 eV) and 

a emissions of a NaCl crystal at 8 K. 

LHeT The threshold energy of the 5-6 eV emission excitation is about 13.9 eV. This 
emission has been interpreted6 as a result of the radiative recombination of electrons from 
the anion valence band with the holes (probably, self-trapped holes) from the 5p shell of 
the Cs+ ion The intensity of a emission of STE in RbBr becomes doubled in the region 
between 14 and 16 eV (see Figure 2(b)). The ionization of anions takes place at the 
excitation energies hv < 16 eV in RbBr, where the hot photoelectrons create secondary 
anion excitons (a peak at 14.8 eV in Figure 2(b)) and electron-hole pairs (15-16 eV). A 
high-efficiency STE luminescence is observed from 16 to 20 eV, where the photocreation 
of CEE takes place. In RbBr the ratio of the formation energies of cation and anion 
excitons Eec/Eea = 2.25 and one CEE decays with the formation of two AEE. The 
increase of STE luminescence intensity at hi/ > 24 eV is connected with the formation of 
secondary excitons and electron-hole pairs by hot electrons created on the photoiomzation 
of cations. , , . 

In a CsBr crystal at 8 K the value of Eec/Eea equals 1.92 and, because of energetic 
considerations, the Auger decay of one CEE with the formation of two electron-hole pairs 
is impossible (no doubling of STE emission intensity in the region of 13-20 eV). Instead 
of that an intensive CL is observed in CsBr. When the crystal is heated up to 300 K, the 
value of Eea decreases, while the value of Eec remains approximately the same. Thus at 
300 K Eec/Eea equals 2.02 in CsBr and the decay of CEE with the creation of a double 
number of AEE can be dominant. We have observed this phenomenon by detecting a sharp 
increase (doubling) of 2.9 eV impurity emission intensity in the region from 13 to 15 eV in 
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FIGURE 2   (a) The excitation spectra for STE n emission (Ü) (3.5 eV) and crossluminescence (A) (5-6 eV) of a 
CsBr crystal at 8 K. (b), The excitation spectra for STE a emission (o) (4.15 eV) of a RbBr crystal at 8 K. 

CsBr at 295 K. The formation of anion excitons and as well the recombination of electrons 
with self-trapped holes leads to the excitation of STE emission at LHeT. The intensity of n 
emission and the intensity ratio for n and a emissions increase sharply in the region 
hi/ > 22 eV. The secondary anion excitons are formed by the hot photoelectrons created at 
the lomzation of cations in CsBr. 

The Table I summarises data for the formation energies of anion and cation excitons 
(Eea and Eec), the minimum ionization energies of anions (Ega) and cations (Egc)

3-7 and as 
well our experimentally determined values for the threshold energies of the excitonic (E°) 
and the electron-hole (E±) mechanisms of MEE in AHC at LHeT. The values of E° and 
E^ are estimated with the accuracy of ±0.2 eV. Using luminescence methods, the decay of 
CEE with the formation of a double number of AEE has been observed for four 
investigated alkali halide crystals (KC1, KBr, RbCl, RbBr) with the ratio Eec/Eea > 2 
An intensive CL has been detected for CsCl and CsBr crystals with the ratio Eec/Eea less 
tiiän z. 

A special interest will be paid to the effect of a high local density of AEE that arise due 
to the process of MEE in the further research. This effect had been discovered for the first 
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time already in 1964,1 but not quantitatively investigated. In a NaCl crystal the values of 
\v/\a at hv > 21 eV are considerably higher than at hi/ < 17 eV (see Figure 1). The 
recombination probability of electrons with partly relaxed or non-relaxed holes in quartets 
of carriers (hu > 20 eV) is higher than that of the recombinations in electron-hole pairs 
that are spatially separated from each other (hz/ < 17 eV). 

Table I 

Formation 
cations (Egc 

energies of anion (Ee.) and cation (E«) excitons, minimum ionization energies of anions (Ega) and 
;), threshold energies for excitonic (E°th) and electron-hole (E^) mechanisms of MEE in AHC at 8 K 

(all values are in eV). 

Crystal % hth 
Ei E«, Ega Eec Egc E^/Ee, 

KC1 
RbCl 
CsCl 
KBr 
RbBr 
CsBr 

16 5 18 7.78 8.69 19.7 20.6 2.53 
16.0 17.5 7.54 8.5 16.2 «17 2.15 
20 5 21 7.86 8.4 13.2 14.1 1.68 
15 4 17.0 6.82 7.5 19.9 20.6 2.92 
14 5 15.5 6.65 7.25 16.2 16.6 2.44 
20.5 21.5 6.83 7.3 13.1 13.8 1.92 
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PECULIARITIES OF THE TRIPLET RELAXED 
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Four bands, all belonging to the main thallium centre, are detected in the triplet luminescence spectrum of 
thallium-doped cesium halides under excitation in impurity absorption bands. Their spectral, polarization and 
kinetics characteristics are studied at 0.35 to 360 K. The parameters of the corresponding relaxed excited states 
(RES) minima are calculated. Two ultraviolet emission bands are ascribed to electronic transitions from trigonal 
and tetragonal Jahn-Teller minima of the triplet RES of Tl+ ion. Two visible bands are assumed to arise from two 
different off-centre configurations of a self-trapped exciton perturbed by Tl+ ion. 

Key words: self-trapped exciton, luminescence polarization, decay kinetics 'Thalluim-doped cesium halides'. 

Absorption spectrum of Tl+-doped cesium halides differs essentially from that of ns2-ion- 
doped f .c.c. alkali halides.l It consists of several almost equidistant bands whose intensities 
differ not more than two times. The analysis of its shape and temperature dependence 
allows a conclusion that only the narrow lowest-energy band is similar to the A absorption 
band of T1+ centres in f.c.c. crystals. Broad higher-energy bands are most probably 
connected with some mixed T1+ and excitonic states. This mixing grows in the row of 
crystals CsCl -> CsBr -> Csl. 

Usually various Jahn-Teller minima of impurity triplet RES have been considered to be 
responsible for the triplet luminescence of ns2-ion-doped alkali halides.2 In particular 
three emission bands of CsLTl (3.09, 2.55 and 2.25 eV) have been connected3"5 with three 
minima of various symmetries coexisting in the triplet RES of T1+. We have found that in 
cesium halides the triplet emission spectrum of the main thallium centre consists of four 
bands (Figure 1). The halfwidths and Stokes shifts of two ultraviolet bands are about twice 
as small as those of two visible bands (Table I). In CsLTl all four bands are excited in the 
A absorption band region. In the row of Csl -> CsBr -> CsCl the relative intensity of 
visible bands, observed at A excitation, decreases, while that of ultraviolet bands, observed 
at higher-energy excitation, increases. 

The characteristics of two ultraviolet bands are analogous to those of triplet Ax and AT 

emission of T1+ centres in other alkali halides (Table I). They are polarized along the (111) 
and (100) axis of the crystal, respectively.6 The polarization degree P is positive, and it 
grows as the excitation energy decreases. Fast (FC) and slow (SC) components are 
observed in their low-temperature decay kinetics. The values and temperature dependences 
of the decay, times rsc and rFC point to the fact4,6 that the structure and the parameters of 
the triplet RES responsible for ultraviolet emission are similar to the ones observed for the 
triplet RES of T1+ centres in f.c.c. crystals. 

The characteristics of two visible bands differ drastically from the ones described 
above. These emissions are polarized under excitation not only in the A band region but 
also in the higher-energy absorption bands. In CsLTl at 4.2 K P changes from 14% at 
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FIGURE 1    Emission spectra of CsChTl, CsBnTl and CsI:Tl at 4.2 K. 

a = 0° to -14% at a = 45° for the 2.55 eV emission, while P(a) ~ const for the 2.25 eV 
emission (a is the angle between Eexc and [001] axis of the crystal). At 80 K P(a) of the 
2.55 and 2.25 eV bands are characteristics of the electronic transitions occurring along the 
(100) and (111) axis, respectively; due to that we label these bands as AT' and Ax'. At 
4.2 K the decay times of AT' and Ax' bands in CsLTl are about two orders shorter than the 
ones usually observed for triplet emission of T1+ centres. As the temperature decreases 
from 20 to 1 K, r of AT' band rises from 25 to 410 fjs, while r of Ax' band decreases from 
65 to 48 [is. At T > 30 - 40 K a rapid decrease of r is observed for both emission bands, 
which is accompanied by changes in the sign of P and in P(a). 

Similar features are observed for the visible emission in CsChTl and CsBnTl crystals. 
None of these features have ever been observed for isotropic centres in ns2-ion-doped f.c.c. 
crystals. However, they are very similar to those of the triplet emission of self-trapped 
excitons (STE) in alkali halides.7,8 A careful analysis of the experimental data have lead 
us to an assumption that the visible emission of Tl+-doped cesium halides should be 
considered as the triplet luminescence of STE perturbed by T1+ ion, and that in the systems 
studied there exist two types of perturbed STE excited state manifold. In both manifolds, 
the lower excited levels are composed of a split triplet state (t) and a singlet state (s), the 
energy distance between them being AEs_t (Figure 2). Each triplet state consists of almost 
doubly degenerate emitting level (e) and a metastable level (m), the energy between them 
being 6. 

The decay kinetics of AT' emission points to the fact that in this case the metastable 
minimum is located below the emitting one. Only metastable minimum is populated 
optically, and it emits at extremely low temperatures. As the temperature rises, thermal 
transitions between metastable and emitting minima start taking place, and r decreases. 
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FIGURE 2   Energy levels and parameters of the singlet and triplet excited states responsible for the 2 55 eV (a) 
and the 2.25 eV (b) emission of CsI:Tl. 

The increase of r of Ax' emission of CsLTl with the temperature rise can be caused by 
the opposite order of the emitting and the metastable minimum (6 < 0) as compared with 
the previous case. Indeed, in this case only the lowest, the emitting minimum of the triplet 
state is optically populated at T < 1.7 K, and it emits with T = 48 fjs. As the temperature 
grows, the upper, the metastable minimum becomes thermally populated; it results in the 
increase of r. 

At T > 30 - 40 K thermal transitions form the triplet to the singlet state occur, which 
lead to a rapid decrease of r and to changes in polarization properties of both emissions. 
From r (T) dependences the parameters of the corresponding excited states were calculated 
(Figure 2). They are similar to the ones obtained for STEs in alkali halides.8 

The emission spectrum of STE may consist of several bands related with on-centre and 
two different ('weak' and 'strong') off-centre configurations of STE (see, e.g.,7'8). We 
assume that AT' band is connected with a 'weak' off-centre STE, while Ax' band, with a 
'strong' one, both perturbed by T1+ ion. Similar to 'strong' off-centre STE, for Ax' 
emission the Stokes shift is larger, but the probabilities of the radiative and nonradiative 
transitions are smaller than those for AT' emission. Negative 6 may also point to a 'strong' 
off-centre configuration responsible for Ax' band in CsI:Tl.8 The behaviour of AT' and Ax' 
bands under high hydrostatic pressure9 is also characteristics of a 'weak' and 'strong' off- 
centre STE, respectively. 

In spite of the different nature of the minima responsible for four emission bands, they 
all are most probably located on the same APES. 
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Really, they all are populated due to relaxation from the same nonrelaxed state, and 
thermally stimulated transitions occur between these minima as well. No such 'four- 
minima' structure of the triplet RES has ever been observed for any ns2-ion-doped crystal. 
It may be caused by the mixing of the excited states of the impurity ion and STE. The 
excitonic-like nature of visible emission could explain a high scintillation efficiency of 
CsLTl. 
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TABLE I 
Characteristics of triplet emission of Tl+-doped cesium halides 

Crystal Emis- E ' C t-exo s, TSC, TFC, Pa=o-, Pa=45°, 

sion eV eV eV eV ms ns % % 

Ax 3.88 0.28 5.17 1.29 9.0 24.6 0 40 

CsChTl AT 3.65 0.22 5.15 1.50 1.5 25.0 15 0 

AT' -3.00 -0.56 6.14 3.14 

Ax' 2.55 0.60 6.14 3.59 

Ax 3.65 0.26 4.86 1.21 6.6 17.8 0 

CsBnTl AT 3.48 0.21 4.86 1.38 1.85 10.6 12 0 

Ax' 

2.87 0.40 5.50 2.63 0.67 -25 

2.42 0.48 5.50 3.08 230000 -6 

Ax 3.31 0.20 4.32 1.01. 1.2 15.1 

CsI:Tl AT 3.09 0.19 4.22 1.13 1.5 20.0 17 0 

A ' 2.55 0.35 4.29 1.74 0.4 14 -14 

A ' Ax 2.25 0.35 4.28 2.03 48000 7 7 
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THE ROLE OF CATION VACANCIES IN EXCITATION 
MECHANISM OF RE-IONS IN ALKALINE-EARTH 

SULPHIDES 

A. N. BELSKY, V. V. MIKHAILIN and A. N. VASIL'EV 

Synchrotron Radiation Laboratory, Physics Department, Moscow State University, 
117234 Moscow, Russia 

The VUV-excitation spectra and thermostimulated emission for intrinsic and impurity luminescence of alkaline- 
earth sulphides doped by cerium have been investigated. The intensity of activator emission is higher in samples 
with artificially created cation vacancies. The role of cation vacancies is displayed as a result of the common 
analysis of the temperature dependence of impurity luminescence with the curves of the thermostimulation of the 
hole traps created due to the presence of the cation vacancies. For room temperatures the hole traps on cation 
vacancies become unstable. Therefore the trap level of cation vacancy serves as a bridge for the capture of holes 
from the valence band to 4f RE level. 

Key words: energy transfer, luminescence center, cerium, cation vacancy. 

1 INTRODUCTION 

The problem of energy transfer of the electronic-excitation from the crystal matrix to rear- 
earth (RE) impurities with different valence is studied during several years (see e.g.'). Co- 
activators and intrinsic defects are important for luminescent properties of activated 
crystals. Nevertheless, their role and the structure of such centers are not revealed by 
details till now. For instance, 20 years ago there was established the fact that the usage of 
halide fluxes increases the efficiency of CaS-Ce3+ and CaS-Eu3+ cathodoluminescence.2 

Nevertheless, there is no adequate explanation of halogen role. 
One probable mechanism of energy transfer to RE emission center in alkali-earth 

sulphides is discussed in the present paper. Hole traps are the critical stage in such type of 
energy transfer. 

2 HOLE TRAP CENTERS IN ALKALI-EARTH SULPHIDES 

Cation vacancies (V-centers) can serve as hole trap centers. The cation vacancies 
concentration in alkali-earth sulphides is small enough for standard preparation conditions, 
and their influence on luminescence properties is negligible. Luminescence3 and ESR4' 
studies show that cation vacancies are easily created in alkali-earth sulphides during the 
roasting with halide-containing fluxes and are stabilized as associates with halide ions 
(Vhai)-centers). The efficiency of vacancy creation by halide ions decreases with increase 
of the cation atomic weight. Holes trapped by Vhai-centers in CaS and SrS are stable till 
temperatures about 200 K.This capture level becomes metastable for higher temperatures. 
Figure 1 displays the curves of thermostimulated luminescence, the peaks of which 
correspond to the loosing holes from V-centers, and the curves of the temperature 
quenching of V-center stationary luminescence in alkali-earth sulphides. 
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FIGURE 1    Thermostimulated luminescence (dashed curves) and stationary luminescence of Va centers vs. 
temperature (solid). 
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FIGURE 2    Scheme of the processes in the Ce3+-Va center. 

3    EXCITATION MECHANISM 

Substitution of a matrix cation by a RE ion results in the creation of complicated emission 
centers due to charge and volume compensation. It may be shown that the activator on 
and V-center associated with it are the emission centers in alkali-earth sulphides 
Mechanism of the luminescence excitation for such centers can be illustrated by the 
scheme plotted in Figure 2a. The following set of equation corresponds to this mechanism 

-Qj-=I- amu
vnh + ßinve-ei'kT - 6nenh = 0, 

= am%nh - ßinve^lkT + ß2n^e~^kT - a2nv = 0, 

dne 
~ßf = I~ inc&ne - 6nenh = 0, 

dnce 
: a2nv + ß3nve-^kT - ß2nCte^lkT - 77lCene = 0, dt 

dri, 
Öt 

Ce _ 
= inCene - n*cJr = 0. 

Here / is the rate of excitation light quanta absorption by unit volume of the crystal ne and 
nh are the concentrations of electrons and holes, nv is the concentration of holes at the 
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FIGURE 3   Ce3+ luminescence intensity vs. temperature for X-ray excitation (solid curve) and the simulation 
based on the set of equations and experimental data for Va centers (dashed). 
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cation vacancy levels (V° and VCi centers), nCe is the concentration of holes at cerium 
ions- n° is the total concentration of V-centers associated with cerium ions, a, ß, b are 
probabilities of electron transfer for different processes and e are the thermal energy ol 
electron levels. Quantum yield of cerium emission 77 = jnCsnJI can be estimated from this 

'^LeVuTnotify only some peculiarities of the present model. The direct transition of the 
electron from 4f Ce3+ level into the valence hole is not considered, since the efficiency ol 
luminescence in crystals without halide ions is extremely small (this transition is the only 
possible transition of a valence hole into cerium ion in such crystals). This small 
probability can be explained by the fact that 4f Ce3+ level is at least 2 eV above^hetopnrf 
die valence band in alkali-earth sulphides. On the contrary, the capture of an e ectron from 
the conduction band by 5 d cerium level is rather probable, since several sub-levels of the 
solitted 5 d level are situated in the conduction band. Secondly, for simplicity we choose 
the direct inter-band recombination as the recombination channel competitive to cerium 
luminescence. The most probable type of such channel is the recombination of a valent 
hole with an electron captured by a F-center. 

Figure 3 shows the Ce3+ luminescence intensity for alkali-earth sulphides vs. 
temperature for X-ray excitation and the simulation of these functions based on the set 
of equations and experimental data for Vcl centers. The proposed model of he.excitation 
energy transfer adequately describes experimental data in temperature range 150 to 300 K. 
The maximal excitation efficiency is for the temperature about the thermoactivaüon 
threshold for VCi center. Peaks at lower temperatures are connected with emission centers, 
which consist of a cation vacancy and cerium ion and should correlate with temperature 
behaviour of V0 centers. 

4   VUV EXCITATION SPECTRA 

Excitation spectra of alkali-earth sulphides are plotted in Figure 4. These spectrat have the 
behaviour similar to that discussed in5 for excitomc channel of luminescence and in for 
recombination luminescence in the presence of two recombination channels. It was shown 
in6 that the shape of the excitation spectrum depends on the capture radius of different 
types of centers. Here we have the situation with one electron capture center and one hole 
capture center, and thus the results of6 cannot be used without modification. The captore 
radius R0 of an electron from the conduction band to a cerium center depends on thetime 
r when a hole is located at the cation vacancy, and increases with this time: R0 ~ S/DT u 
is' the diffusion coefficient. The excitation spectrum has small decrease in the photon 
energy range from Eg to 2Eg for CaS-Ce and rather prominent one foi^aS-Ce, whereas 
the case of SrS-Ce is the intermediate one. This fact can be explained by the supposition 
that the activation energy e decreases in this row, and therefore the time r when toe.holeas 
captured by a cation vacancy, decreases as well. Therefore we conclude toat the capture 
radius for the hole capture by the complex center decreases from CaS-Ce to^BaS-Ce. I he 
concentration of F-centers in this row is significantly higher for BaS, and D decreases. 
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LSO-Ce FLUORESCENCE SPECTRA AND KINETICS 
FOR UV, VUV AND X-RAY EXCITATION 
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1Physics Department, Moscow State University, 117234 Moscow, Russia; 2Daresbury 
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LSO-Ce fluorescence emission and excitation spectra and decay kinetics have been measured for UV, VUV and 
X-ray excitation at RT and 80 K. The features of the fluorescence excitation spectra of two types of cerium centres 
in the region 3 to 6 eV are analysed in the assumption of competitative absorption between them. It is shown that 
the centres can have similar absorption bands. Forbidden energy bandgap for LSO is evaluated to be not less than 
6.5 eV. 

Key words: lutetium oxyorthosilicate (LSO), scintillator, cerium-doped. 

1 INTRODUCTION 

High fluorescence yield, fast decay and high density make cerium-doped lutetium 
oxyorthosilicate (Lu2(Si04)0:Ce) or LSO an attractive candidate for a number of 
applications.1 3 Unlike many other cerium-containing compounds, it has a high efficiency 
of fluorescence excitation at high energies of excitation. Measurements in the VUV region 
can be helpful for the understanding of the mechanisms of the energy transfer involved. 

2 EXPERIMENTAL 

Single crystals of cerium doped Lu2Si05 and Lu2-xGdxSi05, where x = 1 (50 at.% of Gd) 
and 0.4 (20 at.% of Gd), were grown by the Czochralski technique in iridium crucibles of 
40 mm diameter and 40 mm height. The oxides of lutetium, gadolinium and cerium were 
of 99.99% purity, silicon oxide was 99.9% purity. The as-grown crystals were of 16 to 18 
mm diameter and ~ 80 mm long. The cerium concentration in the melt was 1 at.%, in the 
crystal it is expected to be lower due to the low distribution coefficient of cerium 
(kCe = 0.25).2 

The measurements of fluorescence emission and excitation spectra and fluorescence 
kinetics have been performed using the synchrotron radiation from the SRS storage ring, 
DRAL, UK. Fluorescence excitation in the region 3.5 to 30 eV was measured using 
1-meter Seya-Namioka monochromator of the station 3.1 at RT and 80 K. The emission 
bands were separated by interference filters or a secondary monochromator allowing for 
the measurements of the emission spectra as well. X-ray measurements (emission spectra 
and fluorescence decay) at RT were performed at the X-ray monochromator of the station 
9.3. Fluorescence decay kinetics was studied using the single-photon counting technique 
in the single-bunch mode of SRS operation (bunch width ~ 200 ps, repetition rate 
~ 320 ns). 
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FIGURE 1   Fluorescence excitation spectra for 400 nm (solid curve) and 520 nm emission (dotted curve, 
multiplied by 10) of LSO-Ce at 80 K. In the insert the absorption spectrum of LSO-Ce from2 is reproduced 
(distortions were not intential). 

3    EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 1 presents the fluorescence excitation spectra of two bands of LSO-Ce emission. A 
typical fluorescence emission spectrum of the LSO crystals at 80 K for the VUV excitation 
is presented by the solid curve on the left of Figure 2. In a good accord with,3 the emission 
spectrum consists of two overlapping bands, the first one at 80 K showing as a double peak 
centered around 400 nm (dotted curve in Figure 2) and a longerwavelength shoulder with 
the maximum at ~ 460 nm (dashed curve). In3 they were attributed to 5d -» 4f transitions 
within the Ce3+ ions substituting for lutetium in two different crystallographic sites. The 
doublet structure of the higher-energy band is due to the spin-orbit split Ce3+ 4f-level, the 
splitting is not resolved in the lower-energy band. The excitation of the lower-energy band 
was measured at 520 nm to minimize the contribution of the higher-energy one. The 
features of the excitation spectrum of the 400 nm band coincide with those of the 
absorption2 (see the insert in Figure 1), while the low-energy peaks of the excitation 
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where a,- and rn are the partial absorption and the fluorescence yield of the z'-th centre, and 
a(hv) = E; OLiQiv) is the total absorption of all the centres. In the case of two centres only 
with Q] > a2, so that a ~ au the excitation spectrum of the strong component will be 
mainly presented by the first type of the centres, whereas the spectrum of the weak 
component is proportional to the ratio of the partial absorptions. If there is a third 
component in the absorption, making a » au the yield of both types of the centres will 
be proportional to their partial absorption. We tried to simulate the former case for the first 
4f -> 5d absorption peak in the assumption of the presence of two different types of cerium 
centres, both with the radiative transition 5d -> 4f in Ce3+ ions. We simulate the first 
absorption peak for each of the centres by a Gaussian corresponding to the transition from 
the lowest of the 4f spin-orbit split levels to the lowest term of the 5d level split by the 
crystal field. The emission spectrum is presented for each centre as a pair of Gaussians 
corresponding to the transitions from the lowest 5d level to two 4f levels. The Gaussians 
are given by the standard formula: 

g{hv,S,Q.,hvü) =■ -exp 
1 

25 
hv - hv0 ± Stifi 

sm 
('+' corresponds to the emission and '-' to the absorption). The splitting of the 4f level is 
0.22 eV for both types of the centres, the other parameters were as follows: 

I centre II centre 

on of the zero-phonon line, hv0 3.29 eV 3.1 eV 
g-Rhys factor 4.5 6.0 
phonon energy, fl 0.04 eV 0.06 eV 

The result of the simulation is shown in Figure 2. The absorption peaks of two centres 
almost coincide in position, but for the II centre the peak is broader. The excitation for the 
II centre appears as a pair of peaks on two sides of the I centre excitation band, very similar 
to the spectrum presented in,3 high-energy part of which can be seen in Figure 1 as well. By 
altering the ratio of partial absorption of two centres, the gap between two peaks shown by 
the dotted line can be made more pronounced. The flat top of the I centre excitation peak is 
formed by the total absorption of the exciting radiation in the crystal. 

The peaks at ~ 4.2 and 4.7 eV of the experimental absorption spectrum, which we 
assign to the transitions from cerium 4f level to higher lying 5d terms, are superimposed on 
a broad absorption band of unknown origin. It can be due to the transitions involving 
cerium levels and those of defects or matrix. At 4.2 eV the contribution to the total 
absorption due to these transitions is still small, so the situation is similar to the discussed 
above, when due to the stronger absorption of the I type of the centres, the absorption peak 
of the II type centre does not form a peak of the excitation. At 4.7 eV the total a becomes 
larger than both of the partial au so the profile of 77,exp reproduces ah and the peaks of both 
excitation spectra coincide. 

Thus we have an interesting situation when the position of the absorption peaks of two 
types of cerium centres seem to coincide, but the width of the peaks is different. This 
means that the transition of the cerium ion to the excited state results in different relaxation 
of the nearest neighbours, depending on the type of the centre. This can be the case if the 
configuration of the next-neighbours is different for two types of the centres, affecting the 
relaxation of the nearest neighbours, or if there are two minima of the potential energy 
surface in configurational coordinates. So far we can't provide an adequate explanation of 
the processes involved, the question requires further experimental and theoretical 
investigation. 
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A remarkable feature of the excitation spectrum of the 520 nm band at RT is a sharp 
peak at ~ 6.3 eV, at 80 K it's relative intensity decreases and it shifts towards higher 
energies. The position of the peak coincides with the tail of the fundamental absorption of 
undoped crystal, so it can be linked to the defects of the matrix, probably of oxygene type. 
The knowledge of the origin of this defect with high efficiency of the energy transfer to the 
type II cerium centres can provide a clue to the understanding of the origin of this type II 
centre itself. 

The profile of the excitation spectra for two fluorescence bands, their temperature 
dependence and kinetics suggest that the forbidden energy bandgap of LSO is about 
6.5 eV. The yield of the long-wavelength fluorescence goes down after 6.5 eV, indicating 
that the probability of the energy transfer to the related centre by separated electron-hole 
pairs is not high. Our preliminary measurements show an increase of the yield of the 400 
nm emission at higher excitation energies up to 30 eV. 

Typical decay curves for both fluorescence bands are presented in Figure 3. After low- 
energy excitation up to ~ 7 eV the decay curves are well described by a single exponential 
with characteristic time of ~ 30 ns and ~ 50 ns for 400 and 520 nm bands, respectively. In 
this region there is no evidence of energy transfer between two types of the centres. Decay 
curves for the excitation in the fundamental absorption region and X-rays have a 
complicated profile with a 'beak', characteristic of quenching (more pronounced for lower- 
energy band but visible for 400 nm band at larger scale as well), and a 'hump' or rise-on 
time, corresponding to the delayed, relative to the excitation pulse, energy transfer to the 
emission centres. In case of 400 nm emission it shows as slowing down of the decay. 

Quite unexpectedly, in the energy range 3.5 to 10 eV the excitation spectra of the mixed 
crystals Lu2-xGdi_xSi05-Ce were exactly the same as those of LSO-Ce, indicating that 
there was no energy transfer between gadolinium and cerium. Emission spectra were 
similar, but broader. The level of phosphorescence was quite high. For the crystals studied 
the addition of gadolinium did not improve any of the properties of the LSO. 
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We report the physical properties of a new fast indium-based scintillator. The technique of elaboration and the 
crystal structure of indium disilicate (In2Si207) are presented as well as the analysis of an intense ultraviolet 
photoluminescence at low temperature. A complex fast fluorescence decay is recorded with two time domains 
separated by more than one order of magnitude. Scintillation was measured showing a rather good quantum 
efficiency comparable to Bi4Ge30i2. 

Key words: indium disilicate, crystal growth, Ce3+ luminescence, scintillation. 

1    INTRODUCTION 

It has been recently proposed to use single crystal stimulators containing a large amount of 
115In for detection of low energy solar neutrinos according Raghavan's nuclear reaction 
(1, 2). Research of indium-rich lattices led us to investigate the luminescence properties of 
various mixed indium oxides such as In6WO]2 (3), In2Ti05 (4). We showed that the 
optical transitions responsible for the luminescence of indium tungstate are of charge 
transfer type within isolated octahedra tungstate groups while they arise from the 
(ln204)^n" ribbons running along the b-axis of the In2Ti05 structure. The present work 
deals with the synthesis, crystal growth, structure, luminescence and scintillation 
properties of In2Si207. 

2    EXPERIMENTAL 

- In2Si207 was prepared by a conventional solid state reaction, using ln203 and Si02 

(Grade 1, Johnson Matthey). The stoichiometric mixture was intimately ground and 
then pressed into a pellet at 100 MPa. This pellet was fired at 1400°C for 24 h in air. 
The recovered sample was reground and fired again under the same experimental 
conditions. The presence of a single phase was controlled by X-ray powder diffraction. 

- In2Si207 single crystals were grown by a flux method using Li2Mo207 as solvent. The 
initial constituents ln203 (6 mole %) and Si02 (13 mole %) were mixed together with 
Li2Mo207 solvent (81 mole %) and introduced in a platinum crucible. The thermal 
cycle was the following: heating up to 1250°C at 100°C/h, soaking at 1250°C for 12 h, 
slow cooling to 800°C at 3°C/h, and finally cooling to room temperature at 50°C/h. 
Single crystals with platelet and needle shapes were removed by dissolving the flux in 
hot distilled water. An In2Si207 platelet with the b axis perpendicular to the principal 
plane, with dimensions 3x3x1 mm3, was used for scintillating measurements. 

[895]/397 
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TABLE I 
Some data on the luminescence of In2Si207 with thortveitite-type structure at 4.2 K 

In2Si207 

Optical absorption edge (nm) at 300 K 240 
Excitation maximum (nm) 225 
Emission maximum (nm) 335 
Stokes shift value (cm"1) 14600 
Decay time* (r) (ps) 
Tq(K) 200 

Tq: thermal quenching temperature of the luminescence 
*AeXc.: 228 nm for ln2Si207 

3    STRUCTURAL DESCRIPTION 

The structural refinement of In2Si207 (5) confirmed that it was closely related with 
thortveitite i.e. Sc2Si207 (6). 

The lattice can be described as stacking of alternating parallel sheets of In06 octahedra 
and of isolated Si207 groups. In06 octahedra share edges in a nearly hexagonal 
arrangement in the ab-plane forming a distorted honeycomb arrangement of (ln206)

6 

composition. An isolated Si207 group consists of two Si04 tetrahedra sharing one corner 
in a staggered configuration with a linear Si-O-Si bridge. The silicate groups are packed in 
such a way that an Si atom on one side of the Si207 group shares one oxygen atom from 
the In06 sheet above and two from that below in the c-direction. The Si atom from the 
opposite side is in a reverse situation. 

4   LUMINESCENCE 

The In2Si207 powder is white. The optical absorption edge derived from the diffuse 
reflectance spectrum at 300 K lies at 240 nm. For excitation at shorter wavelengths than 
the absorption edge In2Si207 gives an intense luminescence in the ultraviolet at 4.4 K. The 
emission spectrum consists of a broad structureless emission band peaking at 335 nm. 
Luminescence characteristics are listed in Table I. The corresponding excitation band has 
its maximum at about 225 nm. The Stokes shift amounts to 15 000 cm-1. With increasing 
temperature the band shifts slightly to longer wavelengths and decreases in intensity. The 
luminescence disappears at about 200 K. For excitation at longer wavelengths than the 
absorption edge, very weak emission bands due to defects are also observed in the blue. At 
4.4 K the decay curve of the UV emission consists of a non exponential initial component 
and an exponential part characterized by a decay constant of 6 ßs. 

Each In06 octahedron shares edges with three others with an average In-In distance of 
3.45 Ä. Such a structural feature led us to give the same interpretation for the luminescence 
of In2Si207 as recently for In2TiOs and for YbFe204-type indium oxides (6, 7). Optical 
transitions can be considered as charge transfer processes from O2" to In3+ within the 
In06 octahedra (8, 9). The energy of the absorption edge of In2Si207 is expected to exceed 
that of InMgGa04 as a consequence of lowering of the interactions between In atoms (due 
to the smaller number of In nearest neighbors: 3 instead of 6). It was confirmed 
experimentally: the energy of the excitation band maximum of In2Si207 is found to be 
around 11 000 cm"1 above that of InMgGa04. 
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5    SCINTILLATION 

The scintillation of the crystal has been observed at room temperature under aloha 
adiations namely from a Th alpha source with energies of 6.02 and 8 8 MeV fce fmall 

size of the sample did not allow to perform experiments wiui a^ gammaouTce 
Measurements of hght intensity and decay were performed at temperatures rSg from 4 

11 r°™ temperatUre- The «ignal were digitized at a sampling rate of ?40 MHz 
As for the fluorescence decay, two components have been detected: 

- a fast one, less than 20 ns, independent of temperature and easy to use for time 
reference m neutrino's experiments, * e 

- a slow one of few fis which lengthens with decreasing temperature and exhibits a 
maximum intensity at 50 K, decreasing drastically at lower tempe« 

The total light intensity is increased by a factor 3.5 when lowering the temperature to 

room^tempemtu* * "*** "* " ^ ***"** flBB1 a BG0 CI?stal but corded « 

6   CONCLUSION 

SS^S^fflotft Pr^fS °f 3 ^ feSt indium"based dilator, namely 
Zhd^T^tfrl f f 

tS an mtenSe l3Ser induCed Ultravi0let luminescence wmcn decays with two rather fast components. Under irradiation by alpha particles a 
quantum efficiency comparable to BGO has been measured with a very small saSe I is 
thus planned to improve the size of the sample and the way to collect the maSmuZnilh 
output fr0m the scintillator to the detector" Unfcrtun^ llT^SSE^J 
very low temperature is unfavorable for its use as a bolometer at a few mK * 
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Gadolinium gallium garnet ceramics (GGG) doped with Cr^, Pr3+ and Bi3+ have efficient luminescence. Excited 
by X-rays some of the investigated scintillators show an afterglow which is detrimental to an application in 
medical radio diagnostics. Thermoluminescent measurements between 50 K and 600 K gave results that allow to 
estimate the trap concentration in these materials. Only shallow traps could be found in GGG:Cr It seems that 
these traps are caused by lattice defects relative to oxygen deficiency. The thermoluminescence at higher 
temperatures of GGG:Pr and GGG:Bi reveals deep traps which determine the afterglow in these luminescent 
materials. 

Key words: thermoluminescence, doped garnet ceramics, chromium, praseodymium, bismuth. 

1    INTRODUCTION 

Gadolinium gallium garnets Gd3Ga5012 (GGG) doped with chromium (Cr3+) are well 
known as a luminescent material. If these scintillators are manufactured as translucent 
ceramics they can be used in X-ray computed tomography.1 The most important 
requirements for this application are high light output, moderate decay time and low 
afterglow. 

The chromium ions fit quite well into the octahedral B-site of the GGG-lattice (ionic 
radius of Ga3+ = 0.62 Ä, that of Cr3+ = 0.61 Ä)2 and give a broad band emission in the 
infra-red due to the 4T2 -► 4A2 transition. The luminescent properties of GGG-ceramics 
with other dopants like Pr3+ and Bi3+ are investigated. These materials show a rather high 
light output and an afterglow even far above room temperature. 

Afterglow is a phenomenon that occurs if charge carriers in scintillators are trapped By 
thermal or optical activation these charges may leave the traps and recombine radiatively 
so that light emission is delayed. This detrapping process can be enhanced by rising the 
temperature. After a certain period of excitation at low temperature this effect is used to 
measure the retarded light output as a function of the rising temperature, the so-called 
thermoluminescence. 

The investigation of the thermoluminescent behaviour gives information about the 
existence of trap states, their energy and the afterglow of the scintillator material. 

2   EXPERIMENTAL 

Doped powders were prepared following the hydroxide precipitation method described in 
reference. Starting materials were high purity oxides: 99.99% Ga203 and 99.999% 
Gd203. 

[899J/401 
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The prepared compositions are listed in the following scheme: 
Ga4.959 Cro.o4i             O12 

Ce0 007            Ga4.959 Cr0.o4i            O12 
Ga5 012 

Ga5 012 

Ce0.oo3            Ga5 Oi2 
Ga5 O 

Gd3 

Gd2.993 
Gd2.950 Pro.050 
Gd2.997 Pro.oo3 
Gd2.994 Pro.003 
Gd2.973 Bio.027 12 

The dried and calcined garnet powder was mixed with an organic binder and then 
uniaxially pressed at 2000 kp/cm2 into pellets of 15 mm in diameter. These pellets were 
sintered in air or pure oxygen at 1650°C for 10 hours. 

The sintered ceramic samples have a density of nearly 100% of the theoretical value 
and exhibit translucent to transparent optical quality. 

3    MEASUREMENT 

The measurements of the thermoluminescence are performed in a helium refrigerator 
cryostat with a temperature range from 15 K to 320 K, whereas a heating chamber is used 
for the range from 295 K to 700 K. In the latter case a 3 mm thick heat-absorbing filter 
glass SCHOTT KG 5 protects the photomultiplier tube HAMAMATSU R 1104 from 
infra-red radiation. . 

The thermoluminescent characteristics of the GGG ceramics are studied after cooling 
the samples to 15 K. During a short test exposure at a reduced X-ray dose (40 kV, 5 mA) 
the total light yield is measured as a standard. For trap filling the specimens are exposed to 
X-rays from a tube with a tungsten anode operated at 50 kV and 20 mA for 5 minutes. 

Two minutes after the end of X-irradiation the spontaneous emission of light has 
decreased to a negligible amount. If the sample is now heated at a constant rate of 5 K/min, 
the thermoluminescent glow curve of the ceramic is recorded by the photomultiplier. 
During the heating the thermal induced light emission is registered after each temperature 
step of 1 K. . 

At 320 K the equipment must be changed. The specimen is now measured in a heating 
chamber. It is necessary to know the light yield in this set-up at the same reduced X-ray 
dose as at 15 K. Both standards make it possible to obtain a continuous glow curve over 
the whole temperature range from 15 K to 700 K. 

The procedure to measure the glow curve from 300 K to 700 K is similar to that at low 
temperature. Samples which show thermoluminescence far above room temperature have 
been annealed at 773 K for 2 hours and kept in the dark before they were measured. 

4   RESULTS AND DISCUSSION 

4.1    Glow Curves of GGG.Cr- and GGG.Cr,Ce-Ceramics 

The thermoluminescent glow curves of GGGCr and GGG:Cr, Ce are shown in Figure 1. 
The glow curves exhibit peaks at 110 K, 160 K, 250 K, 350 K, and at about 510 K. The 
presence of cerium reduces the peak height of those peaks which are present below room 
temperature. Cerium lowers the peak at 250 K so much, that an additional peak at 220 K 
can be seen. 

The peaks below room temperature can be correlated to electron traps. The respective 
trapping mechanism has been investigated and published.   The mechanism can be 
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FIGURE 1    Thermoluminescent glow curves of GGG-ceramics doped with 0.041 mol CP+ showing the 
influence of codoping with cerium. 

explained m the following way: X-rays create electrons and holes. A part of the electrons 
will be trapped by oxygen vacancies. Their presence in garnets has been proven 3 After 
escaping from their traps these electrons recombine with the trapped holes at the Cr3+ The 
oxygen-firing atmosphere and the presence of Ce4+ will reduce the oxygen vacancy 
concentration. The influence of the cerium on the peaks at 350 K and 510 K is not directly 
evident. So these peaks are not correlated to oxygen vacancies. 

4.2 Glow Curves ofGGG.Pr- and GGG:Pr,Ce-Ceramics 

Pr3+ with its ionic radius of 0.99 Ä fits well in the dodecahedral Gd3+-site (1.05 Ä). Also 
Ce     (0.97 A) fits better on the A-site than on the smaller B-site. 

site 
e.g. GGG 
coordination to oxygen 
site symmetry 
radii for GGG [Ä] 
radii of dopants [Ä] 

A3 

Gd3 

8 
dodecahedral 
Gd3+ 1.05 
Ce4+ 0.87 
Ce3+ 0.97 
Pr3+ 0.99 
Bi3+ 1.17 

B2 

Ga2 

6 
octahedral 
Ga3+ 0.62 
Cr3+ 0.61 

(C04)3 

(Ga04)3 

4 
tetrahedral 
Ga3+ 0.47 
Cr3+ 0.61 

The glow spectra in Figure 2 show peaks at the following temperatures- 80 K 110 K 
150 K 220 K, 350 K, 480 K and 510 K. The peaks at 80 K, 110 K and 150 K are rather 
low. The dominant peak is that one at 350 K followed by the peaks at 480 K and 510 K. 
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FIGURE 2   Thermoluminescent glow curves of GGG-ceramics doped with Pr3+ showing the influence of Pr 
concentration and Ce codoping. 
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FIGURE 3    Thermoluminescent glow curve of GGG-ceramic doped with 0.027 mol Bi3+. 

The peaks at 350 K and 510 K can also be seen in Figure 1. They are related to traps in the 
GGG host lattice doped with Cr3+. Neither the peak height nor the peak position are 
influenced by the codopant Ce4+. With respect to this fact the incorporation of 
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praseodymium must be detrimental to the host lattice. The Pr-ion on its assumed 
dodecahedral A-site induces deep traps. The peak at 350 K must be related to the very long 
afterglow mentioned in the introduction. Up to now the luminescence mechanism is 
unknown. 

4.3    Glow Curves of GGG.Bi-Ceramics 

Figure 3 shows the glow curve of GGG:Bi. All trap levels have a very high trap 
concentration and the main peaks found in GGG:Cr and in GGG:Pr are active in Bi-doped 
GGG, too. The peaks of the glow curve at 80 K, 110 K, 150 K and 220 K correspond to 
traps related to a high oxygen deficiency. High glow peaks at 350 K and 480 K, and two 
additional peaks at 570 K and 610 K reveal a high concentration of deep traps. Assuming 
Pr + to be detrimental to the GGG host lattice, we see in Figure 3 that Bi3+ is even worse. 
This material has a long intensive afterglow which has been published together with a 
model for the luminescence mechanism. 

5    CONCLUSIONS 

An ideal gadolinium gallium garnet single crystal is at room temperature an electrical 
insulator and is transparent. The band gap was measured by light absorption at 250 nm 
giving an energy gap of 4.96 eV.5 Therefore electronic transitions from the valence band to 
the conduction band do not occur in the visible wavelength range. After X-ray irradiation 
of a sample at low temperatures most of the traps are filled with charge carriers. By slowly 
heating up this sample the electrons gradually move around and find a recombination 
centre. Summarising, all GGG samples show thermoluminescent glow curves with a peak 
at 350 K but in different heights. Related to these peaks at least one charge trap in the host 
lattice was found to be responsible for the same afterglow properties of all differently 
doped samples. Pr3+ enhances the activation of this trap level corresponding to a glow 
peak at 350 K. res 

The measurement of this thermal stimulated light emission has proven to be a suitable 
tool for relating the energy depth of traps to the respective temperature. The height of the 
glow peaks corresponds to the trap concentration at a certain energy level in the forbidden 
band gap. 

The trap concentration and the necessary ionisation energy for trapped electrons give 
important information concerning the afterglow of the investigated luminescent material. 
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Investigations of the luminescence decay of Ce*. and Tb^-ions in solid solutions of the system 

S"X_y ^yJ 4)a were
s
camed out at 298 K and 10 K using a laser pulse spectrometer or synchrotron 

radiation as excitaton sources. A comparison of the decay times determined in me host absorption range (160 Z 

Sard1 fo'enet; "ifo     "" ^ *"" * <**« ** ^ ** ™^ ^ ^ « di~S 

1    INTRODUCTION 

Solid solutions of potassium lanthanum orthophosphate K3La(P04)2 with analogous 
double phosphates of cerium and/or terbium have been described earlier.1 The structure of 
JeMe,/nT?0U,ndS -iS monoclinic (SG P2i/m) and corresponds to the unit cell of 
K3Nd(P04)2 descnbed by Hong and Chinn2 as a laser material too. Powders and single 
mixed crystals of the system K3La,_x_yCexTby(P04)2 are luminophors of high efficiency 
under UV] excitation and show the characteristic emission of the inserted Ce3+- and 
Tb -ions. The optical properties of these compounds were studied by VUV-and UV/ 
VIS-spectroscopy.3 

Furthermore the luminescence decay of cerium and terbium in the K3La(P04), host 
lattice has been investigated using a laser pulse spectrometer or synchrotron radiation as 
excitation sources. This paper presents the results of the measurements. 

2   EXPERIMENTAL 

The samples have been prepared from stoichiometric mixtures of KHC03 RE203 

(RE = La, Ce, Tb), and (NH4)2HP04 at 1300 K (powders) or were grown from a flux of 
K4P2O7 (crystals). 

The investigations of the luminescence decay of Tb3+-ions were carried out using a 
?TC°^ f^r PUlSC sPectrometer (Aexc = 337.1 nm; pulse duration < 500 ps) based on 
A ™J^fntl?m r wissenschafÜichen Gerätebau der Akademie der Wissenschaften 
der DDR) by direct excitation in the Tb3+ levels. The measurements were completed by 
excitation in the host lattice absorption range (160 nm) using synchrotron radiation at the 
experimental station SUPERLUMI5 of the DORIS storage ring of HASYLAB at DESY 
The pulse duration was approximately 130 ps. 

The fast decay of Ce3+-ions was also determined by using synchrotron radiation and the 
equipment of the HIGITI experimental station.6 

3    RESULTS AND DISCUSSION 

3.1 Luminescence decay ofTb3+-ions in K3RE(P04)2 

The transient luminescence of Tb3+-ions measured using the LIS 200 and synchrotron 
radiation    was    determined    for    the    transitions    5D3,

5D4-
7F5    in    the    systems 
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FIGURE 1 Lifetime of the 5D4-
7F5 transition in K3La,^Tby(P04)2 (curve 1) and K3I^75-y<>,25Tby(P04)2 

(curve 2) and the lifetime of the 5D3-
7F5 transition in K3U1_yTby(P04)2 phosphors as a function of the molar 

fraction y (excitation at 337 nm). 

K3Lai_vTby(P04)2 (0.002 < y < 1), K3Lao,75-yCeo,25Tby(P04)2 (0.002 < y < 01) and 
K3Cei vTby(P04)2 (0.002 < y < 1) for powders and also some crystals (see Table I, 
Figure 1) In general it could be found that the depopulation of the 5D3 level of the Tb - 
ion occurs very rapidly but the depopulation of the 5D4 level is a little delayed because the 
maximum population of this level is only reached after about 1 ms. Both transient 
processes show an exponential decay. 

The lifetimes of the 5D3-
7F5 (410.5 nm) and the 5D4-

7F5 (543.5 nm) transitions of the 
Tb3+-ion were determined in dependence on the molar fraction y of the Tb content 
According to the general statement for compounds with a molar fraction y > 0.01 a rapid 
decrease of the 5D3-

7F5 lifetime was observed. This fact can also be proved by a change ol 
the emission colour of the compounds from blue to green with increasing y. Cross 
relaxation processes due to Tb3+-Tb3+ ion interactions lead to a quick depopulation of D3 

levels at higher terbium concentrations by participation of the ground term multiplet  hj. 
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nGVRE 2   Decay curves of K3Lao,9Ce0,, (P04)2 (curve 1) and K3La0,65Ce0,ITb0,25(PO4)2 (curve 2) at about 

K3Lao.75_vCe0,25Tbv(P04)2 as well as K3Ce^vTby(P04), K3La,_vTbv(P04)2, 

TU-, ■ Table I 

Terbtu. *°^%^^^^.»r« at 300 K and about 10 K for the terbtu, 
 4     5 K i3 nm> ana  ui- F5 (545 nm), exc. 160 nm (SUPERLUMI) 

compound 

crystals 

5D3 

300 K 

T2 

,US [%] 

5D4 

73 

ms 
= 0,1 

0,4 
1,0 

-U3 

n 

12.4[10]   1026[90] 
0.5[2]     536[98] 

ss 10 K 

T~2 

//S {%] 
T3 

ms 

4.08 
3.3 

3.09 

27.3[22]    849[78]      4.08 
27.6[26]    418[74]       3.3 

3.2 Transient luminescence of Ce3*-ions in K3RE(P04)2 
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Table n contains some results of lifetime measurements of different orthophosphate 

«X^S^ÄSr^P«^ ZEIT« supposing an exponential 
behaviour; the measured curve was fitted with up to three exponential curves. 

In general it could be observed: 

- cerium doped phosphors have short decay times in the ns-range, the corresponding 

transitions 5d - 4f are parity and spin allowed comnounds 
- the decay time of the cerium ions in the system K^La^Ce^PO^ is in all compounds 

ahout 20 ns and nearly independent on the Ce3+ concentration 
- fieramre dependence on the cerium lifetimes (at about 10 K the decay times of all 

compounds are a little increased) ... „■ ,, , fot,tor 
- nTrium, terbium compounds the decay time of the Ce^emission^ts essenUaUy fegs 

than in KsLa^Ceo,, (P04)2 or K3Ce(P04)2 at RT as well as at about 10 K, a fact 
caused by cerium—terbium energy transfer (see Table II, Figure I) 

u    u     w^cpFfpal   (RF=La Ce Tb) measured at 300 K and about 10 K; 
Cetiutn ^^^<g^™^^£* [Ration on yield in * 

compound n 
300 K 

T~2 

ns [%] 
TZ n 

« 10 K 
T2 

ns [%] 
T3 

K3Lao,9Ceo,i(P04)2-powd. 5.1[5] 21.6[88] 101 [7] 1.2[1] 23.5[86] 168[13] 

K3Lao,65Ceo,iTbo,25(P04)2 

cryst. 
powd. 

1.5[18] 
3.4[51] 

9.7[34] 
8.5[37] 

57 [48] 
209[12] 

2.1[17] 
3.9[38] 

26.1 [30] 
17.9[50] 

186[53] 
200[12] 

K3Ce(P04)2-powd. 

K3Ceo,7Tbo,3(P04)2-powd' 

8.6[13] 

2.5[93] 

21.4[84] 

9.9[4] 

65[3] 

126[3] 

2.7 [2] 

3.1 [48] 

21.2[91] 

14.7[43] 

176[6] 

168[9] 

In all cases shorter and longer decay times could be found; the longer times could only 
be determined relative inaccuratly. 3+       t 

Further information could be received by time resolved measurements of Ce -spectra 
usingf t me ga™for shorter and longer times (see Ref. 3 2). The short time^atoto» f 
S6 nm emission of the cerium ion corresponds to the ^^^^^ 
spectra. The time-delayed cerium excitation spectrum confirms the characteristic 
aWrntion edse at 160 nm of the orthophosphate host. 

ZTfluence ofthe orthophosphate host absorption on the decay time of Cg- and 
Tb3+ ions and the following energy transfer from the host to the Ce3+- and Tb - ons 
c^uldte proved Gnerally me decay times for an excitation in the host are »tower than 
those measured for the Ce3+- and Tb3-- ion levels. The work will be continued. 
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