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The conditions of a Ce?+ --) Tb” energy transfer have been analyzed in the Na2-,+,CaZc,+, ), 
Ce,Tb,(PO& orthophosphates. Terbium green emission through uv cerium excitation is characterized 
by a very low yield. This result is the consequence of a sodium-rare-earth short range ordering even at 
low rare-earth concentrations and of lack of rigidity in the anionic sublattice. 

Introduction I. Preparation 

Phosphors showing Ce3+ + Tb’+ energy 
transfer may be used industrially as green 
components in low pressure mercury vapor 
lamps. According to Dexter’s theory (I) the 
efficiency of such a transfer is mainly re- 
lated to overlapping between Ce3+ emission 
and Tb3+ excitation spectra. 

The powder samples have been prepared 
from stoichiometric mixtures of sodium and 
calcium carbonate (Merck 99.5%), rare- 
earth oxides (CeOz and Tb407 of Rhone- 
Poulenc 99.99% purity) and diammonium 
hydrogenophosphate (NH&HP04 (99%). 

The conditions of this overlapping have 
been previously investigated for a group of 
alkali orthophosphates and the influence of 
various parameters such as alkali content 
and alkali electropositivity has been exam- 
ined (2). 

In this publication, the correlation be- 
tween rare-earth distribution within the cat- 
ionic sublattice of orthophosphates and 
Ce3+ -+ Tb3+ energy transfer probability 
will be emphasized. The investigated mate- 
rials are the orthophosphates with p- 
KzSOd-type structure belonging to the 
NaCaPOd-Na3Ln(P0& (Ln = Ce, Tb) 
systems. Their general formulas are Naz+, 
Cazc,p.r,Ln,(P04)Z (0 5 x 5 1) with a 
2Ca*+ = Na+ + Ln3+ coupled substitution. 

Three heat treatments with intermediate 
grindings were necessary to complete the 
reaction: 4 hr at 400°C and 15 hr at 950°C in 
an argon stream; in order to avoid the for- 
mation of tetravalent Ce4+ and Tb4+ ions a 
third annealing at 8SO”C was carried out in 
the presence of a slight excess of Na3P04 
under argon-hydrogen (1%) atmosphere. 

II. Crystallographic Study 

X-Ray powder diffraction reveals the 
existence of three domains in both 
Na2+.~Ca?(,-,,Ln,(P04)2 systems (Ln = Ce, 
Tb). 

NaCaP04 (x = 0) has been studied previ- 
ously in detail (3). In the 0 < x 5 0.30 range 
the phases are isotypic with /3-K2S04. 
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FIG. 1. Idealized structure 
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of the K,Na(SO& glaserite-type structure. 

However, the superstructure lines which 
appear for NaCaP04 vanish already for 
very low rare-earth contents. When 0.30 < 
.Y 5 1 the X-ray pattern is similar to that of 
Na3Nd(P0& (4) in the cerium system and 
to that of Na3Nd(V0& (5) in the terbium 
one, both structures involving several dif- 
ferent rare-earth sites. 

The structure of all these compounds 
may be considered as deriving from the gla- 
serite-type K3Na(S0&, in which rows of 
IS04( tetrahedra and K atoms (A) alternate 
with rows of Na and K atoms (B), running 
along the ? axis of the hexagonal cell 
(Fig. 1). 

Table I provides the obtained crystallo- 
graphic data. 

As has previously been established for 
similar system the IPOd groups and a part 
of the sodium atoms are located in the A 
rows. In the B sublattice three different ar- 
rangements have been found: 

(i) In the starting phase NaCaP04 (x = 0) 
the B sites are all filled by calcium atoms. 

(ii) When 0 < x I 0.30 there seems to be 
a random substitution of Na‘ and Ln3+ for 2 
neighboring Cal+ ions as only long range 
ordering can be detected by X-ray diffrac- 
tion. 

(iii) When 0.30 < x i I the sodium and 
rare-earth rates become sufficient to induce 
an ordered distribution in the B rows. A l- 
1 Na-Ln ordering appears within the B 

sites for the Na3Ce(P04)2 and Na3Tb(P0& 
limit-compounds. 

The luminescent properties have been 
studied only for materials with low rare- 
earth content (0 < ,Y I 0.30), in which Ce”’ 
and Tb’+ are located on a single site. This 
requirement is a condition for a theoretical 
transfer mechanism study. 

III. Optical Properties 

III-I. Opticul Properties of the 
Na?+,Cu?(,-.,~Ce,(PO4)2 phase 
(0 < x 5 0.30) 

As an example, Fig. 2 shows the Cej’ 
emission (A,,,, = 254 nm) and excitation 
(A,,. = 400 nm) spectra of Naz.o&a,.9, 
Ceo.1j4(P04)2. The two large emission 
bands correspond to 5u’ + ?F7:? and 5d --+ 
?Fw transitions. The spectral overlapping 
of the excitation and emission bands is 
small, which indicates a large Stokes shift 
probably due to the rotational mobility of 
the IPOjl groups (2, 7) and as a conse- 
quence to the lack of rigidity of the anionic 
network. 

The cerium excited states lifetimes have 
been obtained by recording the cerium 
emission decay at 400 nm under a pulsed 
nitrogen laser excitation at 337.1 nm. The 
5&-4f transitions are parity and spin-al- 
lowed, and the shortness of such lifetimes 
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TABLE 1 

CRYSTALLOGRAPHIC DATA OFTHE K,Na(SO& GLASERITE AND GLASERITE-RELATED 
ORTOPHOSPHATES 

Compounds Parameters 
Space 

group 
Number of different 

rare-earth sites 

a0 
(‘(1 

Pjrn I - 

(NaCaPO& (3) a = 20.397 ii = 3c, Ptl2,ll 
h = 5.412 A = a0 
c = 9.161 A = a,-\/J 

Na2 3&a, &% dP04h 

Na,Ce(PO& (4) 

u = 7.015 A = (‘0 
h = 5.342 A = a(, 
(’ = 9.253 A = a,,t/3 

a = 16.08 A = 3&j 
h= 14.14 A=2?c,, 
c = 18.72 A = 2aoV3 

Na2 &al .dbtl dPCM~ 

Na3TbWJ2 (3 

u = 6.788 A = c,) 
h = 5.404 A = U,] 
c = 9.195 A = a,,\/3 

r a = 27.58 A = 3n,,L 3 
h = 5.33 A = a,, 
c = 13.92 A = 2<,,, 
/3 = 91.2 

required the use of a fast photomultiplier 
RTC 56 DUVP connected to a PHILIPS 
3400 sampling oscilloscope and an X-Y re- 
corder. 

The method for the determination of life- 
times takes into account the rise time of the 

250 so0 350 4w 450 Ah) 

FIG. 2. Cerium emission (under 254-nm excitation) 
and excitation (A,, = 400 nm) spectra for Na2M 
Ca,,p2Ce004(P04)2 at T = 300 K. 

experimental function (about 25 nsec). Af- 
ter 30 nsec, the decay function can be as- 
sumed to be exponential: I = I0 exp(-t/Td). 

The rd was found to be a constant: 32 ? 
0.7 nsec over the whole range of composi- 
tion. The corresponding emission quantum 
yield has been calculated from absorption 
and emission intensities. It was found to be 
independent of cerium concentration 
(Fig. 3). 

From another point of view 7d for Ce3’ 
ions in Na2.20Ca,.60Ceo.20(PO~)~ remains con- 
stant between 80 and 300 K. 

All these results characterize a non-con- 
centration quenching behavior due to the 
absence of energy-trapping defects. Such a 
situation is completely different from that 
observed for the KCaLa,-.Ce,(PO& 
phase, in which the existence of large tun- 
nels in the lattice induces non-stoichiome- 
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FIG. 3. Cerium emission quantum yield at 7 = 300 K 
obtained with various Na2+~Cazc,~,,Ce,(P0,)z com- 
pounds under 254-nm excitation. 

try with formation of Ce4+ energy absorbing 
defects (7). 

111-2. Existence of Ce3+ -+ Tb3+ energy 
transfer in Nu~+++,CU~~~-,-,,C~,T~,(PO~)~ 

Three compositions were selected, corre- 
sponding to a low terbium content (y = 
0.04), and to an increasing proportion of 
Ce3+ (x = 0, 0.04, 0.20). 

Figure 4 exhibits the Tb3+ emission spec- 
trum for the pure Tb3+ compound (X = 0, y 
= 0.04) under 365nm excitation at 300 K. 
The usual 5D4 + ‘Fj transitions were ob- 
served, among which the 5D4 + 7F5 green 
component has the highest intensity. 
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FIG. 4. Terbium 5D4 + ‘FJ (J = 3, 4. 5, 6) emission 
under 365nm excitation at T = 300 K for Naz,14 
Cal 9zTbo dPOd2. 

Figure 5 shows the occurrence of a 
C&+ + Tb’+ transfer in Na2.0sCal.84 
Ceo.04Tb0.04(P04)2 ; the large excitation band 
found below 360 nm corresponds to the 
Ce3+ excitation band existing in the pure 
Ce3+ compound (Fig. 2). 

Therefore, the Ce’+ lifetimes could be ex- 
pected to decrease by introduction of Tb3+ 
in the crystal. In fact, it was found to be 
nearly constant for all compositions (Ed = 
32 nsec). Such a result means that the trans- 
fer quantum yield is very small. 

Under these conditions, the experimental 
transfer quantum yield (r/*) could be only 
estimated from cerium emission intensity in 
samples containing a donor alone (!,,J, or 
both donor and acceptor (Zd) with the same 
donor concentration and under the same 
254-nm excitation. Using the formula: q7’ = 
1 - &/Id, qr was found to be -0.05 for all 
cerium concentrations. 

III-3. Theoretical Estimation of the Gel* 
+ Tb3+ Direct Transfer Probability in 
Na2.08Ca,.84Ceoo4Tboo4(P04)? 

Energy transfer from one center to an- 
other may occur via radiative transfer (i), 
exchange interaction (ii), and electric multi- 
pole-multipole interaction (iii) (I). 

(i) Must be excluded due to the high 
value of the diffuse reflectance coefficient 

FIG. 5. Terbium excitation spectrum in Na20H 
Cal 84Ce0.01Tb0 &PO&, for the sD4 ---f ‘F5 emission at 
T = 300 K. 
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(0.78) for the pure terbium phase in the ce- 
rium emission wavelength range. 

(ii) The hypothesis of an exchange inter- 
action can also be rejected. This type of 
transfer requires large direct or indirect 
overlap between donor and acceptor orbit- 
als, leading to an easy electronic exchange. 
Ce3+ and Tb3+ are both strongly reducing 
ions and such an exchange would require 
too high an energy. 

(iii) Multipolar interaction appears thus 
to be the most probable mechanism in- 
volved in the investigated phosphates. Ce- 
rium emission corresponds to an allowed 
electric dipolar radiation. Terbium 4f’-+ 4f 
dipolar transitions are theoretically forbid- 
den; consequently, the quadrupolar charac- 
ter of the Tb3+ transitions has to be taken 
into account. Therefore, both dipole-di- 
pole (d-d) and dipole-quadrupole (d-d) 
mechanisms can be involved in the trans- 
fer. 

As pointed out by Dexter (I) the corre- 
sponding probabilities Pd-d and Pd-q are pro- 
portional to R-" and Rm8, respectively, 
where R is the donor-acceptor distance. 
Recent studies have shown that the Pd-dl 
Pdmy ratio is very high for low active ion 
concentrations and decreases at higher con- 
centrations (8, 9). 

All phosphates studied have a low Tb3+ 
content; thus, it was assumed for purposes 
of discussion that the electric dipole-dipole 
interaction was the predominant mecha- 
nism. 

According to Dexter, the Ce3+ + Tb” 
transfer probability Pdo is given by the for- 
mula: 

Pdu = 0.63 x lo= $$ 

in which 
-7d0 is the radiative lifetime of the donor 

(-32 nsec), 

-Qu is the acceptor absorption cross 
section (30 X lo-” cm?eV) (10, 11). 

-Jfd(E)F,(E) E-4dE = I is the overlap 
integral between cerium emission (A,(E) 
taken between 330 and 450 nm) and terbium 
excitation (F,(E) between 290 and 390 nm) 
normalized spectra. It was evaluated by 
Simpson’s method. 

-R takes into account only the active 
ions located within a sphere whose radius 
has the critical R. value for which the en- 
ergy transfer becomes more probable than 
the donor radiative emission (P,,, > IhdJ 

From Eq. (l), using Pdo = l/~~(~, one ob- 
tains R. = 5 8. 

In the crystal structure of Naz.o&al,84 
Ceo.04Tb0.04(P04)Z the four Ln positions 
around a given Ce?+ ion within the distance 
Rn are located, respectively, at 3.50 A in the 
same B row for the two nearest ones and at 
4.57 A in two neighboring B rows for the 
two others (3). 

Pdcr must be calculated for both cases by 
introducing the occupancy factor by Tb3’ 
for each B cationic site. 

In the first model calculation, allowing 
the presence of Tb3S as nearest neighbors 
to Ce3+ in the same B rows, one finds Pc,c, = 
12 x IO6 set ‘; the calculated transfer quan- 
tum yield qr = P~~JPd,, + l/~d(, = 0.28 then is 
very high. 

In a second calculation, the two nearest 
TbJ+ ions are assumed to be located only in 
the neighboring B rows: now PC,,, = 2.4 X 
106 set and n7 = 0.07. This value is in much 
better agreement with the experimental one 
(0.05). 

IV. Discussion 

These results can be analyzed from both 
crystallographic (a) and optical (b) view- 
points. 

(a) In the phases with P-K$Ortype 
structure (0 < x 5 0.3) the coupled substitu- 
tion 2Ca2+ + Ln3' + Nat may involve two 
Ln" nearest neighbors in different B rows. 
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But in the same B row two neighboring 
Ln3‘ ions must be separated from each 
other at least by one intervening Na+ ion. 

Such a cationic distribution, which 
results in a decreasing of the cationic repul- 
sion, is in complete agreement with all the 
previous crystallographic data concerning 
the Na3Ln(P0& orthophosphates. At low 
temperature they exhibit always a l-1 Ln- 
Na ordering within the B sublattice (6). 

Consequently, in the entire Na?, , 
Calc,-,,Ln,(P04)? system (0 < .Y 5 I), 
there is a continuity in the Na+-Ln3+ distri- 
bution: the long range ordering which tends 
to appear near x = 0.30 corresponds to a 
type of percolation threshold. 

(b) In such orthophosphates, the easy ro- 
tation of the jP04j groups provides a large 
Stokes shift; accordingly, the overlapping 
between Ce3+ emission and excitation spec- 
tra is weak (Fig. 2). 

As a consequence, even for a higher Ceii 
content (x = 0.20), there is no significant 
migration energy between those Ce3+ ions 
which would be able to increase the green 
emission yield. 

In consonance with this assumption, if 
the entire Na?+,i~Cazcl-,~~,,Ce,Tb,.(PO1)~ 
system is considered, as it has been previ- 
ously shown, the optimization of the green 
emission is observed for the limiting phase 
Na3CeohsTbo.3s(P04)2 (12), which contains a 
high proportion of both Ce3+ and Tb”+. 
However, the occurrence of several differ- 
ent sites for the rare earths makes it impos- 
sible to provide a theorical study of this 
phosphor. 

This behavior must be compared with the 
results obtained for low Stokes shift materi- 
als, in which a high Ce3+ + Ce3+ transfer 
probability increases the quantum effi- 
ciency of the Tb3+ emission even for a low 
cerium content (13). 
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