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The luminescence properties of LarWO,Q are reported and discussed. The tungstate group occurs as 
a trigonal prismatic WOS- complex. The blue luminescence is, for the greater part, quenched at room 
temperature. No energy migration occurs in this lattice. The decay times are discussed in terms of a 
simple molecular-orbital (MO) scheme. The luminescence of the following activating ions was studied: 
Mo6+, Bi3+, Eu3+, Sm3+, Ce3+, and Tb-‘+. The molybdate group produces a red emission with low 
efficiency. The Bi3+ ion induces a narrow band emission with small Stokes shift. This is interpreted 
using a Bi3+-O*--W6+ charge-transfer state. Except for Ce 3+, the rare earth activators show lumines- 
cence, but the total transfer efficiency from tungstate to the rare-earth ions is low. This is not due to 
the one-step tungstate-rare-earth transfer (which is efficient), but to the localized nature of the tung- 
state excitation. The Eu3+ charge-transfer band is at very low energies. 

1. Introduction 

Recently Brixner et al, have described 
the crystal structure of LarWO&l, (I). In 
this structure the tungsten ion has a very 
remarkable trigonal prismatic coordination. 
Usually hexavalent tungsten is coordinated 
either tetrahedrally (e.g., CaWO.+) or octa- 
hedrally (e.g., Ba&aWOh) in oxides. Since 
the WOi- tetrahedron as well as the WOf- 
octahedron is known to be an efficient lumi- 
nescent center (2), it seemed interesting to 
investigate the luminescence properties of 
La3W06Cl, to see whether the trigonal pris- 
matic coordination would yield any special 
effects. In Ref. (I) the emission and excita- 

tion spectra of the luminescence of La3 
WO&l3 have been reported; here we 
present a more detailed study. 

It was also reported in Ref. (I) that sev- 
eral rare-earth ions show luminescence in 
this host lattice; for that reason we ex- 
tended that investigation also. The lumines- 
cence properties of La3WO&l,U, which is 
an efficient orange-emitting phosphor, were 
described and discussed in a previous paper 
(3). Here we investigated the luminescence 
of the following activators: Mo6+ (for W6+) 
and Ce3+, Sm3+, Eu3+, Tb3+, Bi3+ (for 
La3+). The La3+ ions in La3WOsC13 are in 
lo-coordination, with six 02- ions on one 
side and four Cl- ions on the other side (I). 
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This asymmetric coordination is similar to 
that of LaOCl in which the luminescence of 
many activators has been investigated (4). 

2. Experimental 

Samples were prepared as described in 
Ref. (I). The trivalent activators were in- 
troduced into the starting material LaOCl. 
Molybdenum was introduced as Moo3 to- 
gether with WOs. Samples were checked by 
X-ray powder ditfraction. The activator 
concentrations varied from 1 to 5 atomic 
percent. 

A description of the optical instrumenta- 
tion has been given before (3). 

3. Results and Discussion 

3.1. Unactivated La3 WO,Cl, 

The unactivated La,WO&l, shows a 
weak blue emission under short wavelength 
ultraviolet excitation at room temperature. 
At lower temperatures its intensity in- 
creases considerably. Figure 1 shows the 
emission and excitation spectra of this lu- 
minescence at LHeT. The emission band 
peaks at about 445 nm, the corresponding 
excitation band, at 300 nm. The Stokes shift 

FIG. 1. Emission (left) and excitation (right) spectra 
of the luminescence of La3W06C13 at LHeT. @‘r gives 
the spectral radiant power per wavelength interval, 
and qr the relative quantum output, both in arbitrary 
units. 
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FIG. 2. Decay times (7) of the luminescence of La3 
W06C13 as a function of temperature. See also text. 

is about 10,500 cm-‘. This is a low value: 
for octahedral tungstate groups about 
12,000 cm-l has been reported; for tetrahe- 
dral tungstate groups values exceeding 
15,000 cm-i have been reported (2). 

The temperature dependence of the lumi- 
nescence was also measured. At 180 K the 
intensity had decreased to 50% of the 
LHeT value; at room temperature only 
about 5% is left. The quantum efficiency at 
LHeT is at least 80%. 

Figure 2 presents the results of decay 
time measurements (l/e values) on the lu- 
minescence of La,WO&l+ The results are 
fairly complex. At very low temperatures 
the decay curves are not simply exponen- 
tial; they can be analyzed to give two decay 
times. Above 5 K the decay curves are ex- 
ponential yielding one value for the decay 
time. This does not necessarily mean that 
there is only one decay time. It might well 
be that the two decay times observed near 
LHeT are now of the same order of magni- 
tude, so that we can no longer observe the 
difference. At still higher temperatures the 
decay time decreases because of tempera- 
ture quenching. 

The present results differ considerably 
from those obtained for the tetrahedral 
tungstate group. For the latter species we 
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have broader spectral bands, larger Stokes 
shifts, and single exponential decay times. 
The temperature dependence of the decay 
times reveals one trap level. This has been 
interpreted by the assumption that the 
emission originates from the spin-orbit 
split 3Ti level (2). 

On the other hand, the results for Lq 
WO&lx show some analogy with those for 
the octahedral tungstate group (2, 5, 6). 
For this group the spectral bands are also 
narrower than for the tetrahedral tungstate 
groups, and the Stokes shift is about equal 
to that observed for the LarWO&l3 lumi- 
nescence. These spectral properties con- 
firm a hypothesis made before (2). The W6+ 
ion is too large for a tetrahedral hole in ox- 
ides, but too small for an octahedral hole. 
Orgel (7) based an explanation of ferroelec- 
tricity upon this feature. In the antibonding 
excited state of the tungstate group, the W- 
0 distance will be larger than in the ground 
state. This expansion will be larger in the 
tetrahedron, where the W6+ ion did not 
have enough space in the ground state. In 
the octahedron, part of this expansion can 
be absorbed by the space available, the cen- 
tral metal ion being relatively small. Obvi- 
ously, this is also true for the trigonal 
prism. The smaller offset between the pa- 
rabolas for six coordination results in nar- 
rower spectral bands and in a smaller 
Stokes shift. 

For the octahedral group it was observed 
that the emission originates from two differ- 
ent levels which were not connected. This 
was not observed clearly in the spectra, be- 
cause we were dealing with two broad 
bands with a small energy difference. How- 
ever, the emission showed two decay times 
at all temperatures. Molecular-orbital cal- 
culations confirmed this model. The emis- 
sion originates from two ‘Ti levels. At very 
low temperatures the decay times rise due 
to the presence of metastable levels among 
the spin-orbit split components of these 
levels. 

The situation for the tungstate trigonal 
prism in La3WO& seems to be analogous. 
Spectrally we observe only one emission 
and one excitation band. At low tempera- 
tures, however, there are two decay times. 
It is not clear whether at higher tempera- 
tures we have two decay times which are 
about equal, or one decay time. The longer 
decay time increases if the temperature de- 
creases, indicating a lower metastable 
level; the shorter decay time decreases if 
the temperature decreases, indicating a 
metastable level above the emitting level 
(2). 

Unfortunately, no molecular orbital cal- 
culations on a WO6 prism are available in 
the literature. It is possible to derive a sim- 
ple model, applying general group-theoreti- 
cal methods. The empty d level of the tung- 
sten ion breaks up into three components, 
viz., a; + e’ + e”, under the Dy symmetry 
of the trigonal prism. According to calcula- 
tions (8) this is the sequence of increasing 
energy, so that the lowest unoccupied MO 
has symmetry a;. To find the symmetry of 
the highest filled MO, we derived the repre- 
sentations of the combinations of oxygen 
2p orbitals involved in u and ?r bonding: I’, 
= a; + e’ + al + e” and Ip = ai + a$ + 2e’ 
+ al + a$ + 2e”. This leads to the nonbond- 
ing MOs a$ + a’i + 24. The excited state 
should therefore contain 3A$ + 3A; + 23A! + 
‘A; + ‘A;’ + 2?4$. From the ground state ‘A; 
allowed transitions are only possible to the 
two ‘A2 levels (z polarized). All other tran- 
sitions are orbitally and/or spin forbidden. 
The emission is clearly a forbidden transi- 
tion, since the decay times are longer than 
10 psec. Since this corresponds to a reason- 
able oscillator strength, we assume, follow- 
ing Van Oosterhout (5, 6), that the emis- 
sion originates from the two 3AT levels. 
Emission from the other two spin triplet 
levels is orbitally forbidden. 

In this way we have found a way to ex- 
plain the two decay times. Their tempera- 
ture dependences at low temperatures may 
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be due to the spin-orbit splitting of the 3A! 
levels, yielding AT + E’. Emission from the 
latter sublevel is more allowed than from 
the former. This model explains the experi- 
mental observations. Confirmation would 
be possible by extended MO calculations, 
with measurements of the polarization of 
the tungstate emission and absorption on 
single crystals of La3W0&13. 

In our approach we have neglected en- 
ergy transfer between tungstate groups. 
That this is justified follows from our 
results on La3WO&l& (3) and the results 
to be described below. 

3.2. La3W1-,Mox0&i3 

The molybdate group has its energy lev- 
els always at lower energies than the corre- 
sponding tungstate group. Examples of 
studies on molybdate-activated tungstates 
are CaWi-,MoX04 (9) and Y2W1-xM~,0h 
(20). Since the molybdate trigonal prism 
has not been described, we studied also the 
molybdate group in La3WO&13. Because of 
its preference for tetrahedral coordination, 
such a trigonal molybdate prism seems to 
be even more exceptional than the tung- 
state prism. 

It appeared possible to dissolve a few 
percent of molybdenum into the chloro- 
tungstate. A sample with 3 atomic percent 
molybdenum showed only the weak blue 
tungstate emission at room temperature. At 
lower temperatures, however, a red emis- 
sion is also present. Figure 3 shows the rel- 
evant emission and excitation spectra of 
this luminescence at LHeT. The spectral 
bands involved are as broad as the tung- 
state bands, so that they must be due to the 
molybdate prism. 

The emission band shows a maximum at 
about 610 run. The corresponding excita- 
tion band peaks at 365 nm. The Stokes shift 
is about 11,000 cm-l, in good agreement 
with the value for the prismatic tungstate 
luminescence. The excitation spectrum was 
run for the longer wavelength tail of the mo- 
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FIG. 3. Emission and excitation spectra of the mo- 
lybdate luminescence of La~Wo.nMoO.O~OsCIS at LHeT. 
The excitation spectrum is recorded for 660-nm emis- 
sion (i.e., tungstate emission absent). The excitation 
maximum at 300 nm is due to tungstate absorption. 

lybdate emission, so that absolutely no 
tungstate emission is monitored. The pres- 
ence of the tungstate excitation band in this 
spectrum (see Fig. 3 and compare Fig. 1) 
indicates energy transfer from the tungstate 
to the molybdate group. 

At about 80 K the intensity of the molyb- 
date luminescence has dropped to 50% of 
the LHeT value; at still higher tempera- 
tures it fades away gradually. The quantum 
efficiency of the molybdate emission is low. 
At LHeT it amounts to less than 5% of that 
of the tungstate luminescence. In view of 
this low efficiency we were unable to mea- 
sure decay times with any accuracy. At 
LHeT a very rough estimate of 10 psec was 
made. From this we extrapolate for the ra- 
diative decay time of the molybdate prism a 
value of 250 psec. 

The spectral characteristics of the trigo- 
nal, prismatic molybdate group are, there- 
fore, very similar to those of the corre- 
sponding tungstate group, but situated at 
lower energies, as is to be expected (9, IO). 
The radiative decay time is considerably 
longer than for the tungstate group. This 
has been observed before and is ascribed to 
the weaker spin-orbit coupling constant for 
molybdenum (2, II). 



298 BLASSE, DIRKSEN, AND BRIXNER 

Octahedral molybdate emission has been 
observed for potassium oxalatomolybdate 
(12). This emission is also in the red with 
low efficiency. The low efficiency has been 
ascribed to the fact that broadband emitting 
levels at low energy cannot luminesce effi- 
ciently in a simple configurational coordi- 
nate model (23, 14). The same reasoning 
holds for the trigonal prismatic group. 

The quantum efficiency of the tungstate 
emission of La~W0.~Mo0.0~0&13 is about 
the same as for the sample without molyb- 
denum. This indicates that the transfer 
from tungstate to molybdate group is re- 
stricted to nearest neighbors. This observa- 
tion is temperature independent, which ex- 
cludes energy migration in the tungstate 
subsystem. Similar observations were 
made in other molybdate-activated tung- 
states (9, 10). 

3.3 LaswxBix WO&‘l, 

Ions with s * configuration (Pb*+, Bi3+) of- 
ten induce efficient luminescence in vana- 
dates, tungstates, and related compounds. 
Well-known examples are (Ca,Pb)WOd (9) 
and (Y ,Bi)V04 (15, 16). For this reason we 
investigated the influence of the Bi3+ ion on 
the luminescence of La3WO&13. We were 
able to prepare samples containing a few 
atomic percent of bismuth. Here we de- 
scribe results for La2.~Bi0.~W0,&13. The 
diffuse reflection spectrum of this composi- 
tion shows an additional absorption starting 
at about 420 nm at room temperature and 
extending to the tungstate absorption edge. 

At room temperature we observed only 
the very weak blue tungstate emission un- 
der A < 300 nm excitation. At liquid nitro- 
gen temperature this emission is considera- 
bly more intense. No new emission has 
occurred. At LHeT, however, new phe- 
nomena appear. Under long wavelength ex- 
citation we observed a sharp emission band 
peaking at 455 nm (see Fig. 4). Although 
this emission band has its maximum at 
nearly the same position as the tungstate 
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FIG. 4. Emission and excitation spectra of the lumi- 
nescence of La2,J&mW0,C1, at LHeT. The 3-l 
emission is for 330-nm excitation, the 2-1 emission for 
400-nm excitation. The l-2 excitation is for 460-nm 
emission, the l-3 excitation is for 530-nm emission. 
The tungstate excitation is for 420-nm emission. The 
i-j notation relates to Fig. 6. 

emission, its width is considerably nar- 
rower. This indicates that we are dealing 
with a new luminescent center. Under short 
wavelength excitation we observed the 
tungstate emission band. Since the two 
emission bands overlap, it is difficult to de- 
cide whether the emission spectrum upon 
tungstate excitation contains also the nar- 
row emission band or not. 

The excitation spectra depend strongly 
on the emission wavelength monitored. For 
h = 420 nm (only tungstate emission) we 
find the tungstate excitation band men- 
tioned above (300 nm). For A = 460 nm 
(tungstate as well as narrow band emission) 
we observe two excitation bands, viz. the 
300 nm tungstate band and, in addition, an 
excitation band with a maximum at about 
400 nm (see Fig. 4). This coincides with the 
additional absorption in the reflection spec- 
trum. We conclude that the presence of 
Bi3+ in La3WO&13 yields a luminescent 
center which gives a narrow emission band 
with a maximum at 455 nm. The corre- 
sponding excitation band is at 400 nm. The 
Stokes shift of this luminescence is, there- 
fore, 3000 cm-i. 

The temperature dependence of the in- 
tensity of this emission shows that at 60 K 
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FIG. 5. Decay times of the 45nm emission band of La2.~i0,06W06C13 as a function of temperature. 
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the LHeT value has decreased to 50%. At 
80 K the emission is quenched completely. 
It was possible to measure decay times of 
this emission under excitation into the long 
wavelength excitation band. All decay 
curves were single exponentials. Figure 5 
shows the decay times as a function of tem- 
perature. There is a plateau value of some 
20 usec. At low temperatures this value in- 
creases slightly. 

Returning to the excitation spectra, we 
find that the emission with A = 530 nm pro- 
duces a shoulder on the low-energy side of 
the tungstate excitation band. If we excite 
with 330 nm radiation, i.e., mainly into this 
shoulder, we observe a broad emission 
band on top of which occurs the narrow 
emission band with the 455 nm maximum. 
This emission band consists of the tung- 
state emission band and an additional broad 
emission band with a maximum at longer 
wavelength (see Fig. 4). It seems that our 
sample contains another luminescent cen- 
ter. Because of overlap with the tungstate 
spectral bands it is hard to provide accurate 
data for this center. Its emission is a broad- 
band with an emission maximum some- 
where near 500 nm. This emission is ex- 
cited in an area around 320 nm. The Stokes 
shift is, therefore, comparable to that of the 
tungstate emission. This emission is com- 
pletely quenched above 80 K; it is not ob- 
served in nominally pure La,WO&l,. 

A discussion of the nature of the emitting 
centers follows. The tungstate group has 
been described above. An obvious possibil- 
ity for the narrow-band-emitting-center is 
to ascribe it to the Bi3+ ion. Because of the 
s2 configuration, the emission is then as- 
cribed to the 3Ppl,0 + ‘SO transition, and the 
excitation band at 400 nm, to the ‘SO + 3P1 
transition (15). However, the decay time 
measurements do not confirm such an as- 
signment. For the Bi3+ ion we expect a low- 
temperature decay time of several hun- 
dreds of Fsec, which changes to a 
higher-temperature value of a few psec 
(27). In view of the Stokes shift of 3000 
cm-r, this behavior should be clearly ob- 
servable (18). In addition the Bi3+ spectral 
bands are expected at higher energies, be- 
cause in LaOCl-Bi3+ the emission and exci- 
tation bands are both situated in the ultravi- 
olet (19). 

Another possibility is to ascribe the nar- 
row band emission to a tungstate-Bi3+ com- 
plex, as argued before (20). This means that 
the spectral transitions are due to tungstate 
charge-transfer transitions in which a cer- 
tain degree of Bi3+(6s2)-to-W6+(5&) charge- 
transfer character is taken into account. 
This reduces the Stokes shift, because of 
the smaller change in bonding character, as 
a result of the antibonding character of the 
s 2 configuration (2, 21). The case of La3 
WO&&Bi is an impressive example of 
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this phenomenon, because the Stokes shift 
is only 3000 cm-l. This points to a consider- 
able amount of Bi3+-W6+ charge transfer in 
the transition. The small Stokes shift, i.e., a 
small parabola offset, results in narrow 
spectral bands, in agreement with observa- 
tion. 

In view of the low BP+ concentration the 
optical transitions occur in a center to be 
described as Bi3+-02-W6+. This means that 
the symmetry is low. Only the spin-selec- 
tion rule is still effective. Because of the 
strong spin-orbit coupling in Bi3+ and W6+ 
this rule is greatly relaxed. The experimen- 
tal value agrees with this feature. The low- 
temperature behavior of 7 vs T (Fig. 5) indi- 
cates that there exist only levels with a very 
weak trap depth. This indicates that the 
symmetry is low (compare the discussion in 
Section 3.1 on LajWO&). In view of 
these arguments we ascribe the narrow 
band emission to a Bi3+-02--W6+ center. 

We are left with another problem, viz., 
the low quenching temperature of this emis- 
sion. For such a small Stokes shift a very 
high quenching temperature is to be ex- 
pected, especially if the concentration of 
the centers is relatively low. Such high 
quenching temperatures have been ob- 
served, e.g., in the case of CaWO.,-Pb. Val- 
ues up to 700 K have been reported (2, 21). 
There is an obvious explanation for the low 
quenching temperature of the Bi3+-02-- 
W6+ center emission of La3WO&l3-Bi. 
Note that this quenching temperature coin- 
cides with the quenching temperature of the 
other additional emission band. We pro- 
pose that the excitation shoulder at 320 nm 
belongs also to this center. The configura- 
tional coordinate diagram of this center has 
been drawn schematically in Fig. 6. 

The 455nm emission (narrow) is as- 
cribed to the emission 2 + 1 (small offset). 
The low quenching temperature is due to 
the presence of parabola 3 (large offset). A 
nonradiative return from 2 to 1 is possible 
via 3 with a low activation energy. Excita- 
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FIG. 6. Schematical confIgurationa coordinate dia- 

gram for the BP+-O*--W6+ center (see text). 

tion into 3 yields emission from 2 and 3 as 
observed. Emission from 3 to 1 yields broad 
band emission due to the large offset. Fur- 
ther the quenching temperatures of the two 
emissions should be equal. Parabola 2 con- 
tains considerable Bi4+-W5+ charge-trans- 
fer character (small offset). Parabola 3 orig- 
inates from another configuration in which 
the bismuth participates considerably less. 
Our measurements are not accurate 
enough to characterize Parabola 3 any fur- 
ther. These results confirm the conclusion 
made elsewhere (2) that centers consisting 
of s2 and closed-shell transition metal ions 
deserve further study. 

3.4. La3wotjC1&lA 

A number of tungstates are suitable host 
lattices for Eu3+ activation, in the sense 
that excitation into the tungstate group 
results in efficient Eu3+ emission (see, e.g., 
Ref. (10)). For this reason we investigated 
the luminescence properties of Eu3+-acti- 
vated LajWO&& Unfortunately, such effi- 
cient emission was not observed. Here we 
will discuss the composition with 1 atomic 
percent europium, viz., La2.97Euo.03W06 
c13. 

At room temperature there is a rather 
weak emission consisting mostly of tung- 
state emission if excitation involves the 
tungstate group. The excitation spectrum of 
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FIG. 7. The emission spectrum of LzQ~E~.~~WO~CI, 
at LHeT under 322-MI excitation. The Y-J notation 
relates to the transitions 5DJv-7F,. 

the red europium emission contains a 
broadband peaking at about 340 nm. This 
band is at longer wavelength than the tung- 
state excitation band which is practically 
absent. This shows that at room tempera- 
ture there is practically no tungstate to Eu3+ 
transfer. Similar results were described be- 
fore (Fig. 11 of (I)). 

At LHeT the emission intensity is much 
higher due to an increased tungstate emis- 
sion intensity. Excitation in the tungstate 
excitation band (e.g., A = 300 run) yields an 
emission spectrum in which the Eu3+ lines 
are scarcely visible. Their contribution is 
1% or less. For excitation with A = 322 nm 
we see much more Eu3+ emission (see Fig. 
7). Note that emission originates not only 
from 5D~, but also from 5D1, 5D~, and jD3. 
The excitation spectrum of the Eu3+ emis- 
sion from sD~ is given in Fig. 8. Note the 
broadband in addition to the characteristic 
Eu3+ lines. This band is not the tungstate 
excitation band. 

The emission spectrum under tungstate 
excitation was also measured as a function 
of temperature. The tungstate emission 
band decreases as described above for the 
undoped tungstate. The Eu3+ emission re- 
mains as weak as it is at LHeT. This con- 
firms the result mentioned above that the 

tungstate excitation energy does not be- 
come mobile at higher temperatures. 

Let us first discuss the Eu3+ emission. 
The site symmetry of La3+ in La3W06C13 is 
very low, viz. C, (I). For this site symme- 
try the degeneracy of all levels is lifted and 
all transitions are allowed. In Fig. 7 it can 
be seen that for 5Dr7Fo and 5D~7F1 the ex- 
pected number of lines is observed (1 and 3, 
respectively). Under the present resolution 
we find at least 4 and 7 lines for 5Dr7F2 and 
5Dr7F4 (theoretically 5 and 9, respec- 
tively); thus, Eu3+ resides on the La3+ site 
in LajWO&13. 

The broadband in the Eu3+ excitation 
spectrum (Fig. 8) cannot be due to the tung- 
state group. It corresponds to the Eu3+- 
02-(Cl-) charge-transfer transition. The 
maximum (at LHeT about 330 nm) is not 
necessarily the absorption maximum, be- 
cause the excitation band shrinks on the 
short wavelength site due to tungstate ab- 
sorption which is not converted into Eu3+ 
emission. Nevertheless we can safely con- 
clude that this charge-transfer transition is 
at relatively low energy. For LaOCl-Eu3+ 
300 nm has been reported as the maximum 
of the Eu3+ charge-transfer band at room 
temperature (22). In the oxychloride this 
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FIG. 8. The excitation spectrum of the 5Do emission 
of Eu3+ in La2.wE~,mW06ClS at LHeT. The excitation 
spectrum of the tungstate emission is given by the bro- 
ken line. 
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band starts at about 350 nm, in our case, at 
410 nm (300 K). In oxides its maximum is 
usually around 250 nm and only seldom be- 
low 300 nm (23). Hoefdraad has noted that 
the charge-transfer band moves to lower 
energy if the coordination of the Eu3+ ion is 
higher (23). We therefore assume that the 
10 coordination of Eu3+ in La3WO&13 is 
mainly responsible for the low-energy posi- 
tion of the Eu3+ charge-transfer band in La3 
WO&l3. 

At the same time it should be realized 
that a low position of this band promotes 
nonradiative transitions in the Eu3+ ion 
(24). In LaA10rEu3+, for example, the 
charge-transfer absorption maximum is at 
315 nm and the Eu3+ quantum efficiency is 
30% (25). It cannot be excluded, therefore, 
that the low Eu3+ emission intensity is 
partly due to nonradiative losses. This is 
especially true for the room temperature 
results. 

However, even if the present results are 
corrected for nonradiative losses in the 
Eu3+ ion, the amount of energy transfer to 
Eu3+ is low. The situation is comparable to 
that in La3W0&lrU (3). First we note that 
the excitation energy does not migrate 
within the tungstate sublattice. Probably 
the relaxed excited state of the tungstate 
group is too far out of resonance, so that 
the probability for tungstate-tungstate 
transfer cannot compete with radiative 
tungstate decay (26). If we take into ac- 
count one-step energy transfer between the 
tungstate group and Eu3+ ions on nearest 
La3+ neighbor sites only, we find for our 
sample that 91% of the emission should be 
from the tungstate (viz., 0.994 and 9% from 
the Eu3+ ion. 

Since the tungstate emission overlaps 
even with the Ed+ charge-transfer state 
there is no reason why the WOZ- + Eu3+ 
transfer should be inefficient. We suppose 
that under the sample preparation condi- 
tions a slight amount of reduction occurs 
which reduces part of the europium ions to 

the divalent state. Note that the sample in 
Ref. (1) with about the same nominal euro- 
pium concentration shows extensive sD3, 
5D2, and 'D1 emission which points to a 
much lower Eu3+ concentration than in our 
sample. These samples were made in differ- 
ent laboratories and, therefore, under 
slightly different circumstances. Reduction 
would also lower the U6+ concentration of 
our samples La3w06c13-u (3). we assume 
therefore that the low fraction of Eu3+ emis- 
sion in our samples is due to trivial reasons. 
If we assume that the experimental fraction 
is 1% and that 50% of the Eu3+ excitation 
energy is lost nonradiatively, we estimate 
that 25% of the europium is present in the 
trivalent state. 

3.5. La3w06c13-Sm 

In view of the results with the Eu3+-acti- 
vated samples which were complicated for 
several reasons, we also prepared and in- 
vestigated Sm3+-activated samples, be- 
cause no complications with low-lying 
charge-transfer states are to be expected 
and samarium is more difficult to reduce to 
the divalent state than europium. Here we 
present results for the composition La2.98 
SmO.OZWO6C13. 

At room temperature the luminescence. 
under tungstate excitation has medium to 
weak intensity; 60% of this emission con- 
sists of Sm3+ emission (the well-known, 
characteristic lines in the red) and 40% of 
tungstate emission. The Sm3+ excitation 
spectrum contains the Sm3+ lines and the 
tungstate excitation band. In contrast to the 
Eu3+ case, we can conclude that energy 
transfer occurs from the tungstate group to 
Sm3+. 

At LHeT the tungstate emission be- 
comes much stronger. The emission spec- 
trum under tungstate excitation consists 
mainly of tungstate emission (93%); the 
Sm3+ lines contribute for 7% to the total 
emission intensity. The Sm3+ excitation 
spectrum does not change very much. 
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These results can be simply explained by 
assuming tungstate + Sm3+ transfer be- 
tween nearest neighbors only, neglecting 
tungstate + tungstate transfer at all tem- 
peratures and remembering the thermal 
quenching of the tungstate luminescence 
(Section 3.1). At LHeT we expect in this 
model (1 - Q * 0.02)9 = 94% tungstate emis- 
sion and 6% Sm3+ emission, in excellent 
agreement with experiment. At 300 K about 
5% of the tungstate emission should re- 
main, so that about 60% of the total emis- 
sion should indeed be Sm3+. Here we have 
assumed that also at 300 K the probability 
for tungstate --) Sm3+ transfer exceeds the 
radiative and nonradiative probabilities of 
the tungstate group; this seems to be cor- 
rect. Since the radiative probability at room 
temperature is about l@ set-I, the nonra- 
diative probability is about 2 * lo6 set-i. The 
transfer probability must, therefore, exceed 
10’ set-i, in good agreement with other ob- 
servations (see, e.g., (27)). 

3.6. La3wo&l&e 
Whereas Sm3+ and Eu3+ are rare-earth 

ions which tend to become divalent, Ce3+ 
and Tb3+ have a tendency to become 
tetravalent. It seemed interesting to investi- 
gate their properties in La3WO&l3 also. In 
this section we report on the Ce3+ ion. Sam- 
ples of LajW0&13-Ce are yellow in color. 
A representative reflection spectrum is 
given in Fig. 9. 

This spectrum shows the tungstate ab- 
sorption edge around 3 10 nm and a long tail 
without structure into the visible. It seems 
quite improbable that this absorption is due 
to the 4f+ 5d absorption bands of the CeJ+ 
ion, because these are usually situated at 
higher energy in oxides and show structure 
as a result of crystal-field splitting of the 5d 
level. The present spectrum shows a strik- 
ing analogy with that of SrTi03-Ce (28). 
Strong arguments have been given there to 
assign this absorption to a Ce3+ -B Ti4+ 
charge-transfer transition. We assume that 

I 8 I 1 I 
300 400 500 nm 

FIG. 9. The diffuse reflection spectrum of La2.v 
CQ.~~WO&I~ at room temperature. 

the same holds here, i.e., that the absorp- 
tion tail is due to a Ce3+ --* W6+ charge- 
transfer transition. 

Samples La3WO&l$Ce do not show any 
luminescence under ultraviolet or visible 
excitation, not even at LHeT. The charge- 
transfer state Ce4+-W5+ seems to decay 
nonradiatively, as argued before in another 
context (29). Any Ce3+ emission, to be ex- 
pected in the ultraviolet or blue spectral re- 
gion, will be picked up by this charge-trans- 
fer transition and quenched in this way. 

3.7. LajWo&-Tb 

Finally we consider the luminescence of 
Tb3+ ions in La3WO&l3. Several samples 
were prepared and results at room tempera- 
ture were given before (I). Here we report 
in more detail on samples with composition 
La3-XTbXWO&13 (x = 0.03 and 0.15). The 
sample with x = 0.15 shows efficient green 
Tb3+ emission at LHeT and room tempera- 
ture. At RT the tungstate contribution to 
the total emission is 5% or less, but at 
LHeT it is 50%, if excitation is into the 
tungstate group. For the x = 0.03 sample, 
these values are 20 and 8%, respectively 
(see also Fig. 10). Using the simple model 
described above, the calculated values are 8 
and63%forx=O.l5,and33and91%forx 
= 0.03, respectively. This is in good agree- 
ment with experiment if we take the accu- 
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600 500 400 nm 

FIG. 10. The emission spectrum of La2.9, 
~.O~WOsCl~ at LHeT under excitation into the 
tungstate group. The J-J’ notation is similar to that of 
Fig. 7. The arrows indicate the position of the lowest 
levels of 5Dj and 5DI 

racy of the experiment and the simplicity of 
the model into account. 

It is interesting to look at the ratio of the 
5Dj and 5Db emissions of these two samples 
under different excitations at LHeT (see 
Table I). With increasing Tb3+ concentra- 
tion the 5D3 emission is quenched as is well 
known (see also Ref. (I)). Under excitation 
into the 5D3 level the amount of 5D3 emis- 
sion is much higher than under tungstate 
excitation. The reason for this is that the 
emission band of the tungstate group over- 
laps more favorably with the 5D4 than with 
the 5D3 level, so that the 5D4 level is fed 
preferentially in the tungstate-Tb3+ energy 

TABLE I 

RATIOOFTHE 5D, TO 5D4 EMISSION 
INTENSITIES AT LHeT FOR La3-,Tb,WO&13 

UNDER DIFFERENT EXCITATIONS 

sD,15D1 

x = 0.03 x = 0.15 

Tungstate 
excitation 

Tb’+ 5D3 
excitation 

0.05 0.02 

0.35 0.15 

transfer process. This has been indicated in 
Fig. 10 which shows the emission spectrum 
of La~.~~Tb0.03W06C13 under tungstate exci- 
tation and the position of the 5D3 and 5D4 
levels as observed from the Tb3+ excitation 
and emission spectra. 

From the ratio of the Tb3+ and tungstate 
contributions to the total emission, we have 
to conclude that the energy transfer from 
the tungstate group to the Tb3+ ion has a 
probability which is not lower than in the 
case of Eu3+ and Sm3+. This is rather ex- 
ceptional (30). Usually strong quenching 
occurs due to charge-transfer states of the 
type Tb4+-W5+ (29). For Ce3+ these were 
even observed directly in the reflection 
spectrum (see above). A possible explana- 
tion might be a relatively small offset of the 
charge-transfer state, but we have no proof 
for this. Our observations show clearly that 
there is no general reason why energy 
transfer from the tungstate group to the 
Tb3+ ion should not occur. 
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