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The luminescence of MgTa206 (trirutile structure) and ZnTazOB (tri-a-PbO, structure) are reported and 
discussed in connection with the luminescence of related compounds, especially the niobates with 
columbite structure. The maximum of the excitation band of the luminescence of the two tantalates is 
at 280 nm, a value lower in energy than that for the niobates. The emission band has its maximum at 
500 nm (MgTa,O,) and 450 nm (ZnTaz06). The quantum efficiency is low, reaching 15% (MgTa206) and 
30% (ZnTaZ06) at 4.2 K. It is argued that the phenomena observed for these compounds indicate that 
the excitons, formed upon photoexcitation, are mobile, whereas in the columbite niobates they are 
localized due to self-trapping. 8 1988 Academic PXSS, Inc. 

Introduction 

The luminescence of closed-shell 
highly charged transition-metal ion com- 
plexes, as for instance, titanates, vana- 
dates, niobates, tungstates, and tantalates, 
has been studied for many decades (I, 2). 
Nevertheless, this type of luminescence is 
still not well understood. The difficulties 
are of a divergent nature. The experimental 
data give only a restricted amount of infor- 
mation due to the fact that the spectra con- 
sist of very broad emission and excitation 
bands which do not show vibrational struc- 
ture. If more than one optically active cen- 
ter is present, spectral resolution is usually 
not possible, because the bands are so 
broad. 

If we consider the excited state of one 
isolated center, the knowledge of this state 
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appears to be restricted. We have proposed 
that the emission consists essentially of a 
triplet-singlet transition (3). Recently this 
has been convincingly confirmed by van 
der Waals and co-workers (4) using elec- 
tron paramagnetic resonance with optical 
detection in a magnetic field. They also 
showed that the excited state of the tetrahe- 
dral complexes is subject to a strong Jahn- 
Teller distortion. 

In addition to the structure of the excited 
state, there are other factors which deter- 
mine the luminescence properties. One of 
these is the occurrence of extrinsic centers 
which may quench the intrinsic lumines- 
cence. These extrinsic centers may be due 
to anion deficiency (e.g., W03 centers in 
CaW04 (2)) or to cation disorder (e.g., Sc3+ 
and Nb’+ disorder in ScNb04 (5)). 

Another factor is the delocalization of the 
excited state, i.e., energy band formation. 
A good example is TiOz, for which we 
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recently observed free exciton emission (6). 
This is also the case for CsV03 (7). 
However, there is a series of examples 
which lie in between a semiconductor like 
TiOt and an insulator like CaW04. In 
KTiOP04 we observed self-trapped exciton 
emission with a low thermal activation 
energy (8). The compounds LaNb309 (9) 
and NbPOs (20) are examples of composi- 
tions which occur in two different crystal 
structure: the wolframite MgW04 and 
the columbite CaNbz06 are examples of 
luminescence is strong (9, 10). 

A well-known class of luminescent 
compounds is that based on the a-PbOz 
structure: the wolframite MgW04 and the 
columbite CaNbzOh are examples of 
luminescent materials with high quantum 
efficiencies for photoluminescence (II). 
Cation disorder can spoil this efficiency 
considerably (5, 11). The tantalates within 
this family were less thoroughly investi- 
gated than the niobates (12). Recently 
Miiller-Buschbaum and co-workers re- 
ported the crystal structure of several tan- 
talates of MTa206 and discussed their crys- 
tal chemistry (13). We have now studied the 
luminescence of these tantalates. At room 
temperature their luminescence efficiency 
is negligible. At low temperatures, how- 
ever, luminescence appears. The experi- 
ments indicate a certain amount of delocal- 
ization of the excited state which influences 
the luminescence properties in a decisive 
way. Several other compounds are also dis- 
cussed in this connection. 

Experimental 

Samples of ZnTa206 and MgTalOh were 
prepared using conventional solid state 
techniques. They were fired several times 
at 1450°C in air. Samples were checked by 
X-ray powder diffraction using CuKa radi- 
ation. The diffractometer patterns showed 
ZnTazOs to have tri-a-PbOz structure and 
MgTa206 to be of trirutile structure, in 
agreement with literature data (13). 

Optical measurements were performed 
on a Perkin-Elmer MPF-3 spectrofluo- 
rometer equipped with an Oxford helium 
cryostat, as described in earlier papers (3, 
9). 

Results 

At room temperature the trirutile 
MgTaZOh shows no photoluminescence at 
all. This is in striking contrast with the 
efficient luminescence of MgNbzOs (5), 
which, however, has columbite structure. 
Below 200 K MgTazO, shows weak lumi- 
nescence. The quantum efficiency at 4.2 K 
is only 15 ? 5% and decreases more or less 
linearly to 200 K. The broad emission band 
has its maximum at about 500 nm; the 
corresponding excitation band is at 280 nm. 
The Stokes shift is about 17,000 cm-‘. The 
excitation spectrum shows a weak shoulder 
on the longer wavelength side. The emis- 
sion spectrum shows a weak shoulder on 
the shorter wavelength side, suggesting the 
presence of another emission band with a 
maximum at about 420 nm. The excitation 
maximum corresponds to the absorption 
edge in the diffuse reflection spectrum. 
These results are summarized in Fig. 1. 

The tri-a-Pb02 ZnTafOG also does not 
luminesce at room temperature. This is in 
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FIG. 1. Emission spectrum (right) and excitation 
spectrum (left) of the luminescence of MgTa206 at 4.2 
K. The relative quantum output (qJ and the spectral 
radiant power per constant wavelength interval (Qh) 
are given in arbitrary units. 
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FIG. 2. Luminescence spectra of ZnTa206 at 4.2 K. 
See legend to Fig. 1. 

contrast to ZnNbz06 with columbite struc- 
ture (12). Below 150 K, however, ZnTa206 
shows photoluminescence with a quantum 
efficiency reaching a value of about 30% at 
4.2 K. The broad emission band has its 
maximum at about 450 nm, with a corre- 
sponding excitation maximum at 280 nm (in 
agreement with the reflection spectrum). 
The Stokes shift amounts to 14,000 cm-‘. 
The emission band carries a lower wave- 
length shoulder. This corresponds to an- 
other emission band with a maximum 
around 530 nm. It was not possible to 
resolve the spectra any better or to obtain a 
more or less selective excitation. However, 
this longer wavelength component becomes 
stronger at higher temperature and has a 
higher quenching temperature (- 150 K) 
than the main emission band (- 125 K). The 
spectra at 4.2 K are given in Fig. 2. 

Tbe Transition between Free and Self- 
Trapped Excitons 

As argued in the Introduction, we may 
expect to observe in the luminescence of 
the type of compounds under discussion 
free exciton emission (e.g., TiOz, CsVOJ 
or self-trapped exciton emission (e.g., 
CaW04, LazMgTiOs, YV04 (2)) as well as 
all features between these extremes. A 
beautiful example of the transition of free 
to self-trapped exciton emission occurs in 
the system AgBri-,Cl, (14). Theories have 
been outlined by Toyozawa (15) and, for 
the simple rare-gas solids, by Fugol (16) 

and Schwentner ef al. (17). Let us summa- 
rize the results. 

Imagine a system of luminescent cen- 
ters, each with a two-level energy scheme. 
After excitation we can distinguish two 
extreme situations. In general the radiative 
lifetime rr is much longer than the electron- 
lattice relaxation time rlr, so that after exci- 
tation the excited state relaxes to the equi- 
librium state of the excited state. The relax- 
ation lowers the energy of the system by 
El,. If El, is large enough, the excitation 
energy stays at that particular site ac- 
companied by a distortion of the surround- 
ings (self-trapped state, S). However, there 
exists another energy effect: the excitation 
energy can be transferred from one center 
to another, forming an exciton band of 
width 2B, where 2B = 2ulJJ. Here 1, is the 
number of nearest neighbors and J is the 
transfer energy between the nearest neigh- 
bors. The total energy of the system is 
lowered by B if the excitation propagates 
through the crystal without lattice distor- 
tion (nearly free state, F). 

Excitonic emission from the F state 
should be a sharp line (almost resonant with 
the absorption peak), whereas emission 
from the S state should be a Stokes-shifted 
broad band, characteristic of localized de- 
excitation. Closer consideration suggests 
that the stable state changes abruptly from 
F-like to S-like when the ratio g = EdB 
exceeds a certain value (g = 1). 

The emission of TiOz and CsVO3 is an 
example of the F state, the emission of 
YV04 and CaW04 of the S state (2). In 
Refs. (26) and (17) it has been argued that 
coexistence of free and localized excitons is 
possible. This situation occurs if the free 
and self-trapped exciton states are sepa- 
rated by a potential barrier HM = 4B3/ 
27Ef,. This is presented schematically in 
Fig. 3. The barrier HM prolongs the local- 
ization time of the free excitons. This local- 
ization can occur by tunneling or by acti- 
vated barrier transitions. 
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FIG. 3. Schematic representation for the dispersion 
of free excitons vs wavevector k (left-hand side), for 
self-trapping in a configurational coordinate diagram 
(center), and for several transitions through or over 
the barrier height Hw (right-hand side). Also see text. 

For a very pure Ti02 crystal we have 
observed a free exciton line at 412 nm, but 
also a broad band with a maximum at 485 
nm (6). This emission might be ascribed to 
self-trapped excitons, but it cannot be ex- 
cluded that it is due to titanate groups near 
defects after free-exciton trapping (as sug- 
gested in Ref. (6)). Let us now turn to a 
discussion of the present results. 

Discussion 

Let us first consider the position of the 
optical absorption edge of the compounds. 
It should be realized that strong delocal- 
ization, i.e., a high value of B, results nec- 
essarily in a low-energy position of the opti- 
cal absorption edge. This is well illustrated 

by the titanates where the following values 
have been reported and compared: Ti02 3 .O 
eV; SrTiO, 3.2 eV; MgTi03 3.7 eV; 
BaTi(PO& 3.8 eV (2, 28). The latter com- 
pound contains isolated titanate octahedra. 
In the sequence given the coupling between 
the titanate octahedra decreases, i.e., 
B decreases. The compound BaTi(PO& 
shows titanate emission with a large Stokes 
shift (1.4 eV), as expected for a self-trapped 
exciton with a large relaxation (19). Such a 
dramatic shift has also been observed for 
Bi’+ compounds, e.g., Bi4Ge30i2 with 4.6 
eV and Bi12Ge020 with 3.4 eV, the former 
with self-trapped exciton emission, the lat- 
ter with semiconductor behavior (7). From 
this we can conclude that a low-energy 
position of the optical absorption edge 
strongly suggests electronic delocalization. 

Table I contains some values of optical 
absorption edges from reflection spectra 
and/or excitation spectra of the emission 
relating to the compounds under discus- 
sion. Tantalates with isolated tantalate 
groups have the optical absorption transi- 
tion at much higher energy than the corre- 
sponding niobates in agreement with the 
values of the fifth ionization potential 
(Zs(Nb) 52 eV; Z5(Ta> 45 eV (23)). The value 
of Z5 is of decisive importance, since we are 
dealing with charge-transfer transitions (2). 

TABLE I 

Value of the Optical Absorption Edge of Some Niobates and Tantalates 

Compound 
Optical absorption edge 

(nm) Ref. 

Tantalates with isolated 
tantalate groups (YTa04, 
M&Taz09, L&TaOJ 

Niobates with isolated niobate 
groups (YNb04, M&NbZ09, 
LisNb04) 

NS4k 
ZnTaz06 
ScNb04 
WNbQ 
LiNb,O* 

220 k 5 2, 20 

250 k 5 2, 21 

280 This work 
280 This work 
260 5 
275 5, II 
300 22 
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FIG. 4. (a) The columbite structure. (b) The tri-a- 
PbOl structure. The general formula for both cases is 
A&O,+ The coordination octahedra around the penta- 
valent B ions (Nb5+ in a, and Ta5+ in b) are hatched. 
The coordination octahedra around the divalent A ions 
are open. Reprinted, by permission of the publisher, 
from Ref. (13). 

In ScNb04 the niobate groups form linear 
zig-zag chains by edge-sharing of octahedra 
(ScNb04 has wolframite structure). This 
does not influence the position of the nio- 
bate absorption much. In MgNbzOe with 
related structure (columbite) two of such 
niobate chains are coupled resulting in a 
lower absorption edge than ScNb04. This 

probably indicates a small amount of delo- 
calization. The luminescence, however, is 
clearly of the self-trapped exciton type with 
a large Stokes shift (5). The columbite 
structure is given in Fig. 4a. In LiNb30s all 
the niobate zigzag chains are connected to 
each other by niobate octahedra, since this 
structure can be derived from the wolfram- 
ite structure (e.g., ScNbOJ by replacing 
the trivalent ions in an ordered way with 
Li+ and Nb’+ ions (24). The absorption 
edge shifts to energies which are new con- 
siderably lower than those for the isolated 
niobate group (see Table I). The stronger 
the connections between the niobate 
groups, the lower the absorption edge will 
be. This has drastic consequences for the 
luminescence: LiNb30s is only a weak 
emitter, probably because the excitation 
energy is now mobile and can reach 
quenching sites in the lattice. 

The value of the optical absorption edge 
of the tantalates MTa206 under discussion 
is at low energy: not only much lower than 
the values of the edge of the compounds 
with isolated tantalate groups, but even 
lower then the value of the corresponding 
niobate MgNb206 (see Tabel I). From this 
comparison of optical absorption edges we 
conclude that the possibility of electronic 
delocalization occurring in the excited state 
in the MTazOs tantalates cannot be ne- 
glected . 

Let us now consider the crystal struc- 
tures of these tantalates. They confirm a 
very old rule that the structures of tanta- 
lates are in between those of niobates and 
antimonates, a phenomenon which can be 
explained from the difference in electron 
configuration of the pentavalent ions (2.5). 
The structure of MgTa206 is trirutile (13, 
26), contrary to that of MgNbZOf,. The 
compound MgSb206 has also trirutile struc- 
ture (26). This structure, shown in Fig. 5, 
contains linear chains of edge-sharing octa- 
hedra filled in the sequence Mg-Ta-Ta. 
The tantalate pairs in the chains are con- 
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FIG. 5. The trirutile structure of MgTa206. The Tao6 
octahedra are densely hatched; the Mg06 octahedra 
are widely hatched. Reprinted by permission of the 
publisher from Ref. (13). 

netted via corner-sharing to other pairs. 
This three-dimensional coupling is proba- 
bly responsible for the low-energy value of 
the optical absorption edge, i.e., for elec- 
tronic delocalization or a high value of B. 

The structure of ZnTa206 is also different 
from ZnNb206 (columbite), but also from 
that of ZnSbz06 (trirutile) (13, 26): ZnTa206 
has tri-a-PbOz structure (13, 27) (Fig. 4b). 
This structure has the same arrangement of 
octahedra as the columbite structure, but 
the occupation is different (see Fig. 4). In 
columbite the zigzag chains are occupied 
by metal ions of one type; in tri-cr-Pb02 
one-third of the chains contain one type of 
ion (Ta’+) and two-thirds is filled up by 
equal and ordered amounts of both (Zn2’ 
and Ta’+) ions. As a consequence there is 
again a three-dimensional coupling of the 
tantalate groups. This suggests that in 
ZnTa206 the delocalization is more pro- 
nounced than in ZnNb206. 

Let us now turn to the luminescence 
properties. The luminescence of the triru- 
tile MgTaz06 has a low quantum efficiency, 
even at 4.2 K. This excludes quenching due 
to disorder or quenching centers, since 
there are no indications that the concentra- 
tion of these defects is high and energy 

migration must be strongly hampered at 
that temperature. In the case of MgNbzOe, 
where a low efficiency at 300 K may be due 
to disorder, the efficiency increases to high 
values if the temperature is lowered (5, 12). 
In view of the low-energy position of 
the absorption edge of MgTazOG (below 
MgNb206), we propose that excitation into 
the absorption edge creates mobile exci- 
tons. It cannot be excluded that the weak 
420-nm emission presents self-trapped ex- 
citon emission. The main emission band at 
500 nm cannot be due to this type of 
emission in view of the large Stokes shift 
(IQ. In our opinion this emission is due to 
exciton recombination at defect sites. The 
low effeciency is, therefore, due to the fact 
that the free excitons have three modes to 
decay: (i) after crossing the barrier HM as 
self-trapped excitons (420 nm); (ii) after 
trapping by defects as deep-center emission 
(500 nm); (iii) nonradiatively at quenching 
centers. Obviously mode iii prevails. The 
centers responsible for the 500-nm emission 
might well be due to a small amount of 
Mg’+-Ta’+ disorder. The weak feature in 
the excitation spectrum corresponds in that 
case to direct excitation of these centers. 
The trirutile MgTa206 can be considered as 
an intermediary situation between rutile 
(Ti02) and the columbite MgNb206. 

The tri-ac-Pb02 shows a quantum effi- 
ciency which is higher than that of MgTaz 
06, but still there is a considerable amount 
of nonradiative loss. Actually the spectral 
characteristics of ZnTazOh and MgNb206 
are not too different, although the tantalate 
spectra lie at somewhat lower energy than 
the niobate spectra. Therefore, we assume 
that ZnTa206 presents a case which is close 
to the border line between localization and 
delocalization. The longer wavelength 
emission (530 nm) may again be due to 
recombination at centers due to disorder. 

Recalling the three modes, i-iii men- 
tioned above, the situation may be charac- 
terized in a qualitative way as follows: In 
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MgTa206, iii > ii > i, the notation “ni” now 
indicating the rate of the process con- 
cerned. In ZnTa206, iii > i > ii, and in 
MgNbzOa i > iii > ii. The shift in the rates is 
,mainly due to the change in crystal 
structure. 

It seems very hard to prove this model in 
an unambiguous way. In view of the spec- 
tra (broad bands), not much help can be 
expected from there. Perhaps energy level 
calculations might be of help, but these are 
not easy to perform. Therefore a consider- 
ation of many experimental facts might 
confirm these ideas further. It is interesting 
to note that in bismuth compounds similar 
phenomena have been observed (7). 

In this connection it is noteworthy that 
the compounds ATaO (A = La, Gd, Y, 
Lu, SC; B = Nb, Ta) show luminescence 
only at 300 K if they have columbite struc- 
ture; those with CaTa,O, or rutile structure 
luminesce only weakly at lower tempera- 
tures (28). Note that GdTiNbOh (columbite) 
has the absorption edge at 280 nm, but 
GdTiTa06 (CaTa206) at 320 nm. Again the 
columbite structure shows the smallest 
amount of delocalization. 

The tantalates La3Ta07 and Y3Ta07 do 
not show luminescence with reasonable ef- 
ficiency (29). These compounds have a 
crystal structure in which tantalate octahe- 
dra form chains by corner-sharing (-30). 
Such a configuration facilitates delocal- 
ization, so that the exciton can easily reach 
quenching centers. The same is true for 
Ba2W05 (31). Interestingly enough, the lin- 
ear chain of comer-sharing niobate octahe- 
dra in a-NbP05 leads to efficient lumines- 
cence below 150 K (10). The comer-sharing 
O*- ions are far away from one of the two 
Nb’+ ions, but close to the other. This 
configuration explains the localization. 

The model sketch shows a pronounced 
analogy to the concept of a critical intemu- 
clear separation (R,) in discussing localized 
versus collective electrons. This separation 
is defined in such a way that outer electrons 

are best described as high-mobility col- 
lective electrons if the interatomic separa- 
tion R < R,, and as low-mobility localized 
electrons if the interatomic separation R > 
R, (32). However, we cannot translate our 
model in just one critical parameter, since 
many bond distances and angles are in- 
volved. The case of ZnTa206 is obviously 
near the border line between the two re- 
gimes. 
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