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Non-equivalent P s +  centres in Gd3Ga15012 

A Lupeits, H Grosst and P Reichet 
t InstiNte of Solid State Physics, Technical Univenily of Darmstadt, 64289 Damstadt, 

$ Institute for Crystal Growing. Berlin-Adlenhof, Germany 

Received 9 February 1995, in final form I I  April 1995 

Abstract The P?+ spectra of Gd3GasOn Cwchralski-grown crystals, investigated by 
absorption, sibselective excitation and emission and fluorescence decays, shows a complex 
s v U a .  Besides the speeba assigned to P?+ in dodecahedral c sites (Dz local symmetry), dt 
in other sites is also significant. An attempt to assign the most intense lines to svUctural defects 
is made. Three of the most intense satellite lines are assigned to a P?t(e) ion p d e d  by a 
nearby non-stoichiomemc defect (Gd3+ in octahedral D sites) whose concentration is estimated 
to be about 7%. The spectra for perturbed Pr3+ centres show additional lines mnnected with 
a reduction in local symmeuy. Two other lines have been assigned to d C ( c ) - d + ( c )  pairs. 
The emission decays are almost exponential with similar lifetimes, except one that presents 
a very strong quenching. This line has been assigned to smngly coupled P?+(c&dt(c) 
nearest-neighbour pairs. The influence of pair quenching on the relative quanhlm efficiency of 
'Po emission is also estimated. 

1. Introduction 

The spectroscopy of the P?+(4f) ion in various crystals has received increased attention 
in the last few years owing to the demonstration of the potentiality of these systems as 
laser active media [l-31 for visible emission. Spectral studies on P?" in garnets refer 
especially to the determination of the energy level schemes of the main centre, i.e. P?+ 
in dodecahedral c sites of local Dz symmetry [4,5] and characteristics of up-conversion 
processes [6,7]. 

The multisite structure of *+ has also been investigated in Y3A15012 (YAG) crystals 
[8,9] and recently [IO] in Y3Ga50t2 (YCC). The studies on YAG refer to Czochralski- 
grown crystals; three different sites (including the main site) have been initially observed 
[SI and subsequently [9]  a very complex structure has been reported in the analysis of 
the 'Dz. emission by pumping in higher Stark levels of the same multiplet. Two different 
environments have been found recently [IO] in YGG Pr3+, one of them being a minority site, 
having a very complex spectrum and assigned to a 'non-garnet' site of Cz local symmetry. 
The elucidation of the P?+ multisite structure in garnets is important not only for the 
structural information that could be obtained but also since it might provide data on the 
P?+-Pr3+ interactions, energy transfer processes including the up-conversion mechanisms, 
etc, as has been demonstrated for other rare-earth ions in garnets. 

This paper reports the data concerning the P$+ multisite structure in Gd3Ga5OI2 (COG), 
Czochralski-grown crystals. High-resolution transmission, integral excitation spectra, site- 
selective excitation and emission spectra and lifetime measurements have been performed 
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at low temperatures. The analysis refers especially to the multisite structure of 3PI and 3 P ~  
and partially to ‘Dz multiplets. In the analysis of the data, previous results on the nature 
of the multisite structure of other RE3+ (RE = rare earth) ions in garnets have been taken 
into account. Thus, in high-temperature-grown (Czochralski or Bridgman) garnet crystals 
the RE3+ spectra could consist of the following [ I  I]. 

0) The main lines N correspond to RE3+ in dodecahedral c sites of & local symmetry. 
The M lines correspond to various RE3+(c)-RE3+(c) pairs; a concentration 

dependence of the M-to-N intensity rate and generally lower lifetimes than those for isolated 
 RE^+ ions are expected. 

(UI) The P lines are observed mainly in high-temperature-grown (Czochralski or 
Bridgman) garnets. They consist of groups of satellites, whose number depends on spectral 
resolution, RE3f ion, investigated transition or host garnet crystal. Up to three such lies 
have been reported for YAG:Er3+ and CCC:E?+ [ I l l  and YAG:Nd3+ [ I I .  121. These lines 
have been assigned to RE3+ in c sites perturbed by a nearby non-stoichiometric defect (Y3+ 
or Gd3+ in octahedral a sites occupied normally by AI3* or Cia3+). Since this defect depends 
on the growth temperature (it is negligible in flux-grown garnets) and on the garnet type, 
the P-to-N ratio should depend on the crystal and not on the 

(W) The A lines are assigned to RE3’ ions in octahedral sites (of C3 local symmetry). 
(V) Other satellite lines of lower intensities or irregular appearance are present, as was 

concentration. 

observed [ G I 4 1  for Tb3+. Tm3+ or Nd3+ spectra in YAG. 

2. Experiment 

The GGG:Pr3+ single crystal with about 1 at.% P?+ was grown by the Czochralski method. It 
had edges cut along the [001], [I IO] and [ l  IO] directions and polished to optical quality. The 
spectra were taken with the crystal immersed in liquid or gaseous helium. The fluorescence 
was excited with a nitrogen-laser[15]-pumped tunable dye laser (Lambda Physik, FL 2000) 
at a repetition rate of about 30 Hz. Spectral resolution was performed with a 3 m McPherson 
monochromator equipped with a grating with 1200 lines mm-’. The fluorescence signal was 
detected by a photon-counting technique using a cooled photomultiplier (Hamamatsu R943- 
05) and a pc equipped with a multichannel-scalar board (EGBG, ACE-MCS). Absorption 
spectra were taken with a high-pressure xenon arc lamp. 

3. Results 

3.1. 7h”iss ion spectra 

Pr3+ enters predominantly in dodecahedral Gd3+c sites of Dz symmetry (centre N). The 
optical transitions between the Stark singlets characterized by the irreducible representations 
ri of D2 point group are governed by corresponding selection rules, with ri -+ r; forbidden 
transitions for both electric and magnetic dipoles. The position of the lowest Stark levels of 
the ground multiplet 3H4 have been established from absorption and emission measurements 
and confirm the previous published data [5]. By polarized excitation and emission spectra, 
based on the technique developed in [13], we have been able to assign symmetry labels to 
several of them: l(0 cm-’), r3; 2(20 cm-I), rr and 3(37 cm-I), re, if the local axes of 
Dt are defined as in [4]. 

The low-temperature transmission spectra corresponding to transitions from 3& to 
)Po(rl) and 3P,(rz, r3, I‘*) are shown in figure l (a)  and figure 2(a). They contain one 
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and two main lines N', respectively, the superscript denoting the Stark levels in increasing 
energy order. The Stark energy levels of the )PI multiplet and their symmetry labels, as 
given in table 1 (centre N). have been established using the selective polarized excitation 
and emission technique [13] and using the hot band stmcture of absorption and excitation 
spectra as in [SI. The position of the level r3 is different from previous assignments [4,S]. 
The absorption spectra 3H4(I'3) + ]DZ(rl. rz, rl. r3, r4) present four N' lines as allowed 
by selection rules. Two of them, corresponding to transitions 3H4(r3) + 'DZ(r1, rz) to 
the lowest Stark components of IDz, are shown in figure 3. The symmetry labels for the 
'D2 Stark components have been established by the same techniques [4,13]. Besides these 
N lines, associated with allowed transitions from the 3H4(r3) ground-state level, the very- 
low-temperature transmission spectra contain a series of satellites, which are less resolved 
especially in the lines corresponding to transitions to higher Stark levels of 'Dz. At high 
temperatures, hot bands are also observed. 

N 

I I 

20600 20560 20520 

ElcIl-9 

Figure 1. Transmission spectrum at 4.2 K of (a) the 'H4 + 'Po Vansition and (b)  partial 
3 P ~  -+ 3H6 emission on non-selective pumping. 
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Figure 2. (a) Traosmission spectrum for %4 + )PI and (b)  integral excitation spectrum of 
3P0 and 'h emission in the same rrgion excited at 4 3  K. 

Table 1. Stark energy levels of main nonqquivalent P?+ centres in 000 in 3Po and 3Pl 
multiplets. 

3 Po 3 p ~  

Mz 20 592.5 21 147 21 183 21 200 
Pz 20582 21 126 21 174 21 198 
p3 20581 21 112 21 154 21 198 
MI 20578.5 21 120 - - 
SI 20 573.5 21 106 21 132 21 172 
SZ 20571 21098 21 154 21 2.25 
A 20 55 1 21 112 - - 

The satellite structure connected with the 3H4(I'3) + 3Po(rl) transition (figure I@)) 
could be separated into two groups: four rather intense lines (denoted Pi and Mi, for 
arguments which will be given later) within f10 cm-' from the main line N and others less 
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Figure 3. M of the transmission spectrum mrresponding to the 3H4 + 'Dz Vansition at 
4.2 K. 

intense and more shifted lines (Si and A). The intensity of the A line is possibly enhanced 
by a superimposed hot band, but it has been observed at 1.6 K, too. The second derivative 
of the absorption spectrum in figure I (a )  suggests the superposition of two almost equally 
intense lines P2 and P3, a fact demonstrated by site-selective excitation and emission. 

Besides the satellite structure concentrated near the main lines NL and N3, corresponding 
to the allowed 3 ~ ( r 3 )  + 3 ~ l ( r z ,  r4) transitions (figure 2(a)) a series of satellite lines 
between them should be noted. As the high-temperature transmission and the selective 
excitation spectra have shown, this structure is connected to the forbidden 3H4(r3) + 
3Pl(r3) (see table 1) transition for D1 local symmetry; the N line for this transition is 
missing. In the 3Hq -+ 3P1 transition near the NI line, three satellites of almost equal 
intensity (see also the integral excitation spectrum in figure 2(b)) could be assigned to 
P-type lines. 

The resolution of the satellite structure in absorption for the transitions to 'Dz is less 
clear than that for 3 P ~  and 3P1. It is relatively good only for the first two Stark levels 
(figure 3); as a feature of this transition the rather intense line denoted A, shifted by about 
-25 cm-' from the main line NI, should also be noted. 

3.2. Selective excitation and emission spectra 

The excitation spectrum of the integral 3Po and ID2 emissions in the 3P1 absorption region is 
presented in figure 2(b). It reflects with one exception (the MI line that is missing) the main 
features of the transmission spectra. The relative intensities of the main lines and satellites 
are affected by strong absorption of the laser by the main lines N and reabsorption of the 
emitted light; these effects have been used in the selective excitation measurements for a 
better resolution of the satellites. Part of the 3P0 + 3Hq emission at non-selective pumping 
(see below) is illustrated in figure I@). It shows in the region of the 3Po(r,) -+ 3H4(r3) 
transition the same lines as the corresponding absorption (figure I@)), except for the MI  
line. Lines corresponding to the 3Po(rl) -+ 3H4(r4) transitions to the third Stark level of 
3H4 are also observed. The reabsorption of the main line N and the line A' most shifted 
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towards lower energies, which corresponds to the 3P0 + 3H4(3) transition of centre A, 
should be noted. 

Since GGG has large phonons, the excitation from 3Pl is transmitted to 3Po by a fast non- 
radiative decay. The 'PI excitation spectra of satellite lines observed in the 3P0 absorption 
are generally different from that of the N line, as illustrated in figure 4 (the intensity scales 
are not the same and some non-selectivity is also present). The 'PI excitation spectrum of 
3P0 N emission contains two lines (figure 4(a)) corresponding to the NI and absorption 
lines from figure l(a). A characteristic of the excitation spectra of some satellites (Pi and 
Si)  in comparison with that of N is, besides the spectral shifts, the presence of a third line, 
and variations in the relative intensities of the three lines. The spectrum in figure 4(d) 
suggests a superposition of two lines Pz and P3 in 3P0 absorption, a fact proved by emission 
spectra too. Almost no emission was observed (under our experimental conditions), at the 
wavelength of the MI line by tuning the excitation laser over the whole range of the 3PI 
absorption (figure 4(e)). Pumping in the broad and very weak excitation lines (figure 4(e)) 
leads to a non-selective emission of 3P0 which, however does not contain MI. The absence 
of any line in the excitation spectrum related to the MI  line could be explained by a strong 
fluorescence quenching which reduces its lifetime under the temporal resolution of OUT set- 
up, a fact already observed for near-neighbour pairs of Nd3+ in YAG [ I  1,121. The excitation 
spectra of Si satellites indicate the presence of at least two strongly distorted centres. A 
very peculiar behaviour is shown in the excitation spectrum (figure 4(g)) of the A centre 
(the same by detection of either the 'Po or the ID2 emissions). It is quite different from 
those of all other centres. 

The crystal-field components of the 'Po and 'PI levels for various structural centres of 
Pr3+ in GGG as determined from transmission, emission and excitation spectra are given in 
table 1. The determination of positions for all Stark components of the 3Hq multiplet was 
not possible, since the emission spectra for the higher components contain a large number of 
lines possibly due to vibronic @ansitions [8]. The 'Dz emission due to pumping in 'PI has 
also been investigated. The spectral selectivity in this case is partially lost; a characteristic 
of the spectra is that, besides the excited satellite line, they contain in various proportions 
contributions of N and A centres and the decays show rise times. This behaviour needs 
further investigation. 

The 3P0 emission kinetics at 4.2 K show nearly exponential decays with similar lifetimes 
of 15.5-18.5 ps for almost all lines including N whose lifetime is longest, about 18.5 ps. 
The exception is the M I  line whose decay must be very fast, faster than the resolution 
(2 ps) of our set-up. Owing to the short lifetime of the 3P0 level and possible contribution 
of the main line, one cannot give precise values for the lifetimes of every satellite. At the 
beginning of the decays (up to 20 ps), values of 17-18 ps have heen measured for the Pi 
lines, and about 15.5 ps for the Mz line. The decay of the A line is almost exponential 
with a lifetime of about 16 ps. 

At selective pumping in 'PI the 'D2 emission decays present a rise time corresponding 
to the lifetime of 3P0, suggesting a population by non-radiative deexcitation, followed by 
decays with lifetimes varying between 260 ps for N and 200 /LS for the A centre, which is 
the most isolated line and can be precisely determined. 

4. Discussion 

The previous studies concerning the P?+ multisite strtlcture in garnets refer especially to 
YAG and are limited to describing the spectral characteristics of various non-equivalent sites. 
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Figure 4. Selective excitation spectra (at 4.2 K) of various 3P0 -+ 3H4 emission lines in the 
region of the 3H4(r3) --* 3Pi absorption: (a) N; (b) PI: (c) M2; (d )  PZ and P3; (e) MI: (f) S,: 
k) A. 

In this report an attempt is made to connect the non-equivalent sites of Pr3+ in GGG (not 
reported to our knowledge before) to structural data. The observed satellite structure in 
GGG:Pr3+ is intrinsic to the system, since it has been observed in many transitions of the 
Pr3+ ion. The ionic radii of Pr3+ are close to those of Nd3+; therefore one should expect 
similar non-equivalent sites to those observed for YAG:Nd3+ [ I l ,  121, i.e. mainly pairs and 
perturbed centres due to non-stoichiomehic defects (according to previous data [ 111, the 
latter occur in a larger concentration in GGG than in YAG). 

Since in eightfold coordination the ionic radius of Pr3+ (1.14 A) is larger than that 
of Gd3+ (1.06 A), the changes in the crystal field produced by the mutual influence of 
two close P?+ ions in c sites are expected to be quite large and various pairs should 
show up as shifted lines in high-resolution specea. The RE3+ distribution in garnets is 
random so that the probability of pair formation is finite, even at low concentrations. 
The assignment of MI  lines to P?+(c)-Pr3+(c) nearest-neighbour pairs at 3.79 A is very 
likely. The quenching of MI 'PO emission could be produced by a strong short-range ion- 
ion interaction, most probably superexchange. A satellite line whose intensity increases 



5708 A Lupei et a1 

quadratically with increasing P?+ concentration and has a very short lifetime (about 1 p )  
has been also observed in the 'Dz emission of P?+ in YAG [9]. In the garnet structure, 
two close RE3+ in c sites have bonds via oxygen bridges with an angle of about loo", and 
thus the superexchange interaction between them is possible. This is no longer valid for 
the next neighbours situated at 5.79 A. Evidence of P?+ pairs coupled by superexchange 
interaction has also been reported for LaF3 1161 and LiYF4 [17]. A strongly coupled pairs 
model has also been proposed in [18] to explain the behaviour of PI? pairs in CsCdBr3. 
Although no significant quenching has been observed for the other Pr3+ emission lines of 
3Po in GCG, from the analysis of the spectra and from the comparison with YAC:Nd3' [12], 
one can assume that some of the other satellites close to main l i e s  could be connected with 
other Pr3+(c)-PS+(c) pairs. Thus, Mz lines observed in spectra connected with 3Po and 
3P1 multiplets could be related to P?+(c)-Pr3+(c) next-nearest pairs at 5.79 A. Such a pair 
with fluorescence quenching due to a dipola-dipole interaction has been observed recently 
for Nd3+ in YAG [12] but, unlike Nd3+, # + 3 P ~  level emission as observed in various 
crystals [16,19,20] does not present significant concentration quenching at relatively low 
concentrations. By examining the general energy level scheme of P?+ in CGG [51, the most 
probable cross relaxation for 3P0 fluorescence is 

('Po -+ '(34) + (3H4 -+ '(34) (1) 

but only assisted by phonons (figure 5). At the same time, 3H4 + '(34 absorption and 
3 P ~  -+ 'Gq emission lines have very low intensities, both transitions being spin forbidden. 
Therefore this cross relaxation process is expected to be inefficient for distant Pr3+(c) ions 
coupled by multipolar interactions, the transfer rates Wj relatively small and the measured 
lifetimes q for these pairs given by 

would be close to the isolated ion lifetime SO. Therefore, one could have shifted pair lines, 
if the RE3+ ion is large compared with the host ion replaced without a significant change in 
the pair lifetime compared with that of isolated ions, if the emitting level is not involved in 
an effective cross relaxation. The situation is different for the nearest neighbours (lines MI) 
for which one can estimate a lower limit for the transfer rate W, < 4 x lo5 s-I. A strong 
short-range interaction (such as superexchange) could give such large transfer rates. An 
alternative mechanism that could contribute to a fast de-excitation of the strongly coupled 
pairs could be an enhanced multiphonon relaxation between the close-lying energy levels of 
the pair. If the resolution of the experimental set-up is low, such pairs cannot be observed 
and their contribution to the integral fluorescence quenching could be neglected. However, 
it should be considered when the quantum efficiency is estimated as has been discussed for 
YAC:Nd'+ [21]. 

Other energy transfer mechanisms for 3P0 emission time behaviour of P?' in YAG, 
at high temperatures, have been recently proposed [26]; a forward process eP0 -+ 

3H6(8)) + cH4(5) + 'Dz(l)) with an activation energy of 533 cm-] and a backward 
process ('Dz(l) -+ 3H4(2)) + (3&(9) -+ 3P1(2)) with an activation energy of 431 cm-'. 
This process needs further consideration since it assumes a lifetime for the 3Hs level in 
the millisecond region (too large for a gap of only about 2000 cm-' to the 'H5 Pr3+ level 
in YAG) and involves forbidden transitions, if the symmetry label assignments in [4] are 
correct. 



Figure 5. Energy level diagram of F'? in  cc and schematic diagram for 'Pa fluorescence 
quenching. 

A very likely s o m e  of losses for 3P0 main centre emission in GGG is a transfer to the 
A centre by a direct transfer process (3P0 + 3H4(3))~ + e H 4 ( I )  + 3P0)A that is resonant 
and it is effective even at very low temperatures. This way one can explain the observation 
of the A line in ID2 emission, where it is isolated, even at non-selective pumping. The 
maximum of the ID2 emission for the A line at about 40 ps after the exciting laser pulse 
compared with about 55 ps for N lines suggests that this transfer takes place indeed in 
the upper 3P0 level. A further investigation on samples with different Pr3+ concentrations 
would be necessary to clarify the contribution of this effect to the total quenching, since 
A centres represent only a few percent of the total p+ ions. Migration on donors could 
increase the efficiency of this process. 

The analysis of 3P0 global decay is difficult since one should keep in mind several 
facts: the satellite structure, which is non-negligible in GGG, and therefore the system 
is inhomogeneous at low temperatures; the perturbed c e n m  which have slightly lower 
lifetimes; strong absorption and reabsorption effects which increase with increasing 
concentration and affect the emission decay of the main centre no matter which luminescence 
is monitored. 

One could, however, estimate the effect of pair quenching on the integral 3P0 
fluorescence kinetics (if the emission of the whole system is monitored). For a random 
uniform distribution of acceptors, the donor fluorescence kinetics can be written as [19,22] 

where the product describing the energy transfer contribution extends over all i sites 
available to the acceptors, CA is the relative acceptor concentration (which is qual to 
the Pr3+ concentration in this case) and W, is the transfer rate corresponding to the acceptor 
at the site i .  If the transfer rates for i 4 are negligible (W, N 0), the product (3) is 
limited to the four near neighbour. at 3.79 A. The integral decay presents therefore at 
the beginning a time-dependent energy transfer contribution from nearest-neighbour pairs, 
which is a function of transfer rate W,  and concentration CA. This contribution is limited 
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at times of the order of l/Wj. For t >> I /  Wl the integral decay (3) becomes 

Therefore, at long times the decay is exponential with a lifetime so, but it presents a uniform 
concentration-dependent reduction in intensity. If the time resolution f of the experimental 
set-up is low, e.g. 1/ Wf >> t,, the integral fluorescence decay (3) can be also approximated 
by (4) and shows up as a normal exponential decay, the fast drop at the beginning not being 
observed. 

The quenching due to nearest-neighbour pairs would reduce the quantum efficiency. By 
using equation (4), one could estimate a higher limit of the relative quantum efficiency (i.e. 
its reduction due only to the concentration quenching effects of nearest-neighbour pairs) as 

?lr = ( I  - (5)  

For low concentrations, as used in  P?+-doped garnets as laser systems, qr 1: 1 -4CA. This 
approach is valid for all garnets at relatively low Pr3+ contents. At high concentrations 
the contribution of multipolar interactions could be larger and the quenching due to more 
distant acceptors non-negligible. 

The ID2 level is involved in more effective cross relaxations that lead to its fluorescence 
concentration quenching, as the measurements on various crystals [9,16,17,19] have shown. 
A satellite line whose intensity increases quadratically with increasing P?" concentration 
and has a very short lifetime (about 1 ps )  was detected in the 'Dz emission of P?+ in YAG 
[9] and tentatively assigned to the nearest-neighbour pairs. In our experimental conditions 
we have not been able to detect pair lines at this level; the satellite structure is less clear 
and the selectivity is partially lost. 

The three Pi satellites could be assigned to P?+(c)-Gd3+(a) 'pairs', the perturbator 
Gd3+ in octahedral a sites being a non-stoichiometric defect demonstrated by different 
methods, including directly by EXAFS 1231, where Gd3+_02- distances corresponding to 
the octahedral vicinity have been measured. Arguments that a Gd3+(a) defect could lead 
to three different perturbations have been given in several papers I l l ,  121. The hot band 
structure of the main centre N in absorption as well as in excitation spectra has allowed 
us to determine the position of the second 3P1 Stark level of r3 symmetry (table I). This 
assignment is different fTom previous assignments for P?+ in YAG [4] or CCG [SI. The 
excitation spectra of some satellites, including Pi, contain a third line between NI and N3 
in the region where the line corresponding to the forbidden fransition 3H4(i73) + 3P~(r3) 
in Dz should be placed. The additional lines can be interpreted as a transition forbidden in 
D2 but which is forced by a proper symmetry reduction for the given satellite centre so that 
ri + ri transitions become allowed. In fact for any subgroup of D2 all the transitions are 
allowed. 

The reduction in the symmetry of GGG from cubic to a lower symmetry has been 
suggested earlier from x-ray measurements [24]. Our x-ray data on YAG [I21 or GGC show 
indeed very-low-intensity (222) reflections forbidden in cubic Ia3d space group of the 
garnets, but they do not show any preferential [ I l l ]  direction as assumed in [23,24]. This 
indicates that the symmetry reduction is local and is due to randomly distributed defects 
in the [222) planes normally occupied by Cia3+@) ions. These defects are very probably 
Gd3+(u) ions. Therefore, there is a connection between x-ray data that contain additional 
reflections and optical data that present shifted lines for allowed transition and for non- 
Kramers ions, even additional lines corresponding to ri + r, transitions forbidden in ideal 
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garnets. The P-to-N intensity ratio for one satellite. estimated from OUT transmission spectra, 
is about 10%; this value leads (assuming that Gd3+(a) is randomly distributed in the lattice 
and that one such defect determines three lines of equal intensity, as seen clearly in figure 2) 
to a concentration of Gd3+ ions in octahedral a sites of the order of I%, a value similar to 
estimations from other RE3+ spectra in GGG [11]. 

It is difficult to assign the Si lines. The emission and excitation spectra suggest a 
resemblance to the main centre, i.e. they behave like F'?+ in c sites, but strongly distorted. 
One can assume that they result from F'?+(c) by a local distortion introduced by some 
impurities or lattice defects. The centre giving A lines shows quite peculiar spectral 
characteristics: large shifts from N lines, strong absorption and emission in 3Hq ++ ID2 
transition; quite a different excitation spectrum corresponding to the 3P1 level which contains 
almost only one line (figure 4(g)); faster lifetimes than N for both 3Pa and 'Dz emissions. 
A tentative model for this centre which acts as a trap for the 3 P ~  emission of the main 
centre would be F'?+ in a Ga3+ a octahedral site. In undistorted octahedral C3j symmetry, 
the magnetic dipole transitions should dominate the spectra. The analysed transitions do 
not satisfy the magnetic dipole selection rules AJ = 0. k l .  However, owing to the large 
ionic radii difference (p.3+ in sixfold coordination has a radius of 1 A, while Ga3+ a radius 
of only 0.62 A), one could expect a lowering of the symmetry from C3i, leading to electric 
dipole transitions and to a slight reduction in lifetimes. As has been demonstrated in [U] 
such a replacement is possible even for ions with large differences in ionic radii, but in a 
small concentration. 

5. Conclusions 

We have analysed the multisite structure of F'?+ in GGG single crystals which were 
Czochralski grown, by using transmission, selective excitation and emission spectra As 
the spectra have shown (figures 1-4) the structure connected with F'?+ non-equivalent sites 
cannot be neglected in these crystals. The resonant 3H4 U 3Po, 3P1 transitions have been 
especially analysed. Three satellites Pi have been connected with a non-stoichiometric defect 
namely 0d3+ in octahedral a sites, which causes a reduction in the local symmetry of the 
P?+ ions demonstrated by spectroscopic and x-ray data. The concentration of this defect 
was estimated to be about 7%, compared with YAG where the concentration is only about 
2%. A reduction in local symmetry is manifested by additional lines which correspond to 
forbidden transitions in Dz. In the limit of experimental errors the 'PO emission lifetimes 
of these lines at low temperatures are in the range 17-18.5 ps, close to that of the main 
line. The reduction in the lifetimes of the Pi centres could be due either to the energy 
transfer to the main centre or to static perturbations of the crystal fields. Two other sites Mi 
have been assigned to P?+(c)-Pr3+(c) pairs: MI corresponding to nearest neighbours and 
showing a very strong quenching of 3Po luminescence: Mz. which shows a small quenching. 
These data are explained by the ineffcient cross relaxations for 3 P ~  level which could be 
overcome only by a very strong ion-ion interaction such as superexchange that couples 
only the near neighbours. The effect of pair quenching on the relative quantum efficiency 
is also discussed. One cannot assign definite structural models to some of the less intense 
lines (Si and A). Owing to the similarities of Si spectra with those of P?+ in the c site, one 
can assume that they result from a local distortion introduced by some impurities or lattice 
defects. A suggestion is made that the A centre could be connected with P?+ in octahedral 
Ga3+ sites, and an efficient N + A transfer is very likely. 
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