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The luminescence of yttrium-diluted Gd3+ compounds containing efficient trap centers is reported and 
discussed. By using a rough approach it is possible to derive the critical distance for energy transfer 
between Gd3+ ions. This approach implies a critical Gd3+ concentration above which the Gd3+ emission 
is quenched. This concentration can be related to the number of Gd3+ neighbors involved in the energy 
migration process among the Gd3+ ions. It is shown that the critical distance for energy transfer 
between Gd3+ depends on the ionic character of the compound. In fluorides this distance is approxi- 
mately 5 A, in oxides approximately 6.5 A. For Gd3+ ions in oxides on a (nearly) centrosymmetric site, 
this distance is approximately 5 A, as in the fluorides. These latter phenomena can be explained 
concerning the type of interaction between the Gd’+ ions. o 1986 Academic press, IIIC. 

Introduction 

Recently several papers have been pub- 
lished on new efficient luminescent mate- 
rials in which Gd3+-Gd3+ energy migration 
plays an important role (Z-9). In most of 
these materials the Gd3+ ions are excited 
via a sensitizer (Bi3+, Ce3+), whereas the 
excitation energy is trapped by an activator 
(e.g., Tb3+, Eu3+, Dy3+). The Gd3+ sublat- 
tice plays the role of a transport medium for 
the excitation energy. Both the 6Z and 6P 
energy levels of the Gd3+ ion can contribute 
to this transport process. The energy trans- 
fer processes which can occur in these ma- 
terials are presented in Fig. 1. 

The probability for energy transfer be- 
tween two Gd3+ ions depends strongly on 
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the interionic distance. If this distance ex- 
ceeds a critical value, R,, energy transfer 
between Gd3+ ions becomes improbable. 
The average Gd3+-Gd3+ distance can be in- 
creased by replacing part of the Gd3+ ions 
by Y3+, without disturbing the crystal struc- 
ture drastically. If the average Gd3+-Gd3+ 
distance exceeds R,, the long-range energy 
migration is hampered. As a consequence, 
Gd’+ emission is observed and the relevant 
composition loses its potential as a photolu- 
minescent material with emission in the vis- 
ible region. It is therefore of importance to 
determine the lowest Gd3+ concentration 
which allows efficient energy migration. 
This concentration must be related to the 
value of R,. On the one hand such a study 
will yield the lowest Gd3+ concentration 
necessary to obtain an efficient phosphor; 
on the other hand the values of R, may 
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FIG. 1. Schematic view of the possible energy transfer/migration processes in Gd3+ compounds. T, 
energy transfer; M, energy migration; E, excitation; J , emission (radiative decay); 5, radiationless 
process (= nonradiative decay). 

yield important information on the charac- 
teristics of energy transfer between Gd3+ 
ions. 

Using new data as well as literature data, 
we will show that this aim is realized and 
that the results obtained depend strongly on 
chemical constitution and crystal structure. 

Model 

Let us consider a simple model system 
Y i-,Gd,X, : S,A, where X is an anion or an 
anion group, S the sensitizer, and A the ac- 
tivator. The concentrations of S and A are 
chosen in such a way that direct transfer 
from S to A is of no importance. Let the 
energy migration process be given by 

tion into S yields mainly emission from S 
and only a small amount of emission from A 
(due to direct energy transfer). For x = 1 
excitation into S yields emission from A 
only. Let x,, be the lowest Gd3+ concentra- 
tion for which S excitation yields only A 
emission. For x < xcr we observe also Gd3+ 
emission indicating a hampering of the Gd3+ 
migration process. 

For x = x,, each Gd3+ ion has roughly 
two Gd3+ neighbors to which it is connected 
by transfer; otherwise migration through 
the Gd3+ sublattice becomes impossible. 
Let the total number of crystallographic 
sites available for these two Gd3+ ions be 
N, then we have the approximate relation: 

X cr = 2/N. (1) 

Having determined x,, by experiment, we 
find N from Eq. (1). This value of N can 

as has been discussed before (2, 8). The then be compared with the number of 
term energy transfer indicates a one-step neighbors following from the crystal struc- 
transfer process, the term energy migration ture determination. In this way R, is esti- 
indicates energy transport consisting of mated. Consider for example a Gd3+ com- 
many one-step transfers. For x = 0 excita- pound with a Gd3+ sublattice in which each 
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Gd3+ ion has 4 nearest Gd3+ neighbors at 4 
A, 2 next-nearest neighbors at 6 A and 4 
next-next-nearest neighbors at 8 A and x,, 
= 0.3. By using Eq. (1) we find N = 6. This 
means energy migration takes place not 
only over nearest neighbors, but also over 
next-nearest neighbors. The critical dis- 
tance for energy migration must have a 
value in between 6 and 8 A. 

It is tempting to compare this situation 
with a very similar problem, viz., the en- 
ergy migration in doped molecular crystals 
(10). Here a guest molecule is built into an 
array of host molecules (these are usually 
isotopic, e.g., CloHs into C&s). Migration 
over the guest molecules is monitored by 
the addition of a supertrap (e.g., P-methyl- 
naphthalene). The role of the guest mole- 
cule is played by Gd3+, that of the (nonin- 
volved) host molecule by Y3+, whereas the 
Tb3+ ion acts as a super-trap. The migration 
in the molecular crystals has been de- 
scribed by percolation models. The perco- 
lation concentration (x,,) is defined as the 
guest concentration for which the probabil- 
ity that excitation of the guest molecule will 
reach the supertrap via energy migration 
over many guest molecules, is finite. We 
note that xperc < xcT, since for .rcr this proba- 
bility is 1. However, the difference between 
the values of x,, and xperc cannot be large. 
The larger the value of N, the smaller the 
difference between x,~ and xperc will be. 

For the time being we prefer the use of 
the rough model described by us above. 
First this is associated with data of practical 
importance. Second, x,, is rather easy (al- 
though not accurately) to be determined. 
Also, the theoretical values of xperc are only 
known for a restricted number of crystal 
structures. 

Finally we note that our model has some 
limitations. The situation that the Gd3+- 
Gd3+ transfer rate is not large relative to the 
Gd3+ radiative decay rate is such a limita- 
tion. In that case even for x = 1, S excita- 
tion yields still partly Gd3+ emission, in ad- 

dition to the A emission. Also the trapping 
rate of A leads to a limitation of the model. 
If this rate is not large enough relative to 
the radiative decay rate of the Gd3+ ion, A 
emission as well as Gd3+ emission will be 
observed for x = 1 upon excitation in S. 

We will now apply our model to experi- 
mental results on the Gd3+ concentration 
dependence of energy migration in 
(Y ,Gd)F3 : Ce,Tb, Li(Y ,Gd)F4 : Ce,Tb, Na 
(Y ,Gd)F4 : Ce,Tb, (Y,Gd)3Li3Te20i2 : Dy, 
and (Y,Gd)203 : Dy and show the prac- 
tical use of the approach. Results on 
(Y ,Gd)A13B40i2 show the limitations of 
the approach. 

Experimental 

The materials used for the preparation of 
(Yi-,.,GdJ203: Dy were YzO3, Gdz03 and 
Dy203 (Highways Int. 99.999%). The sam- 
ples were prepared by dissolving the oxides 
in hot concentrated HCl. The hydroxide 
was precipitated with ammonia, The pre- 
cipitate was filtered off, washed thoroughly 
with distilled water, and allowed to dry. Af- 
ter 3 hr of heating at 900°C (II), only cubic 
(Y,Gd)203 was formed according to X-ray 
powder diffraction. 

The preparation of Li(Yi-,,Gd,)Fd : Ce, 
Tb, Na(Y,-,,Gd,)F4:Ce,Tb, and (Yi-,, 
Gd,)3Li3Te2012 : Dy has been described 
elsewhere (12-14). The luminescence 
spectra were recorded on a Perkin-Elmer 
MPF-3L spectrofluorometer equipped 
with a xenon lamp. The experimental 
results for the other two compounds were 
taken from the literature (1, 2). All data 
refer to room temperature. 

Results 

In Table I some data on the number of 
Gd3+ neighbors and their average distances 
toward a central Gd3+ ion are listed for the 
compounds studied. The data were calcu- 



LUMINESCENT DILUTED Gd3+ SYSTEMS 193 

TABLE I 

NUMBEROF Gd3+ NEIGHBORSANDDISTANCES 
TOWARDACENTRALG~~+ ION IN GdF3,NaGdF4, 

LiGdF+ GdLi,Te20,2, Gd203 (CUBIC), AND 
GdAIjB.,O,l 

Compound 
Number of Gd3+ 

neighbors 
Distances 

(A) 

GdF, 

NaGdF4 

r) 

: 
4 
4 
8 

12 
6 

12 
12 
6 
6 

2.7 
3.6 
4.4 
5.6 
3.8 
5.2 
3.8 
5.8 
3.8 
5.4 
6.6 
7.6 
5.9 
7.3 

lated using the crystal structure of the com- 
pounds ( 15-20). 

The values of x,, were determined as 
follows. For (Y ,Gd)Fj, Li(Y,Gd)Fb, Na(Y, 
Gd)F4, (Y ,Gd)*03, and (Y ,Gd)A13B4012 the 
Gd3+ emission upon excitation in S or in the 

t 
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FIG. 2. Gd3+ emission intensity versus Gd3+ concen- FIG. 4. Gd3+ emission intensity versus Gd3+ concen- 
tration in (Y,+,,Gd,)F, : Ce,Tb (after Ref. (2)). tration in Na(Y,-,,Gd,)F4 : Ce,Tb. 

0 0.5 1 
X--. 

FIG. 3. Gd3+ emission intensity versus Gd3+ concen- 
tration in Li(YI+,,Gd,)F4 : Ce,Tb. 

Gd3+ levels was measured as a function of 
the Gd3+ concentration. The results are 
given in Figs. 2-6. In the case of 
(Y,Gd)3Li3Te2012 the weakness of the sig- 
nals forced us to use another method. For 
this compound the excitation spectrum of 
the Dy3+ emission around 580 nm was re- 
corded as a function of the Gd3+ concentra- 
tion. In Fig. 7 the intensity ratio between 
the Gd3+ line around 313 nm and the Dy3+ 
line around 320 nm in the excitation spec- 
trum of the Dy3+ emission is plotted as 
function of the Gd3+ concentration. In Ta- 
ble II the results derived from these figures 
are listed. Also the values for N using Eq. 
(1) are given. The data in Table I are used to 
determine the neighbors involved in the en- 
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FIG. 5. Gd3+ emission intensity versus Gd3+ concen- 
tration in (Y,-,,GdJ203 : Dy. 

ergy migration process. Also an estimation 
is given for the value of R,. 

For the value of xCr the Gd3+ concentra- 
tion was taken where the Gd3+ emission 
was quenched or the Gd3+ concentration 
where the Gd3+ emission reached a con- 
stant minimal value. For Gd3Li3TeZO12 the 
value of SC,, was determined in a different 
way (see below). 

Discussion of Individual Systems 

(Y,Gd)F3. In this system no Gd3+ emis- 
sion was found for x > 0.3 (2). Because the 
literature data are limited, it was not possi- 
ble to determine the exact concentration 
where the Gd3+ emission is totally 
quenched. However, its value must be in 
between x = 0.15 and x = 0.25. This 
yields, with Eq. (l), a value of N between 8 

FIG. 6. Gd3+ emission intensity versus Gd3+ concen- 
tration in (YI-,,GdX)A13B4012 (after Ref. (I)). 

FIG. 7. Relative intensity of the Gd3+ excitation lines 
in the Dy3+ excitation spectrum versus Gd3+ concen- 
tration in (Y-,,GdX)3Li3Te2012. 

and 13. The number of nearest neighbors is 
12 (Table I). Therefore the value of R, is in 
between 4.4 and 5.5 A. 

Li(Y,Gd)Fd. The Gd3+ emission in this 
system reaches a constant minimal value 
for x > 0.5. This indicates that x,, = 0.5, 
which gives N = 4. In LiGdF4 there are 4 
nearest neighbors at 3.8 A so that energy 
transfer is restricted to nearest neighbors. 
The value of R, is in between 3.8 and 5.2 A. 
For LiGdF, the Gd3+-Gd3+ transfer proba- 
bility was estimated considering exchange 
interaction to be the main interaction in the 
energy transfer process (12). This resulted 
in a probability for nearest neighbor trans- 
fer which is 10“ times larger than the proba- 
bility for next-nearest neighbor transfer. 
This also indicates that energy migration is 
limited to transfer between nearest neigh- 
bors. 

Na( Y,Gd)F,. In this system the Gd3+ con- 
centration dependence of the Gd3+ emis- 
sion intensity is similar to the Gd3+ emis- 
sion dependence in Li(Y ,Gd)Fd. A constant 
minimal value for the Gd3+ emission inten- 
sity was found for x > 0.5. This indicates x,, 
2: 0.5 and N = 4. In NaGdF4 the structure 
of the Gd3+ sublattice is somewhat more 
complex than in LiGdFd. In NaGdF4 there 
are two sites at 2.7 A but the occupancy 
degree by Gd3+ is 50%. Also the two sites at 
4.4 A are only 50% occupied by Gd3+. The 
two sites at 3.6 A are completely occupied 



by Gd3+. This means that the distance vari- high value, i.e., about 20, so that energy 
ation for the nearest neighbors of the Gd3+ transfer takes place over more than the 12 
ion is quite large. The value of R, is in be- nearest neighbors. For N = 18 (next-near- 
tween 4.4 and 5.6 A. est neighbor transfer included), Eq. (1) 

( Y,Gd)&i37’e2012. For this system it was gives x,, = 0.11. We conclude that in the 
not possible to measure the Gd3+ emission system (Y,Gd)203 energy transfer is not re- 
intensity as a function of the Gd3+ concen- stricted to nearest neighbors, but also next- 
tration due to the low intensities. This is nearest neighbors are involved. R, is in be- 
related to the fact that the lattice absorption tween 5.4 and 6.6 A. 
has its onset at wavelengths longer than the ( Y,Gd)A13B4012. According to the litera- 
lowest Gd3+ excitation lines (14). Instead ture (I) this system gives a different con- 
the excitation spectrum of the Dy3+ emis- centration dependence of the Gd3+ emis- 
sion was monitored as a function of the sion with regard to the other compounds. 
Gd3+ concentration. If energy transfer from Main difference is the reasonable amount of 
Gd3+ to Dy3+ takes place, the relative inten- Gd3+ emission in the concentrated Gd3+ 
sity of the Gd3+ lines in the excitation spec- compound (x = 1). There are two major 
trum should increase with increasing Gd3+ differences with regard to the other sys- 
concentration if x < x,,. This is because the tems. No trap (or sensor) was deliberately 
Gd3+ absorption will increase with increas- introduced into the material and the mini- 
ing value of x. Above x,, all the energy ab- mal Gd3+-Gd3+ distance in the lattice is 
sorbed by the Gd3+ ions should be trans- very long, viz., 5.9 A (versus approxi- 
ferred to the Dy3+ ions if no other activator mately 4 A in the other systems). This latter 
is present in the material and the curve fact explains probably the difference with 
should show an extra increase with x. How- the other systems. The approach used for 
ever, in Ref. (14) it has been shown that an these systems assumes energy migration in 
unknown defect in the tellurate garnet traps the rapid transfer regime. For GdA13B4012 
the excitation energy effectively. Our ob- the approach is probably not valid, because 
servations (Fig. 7) indicate that this is also the Gd3+-Gd3+ distance is too long, so that 
the case here. The low concentration of de- our model is not valid in this case. This 
fects traps the excitation energy (which mi- implies that we are most probably dealing 
grates over the Gd3+ sublattice) so effec- with diffusion-limited energy migration. 
tively that the Dy3+ ions cannot compete For (Y,Gd)A13B40i2 a maximum in the 
with them. Consequently we observe in Gd3+ emission intensity is observed around 
Fig. 7 a curve bending downward instead of x = 0.3. The case with only nearest neigh- 
upward. What is of importance here is the bor transfer (N = 6) gives x,, = 0.33. This 
fact that the value of x for which a straight critical concentration is very near to the 
line in the high Gd3+ region is reached cor- concentration with maximum Gd3+ emis- 
responds to x,,. The value of .rcr determined sion. Therefore we conclude that in this 
in this way is 0.5 so that only nearest neigh- compound only nearest neighbors are in- 
bors (N = 4) are involved in the energy volved in the energy migration process. 
migration among the Gd3+ ions. R, is in be- This means R, is in between 5.9 and 
tween 3.8 and 5.8 A. 7.3 A. 

(Y,Gd)203. Only at very low Gd3+ con- This different way of determining x,, was 
centrations, Gd3+ emission was observed. also successfully used for Eu3+ compounds 
The Gd3+ emission was totally quenched (21). In these compounds energy migration 
for x > 0.1. This indicates that N has a very is usually diffusion limited. This also indi- 
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TABLE II 

DATA ON x,,, THENEIGHBORSINVOLVED INTHETRANSFERPROCESS,AND R, 
FORVARIOUS Gd3+ COMPOUNDS 

GdF, 
LiGdF, 
NaGdF4 
GdlLisTe20u 
f-%03 
GdAl,B40,r 
GdW$Mhi 

Neighbors involved 
& N = zlx,, in the transfer process 

0.2 + 0.05 10 + 2.5 Nearest neighbors 
0.5 4 Nearest neighbors 
0.5 4 Nearest neighbors 
0.5 4 Nearest neighbors 

-0.1 -20 Next-nearest neighbors 
- - Nearest neighbors 
- - Next-nearest neighbors 

Rc (& 

4.4 < R, < 5.5 
3.8 < R, < 5.2 
4.4 < R, < 5.6 
3.8 < R, < 5.8 
5.4 < R, < 6.6 
5.9 < R, < 7.3 
RC - 6.5 

Reference 

This work 
This work 
This work 
This work 
This work 

(1) 
(4) 

cates that energy migration in GdA13B40i2 
is probably diffusion limited. 

General Discussion 

In Table II the results for the different 
compounds are summarized. In Fig. 8 a 
schematic view is given for the distance de- 
pendence of the energy migration among 
the Gd3+ ions in the different compounds. 
In the table the results for GdMgBSOlo are 
included. They were obtained in a different 
way, viz., by using some quantitative data 
on the energy migration in the Gd3+ sublat- 
tice. 

There is a striking difference between the 
R, values of the fluorides and the oxides: 
for GdF3, LiGdF4, and NaGdF4, R, is ap- 
proximately 5 A; for Gd203, GdA13B40i2, 
and GdMgBsOiO, R, is approximately 6.5 A. 
Gd3Li3Te2012 has a R, value of 5 A, al- 
though it is an oxide. These results can be 
explained in the following way. 

Fluorides are more ionic than oxides. 
Therefore, the 5d level of the Gd3+ ion in 
the fluorides lies at higher energy than in 
oxides (22). Since the admixture of 5d 
wavefunctions into the 4fwavefunctions by 
odd terms in the crystal field expansion is 
responsible for the forced electric-dipole 
transitions within the 4f” configuration, 
transitions in the oxides have a stronger 

electric-dipole character than in the fluo- 
rides. In the fluorides the energy transfer 
between two Gd3+ ions is mainly due to ex- 
change interaction (12), so that it is re- 
stricted to short distances. In the oxides the 
electric-dipole interaction will increase the 
transfer probability for longer distances, so 
that in these compounds the critical dis- 

GdF3 

LIGdFu 

I I 

NaGdFo 

Gd3Li3Te3012 

I I 

GdzO3 

GdA13B4012 

I I 
1 . I 

3 4 5 6 7 8 

Gd-Gd DISTANCE lln 81 

FIG. 8. Schematic view of the Gd’+-Gd3+ distance 
dependence of energy migration in various com- 
pounds. a, area with energy migration between Gd3+ 
ions; m, area with no energy migration between Gd3+ 
ions; @It, intermediate region with critical distance for 
energy migration. 
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tance for energy migration will be larger 
than in the fluorides. Even if the interaction 
in fluorides would not be mainly exchange, 
this argument still holds. 

In Gd3Li3Te2012 the Gd3+ ion is on a site 
with approximate inversion symmetry. If 
there is a centre of symmetry, the odd crys- 
tal field terms vanish so that the electric- 
dipole interaction contribution vanishes 
too. This means that in Gd3Li3Te20u the 
interaction between Gd3+ ions is exchange 
regulated, so that the value of R, should be 
equal to that found for the fluorides. 

The Eu3+ ion can be used as a probe for 
the strength of the electric-dipole interac- 
tion between the Gd3+ ions. The Eu3+ jDO- 
‘Fi transition is a magnetic-dipole transi- 
tion, the jD0-‘F4 is a forced electric-dipole 
transition (23). In GdF3 : Eu, for example, 
mainly jDo-‘F1 emission was observed (24), 
whereas in GdA13B40i2 : Eu strong ‘Do-‘Fd 
emission was observed (29, although in 
both crystal lattices the Eu3+ ion occupies a 
site without inversion symmetry. In the 
compound with a large value for R, 
(GdA13B40i2), strong Eu3+ jD0-‘F4 emis- 
sion is observed, in a compound with a 
small value for R, (GdF3), mainly jDo-‘Fl 
emission is observed. This is due to the fact 
that the jDo-‘F4 transition can only gain a 
reasonable amount of intensity if the oppo- 
site-parity levels are not too far away, 
which is the same requirement as proposed 
above for the occurrence of high R, values 
for Gd3+-Gd3+ transfer. 

The model we derived for the Gd3+ emis- 
sion intensity in Gd3+ systems has, as men- 
tioned above, at least two limitations. 

(i) If the energy migration is not fast, the 
model cannot be applied any longer. This is 
the case for GdA13BJOiz. In this compound 
a reasonable amount of Gd3+ emission is 
present, even for x = 1 (see above). 

(ii) The other limitation is that the trap- 
ping rate should be much faster than the 
radiative rate of the Gd3+ ion. An example, 
where this condition is not fulfilled, can be 

found in the literature. For (La,-,,Gd,)BJ 
O6 : Bi,Tb the Gd3+ emission was measured 
upon excitation into the Bi3+ ion. In the x 
= 1 composition Gd3+ emission is still 
present. Upon decreasing the amount of 
Gd3+, the Gd3+ emission intensity increases 
down to x = 0.15. No constant minimal 
value of the Gd3+ emission intensity was 
found (8). Recent investigations on the en- 
ergy migration in GdB306 showed that the 
energy migration among the Gd3+ ions is of 
the fast-diffusion type (26). The trapping 
rate of Tb3+ is 6 x lo5 set-i, and the radia- 
tive rate of Gd3+ is 200 set-’ in GdB3 
06: Bi,Tb. In the case of fast-diffusion 
energy migration a simple equation can be 
used for the ratio between the amount of 
Tb3+ emission and Gd3+ emission (26), 
viz., 

ITb XTb * wG&Tb -= 
IGd XGd ’ WGd 

where Zm(od) is the emission intensity of 
Tb3+(Gd3+) upon excitation in Bi3+; Xn,(cd) 
is the fraction of Tb3+(Gd3+)* wc+,Tb is the 
trapping rate of Tb3+; and WLd is the radia- 
tive rate of Gd3+. For the Tb3+ concentra- 
tion used in Ref. (8) (l%), the Tb3+ emis- 
sion intensity is 30 times higher than the 
Gd3+ emission intensity, so that Gd3+ emis- 
sion is still observed. If we define efficient 
trapping by the condition that the Gd3+ 
emission is approximately 200 times 
weaker than the A emission, then the trap- 
ping rate of A should be 2 x lo4 times larger 
than the radiative rate of Gd3+ (for 1% A), 
i.e., WGhtA = 4 x IO6 set-l. 

Conclusion 

In the new generation of fluorescent lamp 
phosphors, energy migration among Gd3+ 
ions plays an important role. Because 
Gd203 is more expensive then Y203, part of 
the Gd3+ ions in these materials can be re- 
placed by Y3+. In this way materials could 
be produced at lower costs, but with the 
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