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Luminescence and energy transfer properties of Gd2Ti20, : Eu and Eu2Ti207 are reported. Transfer 
between unperturbed (intrinsic) Eu3+ ions and perturbed (extrinsic) Eu3+ ions has been observed. At 
low temperatures the emission spectra of EurTirO, are dominated by trap emission, due to direct 
energy transfer from the intrinsic Eu 3+ ions to the extrinsic Eu3+ ions. Above 10 K energy migration 
among the Eu3+ ions to quenching centers occurs. The interaction between the Eu3+ ions is probably 
exchange in character. The nature of the extrinsic Eu 3+ ions has been elucidated. D 1986 Academic PRSS, 

Inc. 

1. Introduction 

In the course of our investigations on 
two-dimensional, concentrated Eu3+ sys- 
tems, we recently reported on the energy 
migration properties of NaEuTi04 (I ), 
Eu202S04 (2), and EuOCl(3). It was shown 
that for these compounds concentration 
quenching occurs down to 1.2 K. The de- 
cay characteristics of the Eu3+ emission 
point to anisotropic energy migration 
among the Eu3+ ions to quenching centers. 
The anisotropic energy migration behavior 
can be explained by the fact that the Eu3+ 
ions form double layers perpendicular to 
the c axis in these compounds. The nearest- 
neighbor distance between Eu3+ ions in the 
layers is approximately the same for the 
three systems, viz. 3.7 A. 

Although energy migration among the 
Eu3+ ions has been observed down to 1.2 
K, we were not able to elucidate the char- 
acter of the Eu3+-Eu3+ energy transfer in- 

teraction. The theory for the energy trans- 
fer process was initially developed by 
Forster (4) and later extended by Dexter 
(5). For the case of multipolar coupling the 
energy transfer probability depends on the 
probability of the multipolar transitions on 
the ions involved. For Eu3+ at low tempera- 
tures the only resonant transition giving 
rise to energy transfer is 5D~ %z ‘FO. The 
strongly forbidden nature of this transition 
explains the fact that no energy migration 
among Eu3+ ions can be observed in several 
concentrated Eu3+ systems at low tempera- 
tures [see, e.g., Refs. (6, 7)]. 

There are two possible explanations for 
the observation of energy migration at low 
temperatures in the three compounds men- 
tioned above. It is known that in some com- 
pounds the ADO G ‘FO transition is not 
strictly forbidden (8-11). This can be ex- 
plained by the presence of a linear crystal 
field at the europium site in these com- 
pounds (12, 13). Since in these three com- 
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pounds the Eu3+ ions are incorporated on 
sites with a linear crystal field, the 5Do % 
7Fo selection rule is lifted, and energy 
transfer between Eu3+ ions via multipole- 
multipole interaction may be expected. 
However, another explanation for the ob- 
servation of energy migration at low tem- 
peratures is, that due to the relatively small 
distance between the Eu3+ ions, energy 
transfer occurs via exchange interaction. 

The aim of the present investigation is to 
study the energy migration behavior in a 
concentrated Eu3+ compound, in which the 
Eu3+ ion occupies a lattice site with a center 
of symmetry, and in which the nearest- 
neighbor distance between Eu3+ ions is 
again -3.7 A. In this case all electric-dipole 
transitions are forbidden, so that energy 
transfer between Eu3+ ions via multipole- 
multipole interaction is impossible at low 
temperatures. Such systems can contribute 
to the knowledge about the energy transfer 
interaction between Eu3+ ions with a short 
separation. 

We investigated the luminescence and 
energy transfer properties of Gdi.98 
Eu0.02Ti207 and Eu2Ti207 in which only 
one crystallographic site is available for 
Eu3+. The site symmetry is &, i.e., the 
Eu3+ ions are on a center of symmetry. The 
nearest-neighbor distance between the 
Eu3+ ions in EuzTi207 is -3.6 A. The lumi- 
nescence properties of GdzTi207 : Eu were 
described in Refs. (24, 15). The lumines- 
cence properties of the concentrated com- 
pound have not been reported. 

Eu2Ti207 represents a family of com- 
pounds isostructural to the mineral pyro- 
chlore, (Na,Ca),(Nb,Ta),O,(F,OH). The 
crystal structure of rare-earth pyrochlores 
has been investigated by several authors 
(17, 19), and can be described in several 
different ways. Knop (17) described it as a 
network structure of corner linked Ti06 oc- 
tahedra with the rare-earth ions filling the 
interstices. Aleshin (20) described it on ba- 
sis of an anion-deficient fluorite unit cell, 

while Sleight (21) described it as interpene- 
trating networks of Ti06 octahedra and 
RE20’ chains, where 0’ indicates the oxy- 
gen ions which are coordinated to the rare- 
earth ions only. It has been shown that the 
former is more stable and forms the “back- 
bone” of the structure (22). The RE3+ ions 
are eight-coordinated and are at the center 
of a puckered hexagonal ring (chair form) of 
six 02- ions. Normal to the mean plane of 
this hexagon is a pair of 0’ ions. This 
results in a site symmetry D3d for the RE 
ions. Figure 1 shows the crystal structure of 
Eu2Ti207. 

2. Experimental 

All measurements described below were 
performed on powdered samples. The com- 
pounds were prepared in two different 
ways. On the one hand, they were prepared 
by firing intimate mixtures of Gd203, 
Eu203, and Ti02 for several periods (6 hr at 
105O”C, 10 hr at 12OO”C, and 2 hr at 1450°C). 
On the other hand, they were prepared by 
dissolving the rare-earth oxides and Ti02 in 

FIG. 1. Crystal structure of europium titanate 
(Eu9,0,). Open circles, O*-; hatched circles, Ti4+; 
dotted circles, Eu3+. 
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HCl. By adding concentrated ammonia the 
hydroxides were precipitated. The resulting 
powder was fired in air in a quartz ampulla 
at 400°C for 5 hr and at 900°C for 1 hr. Fi- 
nally, it was fired under O2 atmosphere 
(3 x lo3 Torr) for 4 hr at 1000°C. The re- 
sulting products had a white color, and 
were checked by X-ray powder diffraction 
using CL&~ radiation. The diffuse re- 
flection spectra were recorded using a 
Perkin-Elmer UV/VIS spectrophotom- 
eter (Lambda 7). The setup for the other op- 
tical measurements has been described in 
Refs. (I, 2). 

3. Results 

3.1. Spectral Properties 

The excitation spectrum of the Eu3+ 
emission of Gd1.98Eu,,0ZTi207 consists of 
lines and a broad band with a maximum at 
300 nm. In the excitation spectrum of the 
Eu3+ emission of Eu2Ti207 two broad bands 
can be distinguished with maxima at 300 
and 320 nm. At low Eu3+ concentrations the 
band corresponds to the absorption of the 
exciting radiation by the Ti06 groups fol- 
lowed by energy transfer to Eu3+. In the 
concentrated compounds the charge-trans- 
fer band of the Eu3+ ion can be observed 
separately (I, 23). 

Due to the center of symmetry at the 
Eu3+ site all electric-dipole transitions are 
strictly forbidden, and only the magnetic di- 
pole transition 5D0 + ‘F1 is expected in the 
emission spectrum of Gd1.98Eu0,02Ti207. 
The emission spectra of Gd1.98Eu0.02TiZ07 
after excitation into the 5D, level at l&977.5 
cm-l show two main peaks in the 5D0 + ‘F, 
spectral region. The magnetic dipole transi- 
tion 5Do + ‘Fl is split, since the ‘F1 level 
splits into a singlet and a doublet under D3d 
symmetry. In addition to the peaks corre- 
sponding to the 5D~ + ‘F, transition, weak 
peaks can be observed in the region where 
the 5D~ + ‘F2 emission is to be expected. 

The appearance of these peaks was also re- 
ported in Ref. (14), where they were as- 
signed to vibronic transitions. However, 
their intensity increases for decreasing tem- 
peratures. Also in the 5D0 --f ‘F1 spectral 
region weak peaks can be observed in the 
vicinity of the main peaks. This is illus- 
trated in Fig. 2, which shows the emission 
spectrum of Gdi.98Eu0.02Ti207 after selec- 
tive excitation into the 5D1 level at 18,977.5 
cm-‘, recorded at 4.2 K in the 5Do + ‘FI 
spectral region. The presence of these so- 
called satellite peaks suggest that there are 
different types of sites for the Eu3+ ions. 

In order to obtain information on the dif- 
ferently surrounded Eu3+ ions we recorded 
the excitation spectra for the 5D~ + ‘F, 
main emission line (589.3 nm) and a satellite 
line (593.8 nm) of Gd1.98Eu0.02Ti207 in the 
‘Fo + 5Di spectral region at 4.2 K (see Fig. 
3). The excitation spectrum of the main line 
at 589.3 nm consists of two sharp lines at 

Axa, I- , 
600 596 592 

- h(nm) 

FIG. 2. Emission spectrum of Gd1.98Eu,,MTiZ07 upon 
excitation into the WI level (at 18,977.5 cm-‘) of the 
Eu3+ ions, recorded at 4.2 K in the 5D0 + ‘F, spectral 
region. 
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518.8 (not shown in Fig. 3a) and 526.9 nm, 
corresponding to the 'F,-, --, 5D1 transition 
on the unperturbed (intrinsic) Eu3+ ions, 
and a weak line at 526.4 nm, which is prob- 
ably due to a small amount of second 
phase. The Iinewidth of the main peak at 
526.9 nm is 2 cm-r. The excitation spec- 
trum of the satellite line at 593.8 nm shows 
the same main lines, but also various satel- 
lite lines (see Fig. 3b). The broadening of 
the lines is due to a lower resolution of the 
optical equipment because of the low inten- 
sity of the emission. The occurrence of the 
main excitation peaks at 5 18.8 and 526.9 nm 
seems to point to energy transfer from the 
intrinsic Eu3+ ions to the perturbed (extrin- 
sic) Eu3+ ions. Since the 'Fo --) 5Dr transi- 
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FIG. 3. Excitation spectra of the emission of 
Gd1.~Eu,,.02Ti207, recorded at 4.2 K in the ‘FO + ‘DI 
spectral region. (a) Emission wavelength 589.3 nm; (b) 
emission wavelength 593.8 nm. 
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FIG. 4. Emission spectra of Gd1.9%Eu0.0ZTi207 in the 
Q, --, ‘F1 spectral region at various temperatures. Ex- 
citation is into the sDI level of extrinsic Eu3+ ions 
(527.8 nm). 

tion can at the utmost split into three lines, 
the number of lines observed in the 'Fo --, 
5Dr region (eleven) points to at least four 
different sites for the Eu3+ ions. 

We used a tunable dye laser to excite se- 
lectivity the extrinsic. Eu3+ ions with the 
'F. --* ‘Dr peak at 527.8 nm. Figure 4a 
shows the emission spectrum in the sD~ + 
?F, spectral region recorded at 4.2 K. It is 
clear that the number of peaks as well as 
their positions differ from those in Fig. 2. 
The peaks corresponding to the intrinsic 
emission at 589.3 and 597.8 nm cannot be 
distinguished. With increasing tempera- 
tures the shape of the emission spectrum 
changes, which is illustrated in Figs. 4b and 
c . At 60 K the intrinsic emission dominates, 
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which is probably due to thermally acti- 102O cme3) for the concentration of extrinsic 
vated energy transfer from the extrinsic ions. 
Eu3+ ions to the intrinsic Ed+ ions. The emission spectra of Eu2Ti207 after 

Due to the low absorption strength of the excitation into the sD1 level of the intrinsic 
‘FJ + 5DJ, transitions, the recorded diffuse Eu3+ ions, recorded at low temperatures, 
reflection spectrum of Gd1.98E~.02Ti20j are dominated by emission from extrinsic 
does not allow reliable interpretation. Fig- Eu3+ ions. Emission peaks can be observed 
ure 5 shows the diffuse reflection spectrum in the 5Do + 7F~, sD~ + 7F1, and 5D~ + 7F~ 
of Eu2Ti207, recorded at 300 K. The two spectral regions. The domination by extrin- 
main peaks in the 7F~ --f 5D1 spectral region sic emission is illustrated in Fig. 6a, which 
at 527 and 519 nm correspond to the ‘Fo --, shows the emission spectrum in the sD~ + 
5D1 transition on the intrinsic Eu3+ ions. 7F1 spectral region, recorded at 1.2 K. The 
The three peaks indicated by arrows coin- hatched peak at 589.6 nm corresponds to 
tide with the excitation lines of the extrin- the 5Do + ‘F, transition on the intrinsic 
sic emission (see above) and are therefore Eu3+ ions. The emission spectra show a 
ascribed to absorption by the extrinsic ions. strong temperature dependence, which is il- 
If an equal absorption strength is assumed lustrated in Figs. 6b and c. Above -35 K 
for the ‘F. + 5D1 transitions of the Eu3+ the emission spectra consist mainly of the 
ions at different sites, the concentration of peaks corresponding to the 5Do -+ 7FI tran- 
extrinsic ions can be estimated from the dif- sition on the intrinsic Eu3+ ions. At 1.2 K 
fuse reflection spectrum. This assumption the concentrated samples give a bright lu- 
is not unreasonable, since we are dealing minescence. Above 10 K the intensity of 
with a magnetic-dipole transition, of which the luminescence decreases rapidly. At 
the probability is expected to vary only room temperature the intensity of the lumi- 
slightly with the variation of surroundings. nescence of the concentrated samples is 
From the diffuse reflection spectrum we ob- less than that of the diluted one, indicating 
tamed an estimate of -4 mole% (i.e., 6 x strong, temperature-dependent concentra- 
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FIG. 5. Diffuse reflection spectrum of Eu2Ti207 recorded at 300 K. 
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FIG. 6. Emission spectra of Eu2TiZ07 in the ‘Do -+ 
‘Fr spectral region at various temperatures. The peaks 
corresponding to the emission from intrinsic Eu’+ ions 
are hatched. 

tion quenching of the luminescence. The 
quenching behavior above 10 K accounts 
for the broadening of the lines in Fig. 6c, 
which is due to a lower resolution of the 
optical equipment. Apparently the extrinsic 
ions trap the excitation energy at low tem- 
peratures. The traps are emptied at higher 
temperatures, whereupon the emission is 
quenched. 

Figure 7a shows the excitation spectrum 
of the intrinsic 5D0 --, 7F1 emission at 589.6 
nm, in the 7Fa --, 5D1 spectral region at 1.2 K. 
In addition to the intrinsic excitation peak 
at 526.9 nm, other peaks can be distin- 
guished in the excitation spectrum. The oc- 
currence of the relatively intense peaks in 
the region 526.5 to 526.8 nm is probably due 
to the overlap of the intrinsic and extrinsic 
emission peaks (see Fig. 6a). However, the 

increase of the relative intensity of the 
peaks in the region 527 to 530 nm with in- 
creasing temperature (see Fig. 7b) suggests 
thermally activated energy transfer from 
extrinsic Eu3+ ions to intrinsic Eu3+ ions, 
similar to the diluted system (see Fig. 4). 
Figure 7c shows the excitation spectrum of 
the main extrinsic emission peak at 591.5 
nm, recorded at 4.2 K. 

3.2. Time Dependence of the 
Luminescence 

The decay characteristics of the 5Do 
emission were investigated as a function of 
temperature both for Gdr.%E&.02Ti207 and 
Eu2TiZ07. For the diluted system the decay 
curves of the intrinsic emission after excita- 
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FIG. 7. Excitation spectra of the emission of 
Eu2Ti20, recorded in the ‘FO + sD1 spectral region (a) 
at 1.2 K for emission wavelength 589.6 nm; (b) at 4.2 K 
for emission wavelength 589.6 nm; (c) at 4.2 K for 
emission wavelength 591.5 nm. 
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tion into the 5D1 level of the intrinsic Eu3+ 
ions show an initially nonexponential part, 
followed by an exponential tail, with a tem- 
perature-independent decay rate of 247 
set-I. Under the same excitation condi- 
tions the decay curve of the extrinsic emis- 
sion at 593.8 nm, recorded at 4.2 K, shows 
a buildup, eventually followed by an expo- 
nential tail. The decay rate derived from 
this exponential part is 521 set-I. The de- 
cay rate increases and the buildup becomes 
faster with increasing temperature. The in- 
creasing decay rate is ascribed to back- 
transfer from extrinsic Ed+ ions (see 
above). Figures 8 and 9 show the decay 
curves of the intrinsic emission of Eu2Ti207 
after excitation into the 5D~ level of the in- 
trinsic Eu3+ ions, at various temperatures. 
At low temperatures the decay curves of 
the intrinsic emission consist of an initially 
nonexponential part, followed by an expo- 
nential tail (see Fig. 8). The decay rate of 
the exponential part was 800 set-1 at 1.2 K. 
With increasing temperature a faster decay 
is observed in the initial part (see Fig. 9). 
The contribution of the exponential part in- 
creases up to -7.5 K, above which it de- 
creases rapidly. 

The decay curves of the emission from 
the 5D~ level of the extrinsic Eu3+ ions upon 
excitation into the 5D1 level of the intrinsic 

TIME lms)- 

FIG. 8. Decay curve of the intrinsic Eu3+ emission 
(589.6 nm) in Eu2TiZ07 recorded at 1.2 K (ext. 526.9 
nm). Drawn curve presents fit discussed in the text. 
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FIG. 9. Decay curves of the intrinsic Eu3+ emission 
(589.6 nm) in Eu2Ti207 at various temperatures (ext. 
526.9 nm). The drawn and broken curves present fits 
to different models as discussed in the text. 

Eu3+ ions in Eu2Ti207 show a temperature 
dependent buildup. This effect is illustrated 
in Fig. 10, which shows the decay curves of 
the extrinsic emission at 4.2 and 7.5 K. 
Above 10 K the buildup could not be ob- 
served under the experimental conditions 
applied. The tail of the decay curves could 
be approximated by a single-exponential up 
to -5 K. The decay rate obtained from the 
decay curve recorded at 1.2 K is 770 see-I. 
The decay curves presented in Fig. 10 give 
the most convincing demonstration that en- 
ergy transfer from the intrinsic Eu3+ ions to 
the extrinsic ones occurs. 
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FIG. 10. Decay curves of the extrinsic Eu3+ emission 
(591.5 nm) after excitation into the sDI level of the 
intrinsic Eu3+ ions (ext. 526.9 nm) at 4.2 and 7.5 K. 
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4. Discussion 

From the measurements on the diluted as 
well as on the concentrated compounds it is 
clear that emission from Eu3+ ions on dif- 
ferent types of sites occurs. Though the 
emission from extrinsic Eu3+ ions is only 
very weak in the emission spectra of 
Gdi.98E&.02Ti207, it dominates the emission 
spectra of Eu2Ti207 at low temperatures. 
The existence of different types of sites for 
Eu3+ in pyrochlore compounds has been in- 
vestigated by Faucher and Caro (24). It was 
shown that emission from differently sur- 
rounded Eu3+ ions could be observed in the 
emission spectrum of Eu2Zr207. No emis- 
sion spectra of Eu2Ti207 were presented, 
which is probably due to the strong concen- 
tration quenching which has been reported 
to occur in most concentrated pyrochlore 
rare-earth titanates (25). The occurrence of 
different sites for the Eu3+ ions in zircon- 
ates was ascribed to anion disorder, which 
is consistent with the observation of anom- 
alously broad lines in the Raman spectra 
(26). The presence of different lattice sites 
for rare-earth ions in pyrochlore titanates 
has also been reported for GdzTi;?O, : Nd3+ 
(27). 

We recorded Raman spectra for 
Gdi.9sEuO.OZTi207 and Eu2Ti207, and ob- 
served broad lines (Ail2 - 65 cm-*), compa- 
rable to those observed for the zirconates. 
Since no anomalous behavior was observed 
in the X-ray spectra of our compounds, this 
points to anion disorder in the compounds 
under study. The two different methods of 
synthesis lead to the same results. The exis- 
tence of a seizable amount of anion disor- 
der can be explained by the fact that in a 
pyrochlore unit ceil there are eight (a) sites 
and eight (b) sites for eight 0’ ions. In the 
ideal pyrochlore structure all 0’ ions are 
incorporated on the (a) sites (see Fig. 1). 
The observation of anion disorder is proba- 
bly due to the occupation of (b) sites by 0’ 
ions. This would result in vacancies on the 

(a) sites by which the symmetry of neigh- 
boring Eu3+ ions is lowered from D3d to C3,. 
This explains the observation of the jDO + 
‘Fo emission in the spectra of Eu2Ti207, 
since this transition is not strictly forbidden 
for C3” symmetry (22, 13). An anion va- 
cancy will also affect the surroundings of 
next-nearest-neighbor Eu3+ ions, so that 
different types of extrinsic Eu3+ ions can be 
expected. Also the 0’ ions on (b) sites will 
result in the presence of perturbed Eu3+ 
ions. 

Transition metal ions are potential im- 
purities in titanium oxide. Some of these 
ions are well-known quenchers of the 
Eu3+ emission, as might be the case for 
EuZTi207. Another possible quenching cen- 
ter could be Eu2+. 

From the luminescence spectra of 
Gd1.9sEu,nTi207 it is clear that energy 
transfer between the intrinsic Eu3+ ions and 
the extrinsic Eu3+ ions occurs. The shape of 
the decay curves of the emission from the 
intrinsic and the extrinsic Eu3+ ions after 
excitation into the sD1 level of the former 
can be explained in terms of this transfer. 
The initial part of the decay curves of the 
intrinsic emission recorded at low tem- 
peratures could be approximated by an 
exp(-aP2) dependence, which is expected 
for the case of direct energy transfer with- 
out back-transfer (28). The direct transfer 
model predicts an exponential tail with a 
decay rate equal to the radiative rate. Be- 
low, we assume the radiative decay rate of 
the intrinsic Eu3+ emission in Gd2Ti207 : Eu 
equal to the decay rate derived from the 
exponential tail of the decay curves of the 
intrinsic Eu3+ emission of Gd1.98Eu,-,.02Ti207 
(247 see-‘). 

The effect of energy transfer from the in- 
trinsic Eu3+ ions to the extrinsic Eu3+ ions 
is obviously more drastic in Eu2Ti207 than 
in Gdl.98Euo.02Tiz07. As stated above, the 
decay curves of the intrinsic Eu3+ emission 
in Eu2Ti207 recorded at low temperatures 
approached also a single-exponential a long 
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time after the pulse. Since the exponential 
tails of the decay curves correspond to a 
decay rate which is much faster than the 
radiative rate of the intrinsic emission, di- 
rect transfer to extrinsic ions can be ruled 
out as the only transfer mechanism. If we 
assume energy migration among the intrin- 
sic Eu3+ ions, the shape of the decay curves 
of the intrinsic Eu3+ emission in Eu2Ti207 
recorded at low temperatures suggests dif- 
fusion-limited energy migration (29-32). 
However, the decay curves recorded at 
these temperatures could not be fitted satis- 
factorily to the theoretical expressions. 

A comparable decay behavior has been 
observed for the intrinsic Tb3+ emission in 
TbF3 at low temperatures, where trap emis- 
sion dominates also the emission spectra 
(33). The observed exponential tail for the 
decay curves of the intrinsic Tb3+ emission 
in TbF3 was shown to arise from thermally 
activated back-transfer from the extrinsic 
Tb3+ ions to the intrinsic ones. If the expo- 
nential component of the decay curves of 
the intrinsic Eu3+ emission in Eu2Ti207 is 
due to the same process, this would ac- 
count for the stronger contribution of this 
component at 7.5 K, compared to the decay 
curve recorded at 4.2 K. However, an ini- 
tial exponential decay was observed for the 
decay of the intrinsic Tb3+ emission in Tb3+ 
at low temperatures, which is explained by 
rapid energy migration among the intrinsic 
Tb3+ ions (33). Apparently, due to the rela- 
tively high concentration of extrinsic ions 
in Eu2Ti207 compared to that in TbF3 (6 x 
10zo vs 1.2 x lOI cmP3), direct transfer to 
extrinsic ions dominates the initial part of 
the decay curve of the intrinsic Eu3+ emis- 
sion in Eu2Ti207. If we assume that the ex- 
ponential tail of the decay curves recorded 
at low temperatures is due to back-transfer 
from the extrinsic ions, the decay rate ob- 
tained from this tail should correspond to 
the decay rate of the extrinsic emission at 
these temperatures. The comparable decay 
rates obtained from the decay curves of the 

intrinsic and extrinsic emission recorded at 
low temperatures supports this assumption. 
For this reason we tried to fit the decay 
curves of the intrinsic Eu3+ emission in 
Eu2Ti207 to the following expression 

Z(t) = Aexp(-pi,tt - Bt'") 
+ Cexp(-k0, (1) 

where Z(t) is the emission intensity at time 
t, Pint the radiative decay rate of the intrin- 
sic Eu3+ ions (247 set-I), and Pext the sum- 
mation of the extrinsic radiative decay rate 
and the back-transfer rate. It should be 
stated that overlap of intrinsic and extrinsic 
emission peaks also will contribute to the 
second term of Eq. (1). The drawn curves 
in Figs. 8 and 9 represent the best fits ac- 
cording to Eq. (1). 

The discrepancy between the theoretical 
fit and the experimental data in the initial 
part of the decay curve recorded at 1.2 K 
could be due to another type of interaction 
between the intrinsic Eu3+ ions and the ex- 
trinsic Eu3+ ions than the dipole-dipole in- 
teraction assumed in Eq. (1). The only type 
of interaction giving rise to a faster decay 
would be exchange interaction (28), which 
is most likely in view of the strictly forbid- 
den sD~ + 7Fo transition on the intrinsic 
Eu3+ ions. 

The fit for the decay curve recorded at 
7.5 K is less satisfactory. This is probably 
due to the fact that other extrinsic Eu3+ ions 
with a lower trap depth will empty at this 
temperature (see also Fig. 10). 

The initial part of the decay curves re- 
corded above -10 K could not be fitted to 
Eq. (1). As stated above, the onset of the 
luminescence quenching is also at -10 K. 
This leads us to the conclusion that above 
10 K the excitation energy migrates over 
the Eu3+ sublattice to quenching centers. 
Therefore, we tried to fit the decay curves 
recorded above 10 K to the well-known ex- 
pression derived by Yokota and Tanimoto 
(29): 
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Z(t) = 40) exP(-I&t) 

ew L 
-4/3T3’*N,(Ct)“* 

( 

1 + 10.87x + 1550x2 3/4 

1 + 8.743x ) 1 7 (2) 

where x = DC-*mtu3, N, is the quencher 
concentration, C the coupling constant for 
the europium-quencher interaction, and D 
the diffusion constant. N,, C, and D were 
introduced as fitting parameters. The bro- 
ken curves in Fig. 9 represent the best fits 
according to Eq. (2), and were obtained 
with N, = 1.2 x 10” cme3, C = 1 X 1O-37 
cm6 see-l, and D = 9 x lo-i2 cm2 set-i for 
the decay curve recorded at 15.1 K, and N, 
= 2 X lOi cme3, C = 5 x 1O-35 cm6 see-l, 
and D = 3 x lop9 cm2 set-’ for the decay 
curve recorded at 43 K. The relatively high 
values of N, obtained from the fit to the 
experimental data recorded at 15.1 K is 
probably due to the fact that at 15.1 K a 
considerable amount of migrating excita- 
tion energy is trapped by extrinsic ions. 
The obtained values for C and D are com- 
parable to those found for C and D in simi- 
lar systems [see Ref. (3)l. 

In conclusion, we have evaluated the lu- 
minescence and energy transfer properties 
of Gd2Ti207 : Eu and EuZTi207. The lumi- 
nescence spectra of the concentrated com- 
pounds are dominated by emission from 
extrinsic Eu3+ ions, present due to a 
considerable degree of anion disorder. At 
low temperatures the excited intrinsic Eu3+ 
ions transfer directly to the extrinsic ones, 
where the excitation energy is trapped. 
With increasing temperature the extrinsic 
Eu3+ traps empty, whereupon the excita- 
tion energy can migrate through the Eu3+ 
sublattice. The observations suggest that 
energy transfer between the Eu3+ ions oc- 
curs via exchange interaction. By studying 
the interaction in pairs of RE3+ ions, Vial 
and Buisson have shown that the mecha- 
nism of superexchange is effective if the 
distances between the RE3+ ions are short 

(35, 36). The efficiency of this mechanism 
was already observed for GdC13, Gd(OH)3, 
and Tb(OH)3 from exciton dispersion mea- 
surements (37, 38). 
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