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Abstract

The series Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKyEu2Ti4�yTa6+yO30 have been synthesized at 1400
�C in air. They exhibit efficient

excitation at about 400 nm and typical emission of Eu3+ at about 580–620 nm, form solid solutions within 0:0pxp2:0 and 0pyp4

respectively, and crystallized in P4/mbm at room temperature with Eu atoms occupied at centrosymmetric site (0, 0, 0). Their

conductivity is very low (2.8� 10�6O�1 cm�1 at 740�C for Ba6Ti2Ta8O30).

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Tungsten-bronze (TB) is a common structure type
adopted by many different compounds with a general
formula AxMO3 ð0pxp1Þ [1–6]. The basic frameworks
of TB are composed of corner-sharing MO6 octahedra
that are connected to form 3-, 4-, 5- and/or 6-octahedral
rings in which A-type atoms are located. Four different
tungsten bronze structure types have been known so far,
i.e., perovskite tungsten bronze [7,8], tetragonal tung-
sten bronze (TTB) [9], hexagonal tungsten bronze [10],
and intergrowth tungsten bronze [11]. In these com-
pounds, the A-type atoms are varieties of alkaline or
alkaline earth elements, such as Li, K, Na, Ba, Sr, etc.,
while octahedral sites are those transition metal cations
with high valence, such as W, Ta, Nb, Ti, Zr. In general,
these materials are interested due to their wide varieties
of physical properties, such as electro-optical [12],
nonlinear optical [13], pyroelectric [14], and acoustic
property [15] and so on. As a mater of fact, the
luminescent property of such materials might also be
interesting [16] because there are considerable concerns
of using the heavy transition metal compounds as the
radioluminescent materials [17]. On the other hand,
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recent study also showed that, e.g., Eu0.53K2.41Nb6O17
with NbO6 octahedra [18], have strong absorption at
about 394 nm which might be useful in white light-
emitting-diode devices [19–25] where a phosphor with a
strong excitation/absorption around 394 nm is helpful.
Therefore, the luminescent property of tungsten bronze
structure compounds with corner-sharing MO6 octahe-
dra (M ¼ Ta; Nb, etc.) may be very interesting. Here in
this report, we present structural and luminescent
properties of the Eu doped, Eu and K co-doped
Ba6Ti2Ta8O30. These materials crystallize in TTB struc-
ture and exhibit efficient excitation at about 400nm and
typical emission of Eu3+ at about 580–620 nm.
2. Experimental

The Eu and K doped Ba6Ti2Ta8O30 materials were
synthesized by high-temperature solid-state reaction
using stoichiometric BaCO3 (A.R.), K2CO3 (A.R.),
Eu2O3 (99.99%), Ta2O5 (99.99%) and TiO2 (A.R.) as
the starting materials. The doped Eu3+ and K+

occupied presumably the Ba positions in the structure;
thus simultaneous adjustment of Ta5+ and Ti4+ is
needed in order to compensate the extra charge. A series
of samples with a general formula Ba6�xEux

Ti2+xTa8�xO30 and Ba4�yKyEu2Ti4�yTa6+yO30, where
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Fig. 1. Typical excitation spectra of the TTB Ba6�xEuxTi2+xTa8�xO30
ð0pxp2:0Þ monitored at 592 nm with x ¼ 2:00:
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the x and y varied from 0.0 to 4.00, have been
synthesized as follows. The oven-dried starting materials
of total about 6.0 g were mixed and ground. The
mixtures were initially calcinated at 1200�C for 10 h.
After that, they were heated at 1400�C in air for 10 h and
then reground and heated until the X-ray diffraction
patterns of the products did not change. During the
reaction, the samples were also weighted to monitor the
possible loss of the components. The maximum loss was
about 4mg for 6.0 g samples. Therefore, the composi-
tion of the sample was thought to be the weighted
composition initially.
X-ray diffraction data were collected by using XRD-

6000 diffractometer employing CuKa radiation
ðlCuKa1 ¼ 1:54056l (A; lCuKa2 ¼ 1:54440 (AÞ with a Ni
filter, a slits setting of 1/2, 1/2, 0.3, and 40 kV, 40mA
in a continuous scanning mode (2y from 7� to 120�,
0.15�/min). X-ray diffraction data were analyzed by
Rietveld refinement using GSAS [26]. The excitation and
emission spectra were recorded with a Hitachi F-4500
fluorescence spectrophotometer. UV absorption spectra
were recorded on an UV-3100 UV–VIS–NIR spectro-
photometer using BaSO4 as the reference. AC impe-
dance data were measured with a HP4192A impedance
analyzer with a typical ac voltage of 50mV. The
frequency ranges from 5Hz to 12MHz and, tempera-
ture of measurement varies from 200�C to 800�C.
Sample for AC impedance measurements were pressed
into pellets under 10MPa, which were sintered at
1400�C for 12 h. The typical size of pellets was about
13mm in diameter and 3mm in thickness with the
relative density of about 92%. The pellets were pasted
with Pt paste and heated at 800�C for 30min.
250 300 350 400 450
wave number(nm)

500

Fig. 2. UV absorption spectra of TTB Ba6�xEuxTi2+xTa8�xO30
ð0pxp2:0Þ with x ¼ 0:00; 0.60, and 1.60.
3. Results and discussions

The series Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKy

Eu2Ti4�yTa6+yO30 show interesting luminescent proper-
ties. Their excitation spectra are very similar as shown in
Fig. 1, which is for Ba4Eu2Ti4Ta6O30. There are two
different excitation transitions. The sharp peaks from
360 to 480 nm originate from transitions with the
f-configuration from 7F0 to excited states [27]. While
the broadband around 330 nm may attribute to the
transition from valence band, which is mainly the O 2p

orbitals, to the conduction band, which is composed of
mainly the d orbitals of the transition metals. Interest-
ingly, the charge transfer transition of O2�–Eu3+, which
normally appears at about 250 nm, is not present for
these materials. Actually similar phenomenon was
observed for another solid K13Eu(SiW11O39)2 [28],
where charge transfer band is also very weak.
To understand this phenomenon, UV absorption

spectra have been measured as shown in Fig. 2. All
the samples, including the undoped Ba6Ti2Ta8O30, show
similar absorption band covering most of UV range up
to 330 nm. This strong absorption is attributed to
the transition from valence band to conduction band.
The band gap of the materials is usually estimated from
the spectra according to the following equation:

Egap ¼
hC

l
: ð1Þ

Here h is the Plank constant, C the speed of light in
vacuum, and l is the wavelength corresponding to half
maximum of the absorption band, which is about
350 nm for these materials. Taking all these parameters
into account, the estimated band gap is about 3.5 eV,
which is far smaller than the energy difference between
the O-2p and Eu-4f. In such cases, therefore, the charge
transfer transition of O2�–Eu3+ is quenched in these
narrow band materials.
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Fig. 3. Emission spectra of the series Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKyEu2Ti4�yTa6+yO30 under 400 nm excitation: (a)

Ba6�xEuxTi2+xTa8�xO30 with x ¼ 1:00; 1.30, 1.60 and 2.00; and (b) Ba4�yKyEu2Ti4�yTa6+yO30 with y ¼ 0:00; 1.00, 2.00, 3.00 and 4.00.
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The Eu3+ doped materials Ba6�xEuxTi2+xTa8�xO30
and Ba4�yKyEu2Ti4�yTa6+yO30 exhibit orange red
emission as shown in Fig. 3. The spectra are dominant
by two transitions, 5D0-

7F1 (592 nm) and
5D0-

7F2
(611 nm). It is well known that 5D0-

7F1 is magnetic
dipole transition in nature and is independent of the
crystallographic site of the Eu3+ ions. 5D0-

7F2 is
electric dipole transition implying Eu3+ ions occupied
the noncentrosymmetric sites. However, thermal vibra-
tion of the atoms in centrosymmetric sites also make
the atoms look like that occupying noncentro-
symmetric sites. Therefore, the present observations
shown in Fig. 3 just means that some or all of Eu atoms
distribute in centrosymmetric sites and that the
distribution of Eu atoms in two series is the same (the
shape and intensity ratio of 5D0-

7F1 to 5D0-
7F2

were same). This implies that Eu atoms might mainly
occupy the centrosymmetric site or then they are
randomly distributed in both centrosymmetric and
noncentrosymmetric sites. In order to have a clear
answer, the structures of the series
Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKyEu2Ti4�yTa6+y

O30 were carefully studied.
Two space groups P4=mbm and P4bm were found to

fit the powder X-ray diffraction patterns of the
Ba6Ti2Ta8O30 very well, as shown in Fig. 4. The
details of the refinements are listed in Table 1. However,
Zhang et al. [29] reported that the Ba6Ti2Ta8O30 is
paraelectric at room temperature with a Curie tem-
perature of about �35�C. Therefore, it is obvious
that Ba6Ti2Ta8O30 crystallize in the space group
P4=mbm above �35�C, which might reduce to P4bm

below this temperature. This result is comparable to the
reduced Ba6Ta10O30 [30], which also crystallizes in
P4=mbm:
In general, the TTB structure can be expressed as
(A1)4(A2)2(A3)4(M1)2(M2)8O30 [31]. As shown in Fig. 5,
there are two octahedral sites, i.e., M1 and M2, which in
this compound are occupied randomly by Ti and Ta; the
three different A-type positions can be either vacant or
accommodated by large cations. In Ba6Ti2Ta8O30
barium atoms occupied two of the A-sites (A1 and
A2), while the A3 are vacant. For the europium doped
series Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKyEu2
Ti4�yTa6+yO30, the dopant atoms Eu and K substitute
Ba at the A-type positions, meanwhile Ta and Ti is
adjusted, thus to compensate the extra charge
induced by Eu3+ and K+. The Rietveld refinements
confirm that they crystallize in TTB structure as that of
Ba6Ti2Ta8O30.
In Figs. 6 and 7, the typical powder X-ray diffraction

patterns for the series Ba6�xEuxTi2+xTa8�xO30 and
Ba4�yKyEu2Ti4�yTa6+yO30 have been shown. It is
found that single-phase products can be obtained up
to x ¼ 2:00 for Ba6�xEuxTi2+xTa8�xO30 and up to y ¼
4:00 for Ba4�yKyEu2Ti4�yTa6+yO30. These are further
confirmed by the variation of the lattice parameters with
the Eu or K content, as shown in Figs. 8 and 9 (the
corresponding details are listed in Tables 2 and 3). For
the series Ba6�xEuxTi2+xTa8�xO30, both lattice para-
meters a and c decrease with the increase of the Eu
content mainly caused by the fact that the radii of Eu3+

and Ti4+ were smaller than that of Ba2+ and Ta5+ [32].
As for the series Ba4�yKyEu2Ti4�yTa6+yO30, lattice
parameter a increased and c decreased with the increase
of the K content. These changes agree nicely with the
Vegard’s law [33,34]. The corresponding solid solution
limits are then suggested to be 0:0pxp2:0 for the
TTB Ba6�xEuxTi2+xTa8�xO30 and 0:0pyp4:0 for
Ba4�yKyEu2Ti4�yTa6+yO30.
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(a)

(b)

Fig. 4. The Rietveld plot of the powder X-ray diffraction patterns of the sample Ba6Ti2Ta8O30 with the different models. (a) P4/mbm; and (b) P4bm.

Table 1

Comparison of the different models for Ba6Ti2Ta8O30

Space group P4=mbma P4bmb

a (Å) 12.5705(1) 12.5705(1)

c (Å) 3.9581(1) 3.9581(1)

Ba1 2a 0, 0, 0 0, 0, 0c

Ba2 4g 0.1718(1), 0.6718(1), 0 0.1720(1), 0.6720(1), �0.0002(1)
Ta/Ti1 0, 1/2, 1/2 0, 1/2, 0.4898(1)

Ta/Ti2 0.0744(1), 0.2146(1), 1/2 0.0744(1), 0.2147(1), 0.5003(1)

O1 0, 1/2, 0 0, 1/2, 0.0198(1)

O2 0.2830(1), 0.7830(1), 1/2 0.2830(1), 0.7830(1), 0.4982(1)

O3 0.0750(1), 0.2070(1), 0 0.0754(1), 0.2076(1), 0.0331(1)

O4 0.3415(1), 0.0073(1), 1/2 0.3418(1), 0.0072(1), 0.5045(1)

O5 0.1393(1), 0.0706(1), 1/2 0.1399(1), 0.0711(1), 0.5125(1)

R Rwp ¼ 0:056;Rp ¼ 0:042 Rwp ¼ 0:056;Rp ¼ 0:042

Reduced CHI��2 5.2 5.2

aTwo crystallography parameters and 14 atomic parameters have been refined.
bTwo crystallography parameters and 20 atomic parameters have been refined.
cThe Ba1 atom is chosen as the origin in this space group.

G. Li et al. / Journal of Solid State Chemistry 177 (2004) 875–882878
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Fig. 6. Typical powder X-ray diffraction patterns of the series

Ba6�xEuxTi2+xTa8�xO30 ð0pxp4:0Þ � is of unknown phase.
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Fig. 7. Typical X-ray powder diffraction patterns of the series

Ba4�yKyEu2Ti4�yTa6+yO30 ð0pyp4:0Þ:

Fig. 5. The projection along c-axis of the TTB structure with the

formula (A1)4(A2)2(A3)4(M1)2(M2)8O30.
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As mentioned above, the distribution of Eu atoms are
the same in these two series Ba6�xEuxTi2+xTa8�xO30
and Ba4�yKyEu2Ti4�yTa6+yO30. There are two cases,
one is that all of Eu atoms occupy the A2 site
(centrosymmetric site), the other was some of Eu atoms
occupied A2 site and some in A1 site (noncentrosym-
metric site). To make a choice, the refine profiles are
compared in Fig. 10 for X-ray diffraction patterns of
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Ba4Eu2Ti4Ta6O30 with all Eu atoms at A2 site, and 1/3
at A2 and 2/3 at A1 site, respectively. The corresponding
refinement details are listed in Table 4. It is clear that no
Table 2

Lattice parameters of the tetragonal tungsten bronze phase in the

sample with the nominal formula Ba6�xEuxTi2+xTa8�xO30
ð0:00pxp4:00Þ

x a (Å) c (Å) V (Å3)

0.00 12.5705(1) 3.9582(1) 625.45(1)

0.04 12.5636(1) 3.9578(1) 624.71(1)

0.08 12.5602(1) 3.9568(1) 624.21(1)

0.12 12.5553(1) 3.9551(1) 623.48(1)

0.20 12.5456(1) 3.9524(1) 622.08(1)

0.40 12.5264(1) 3.9467(1) 619.29(1)

0.50 12.5213(1) 3.9434(1) 618.26(1)

0.60 12.5094(1) 3.9410(1) 616.71(1)

1.0 12.4732(1) 3.9263(1) 610.85(1)

1.30 12.4457(1) 3.9159(1) 606.55(1)

1.60 12.4201(1) 3.9054(1) 602.45(1)

2.00 12.3842(1) 3.8886(1) 596.38(1)

2.50 12.3842(1) 3.8886(1) 596.38(1)

3.00 12.3842(1) 3.8886(1) 596.38(1)

4.00 12.3842(1) 3.8886(1) 596.38(1)

Table 3

Lattice parameters of the tetragonal tungsten bronze phase in the

sample with the nominal formula Ba4�yKyEu2Ti4�yTa6+yO30
ð0:00pyp4:00Þ

y a (Å) c (Å) V (Å3)

0.00 12.3842(1) 3.8886(1) 596.38(1)

0.50 12.3995(1) 3.8840(1) 597.16(1)

1.00 12.4207(1) 3.8819(1) 598.87(1)

1.50 12.4366(1) 3.8787(1) 599.91(1)

2.00 12.4573(1) 3.8783(1) 601.84(1)

2.50 12.4684(1) 3.8754(1) 602.47(1)

3.00 12.4824(1) 3.8738(1) 603.57(1)

4.00 12.5006(1) 3.8742(1) 605.40(1)

(a) (b

Fig. 10. The Rietveld plot of the powder X-ray diffraction patterns of the sam

the site 2a; and (b) 1/3 of Eu atoms at 2a and 2/3 of Eu atoms at 4g (refere
obvious differences are observed. The main reason
might be that the X-ray diffraction ability of Ba and
Eu atoms is almost the same. Because the X-ray
diffraction ability of K and Eu is very different,
similar comparison shown in Fig. 11 induces that Eu
atoms should occupy mainly A2 site for the other case
gave a very bad fitting of the X-ray diffraction patterns.
The corresponding refinement details are listed in
Table 5.
The conductivity of these two series

Ba6�xEuxTi2+xTa8�xO30 ð0pxp2Þ and Ba4�yKyEu2
Ti4�yTa6+yO30 ð0pyp4Þ was measured by impe-
dance spectra. Fig. 12 shows typical impedance
spectrum for Ba5EuTi3Ta7O30 at 780

�C. The semi-circle
is associated to the contribution of impedance from
bulk. The conductivity of all samples behaves rather
similar and agrees well with Arrhenius’ law as shown in
Fig. 13.

sT ¼ Ae�Ea=kT : ð2Þ

Here, T is the temperature in Kelvins, s the
conductivity of the samples (O�1 cm�1), Ea the active
energy, k the Boltzmann’s constant. The activation
energies are almost the same about 1.55 eV.
In conclusion, the europium substituted systems

Ba6�xEuxTi2+xTa8�xO30 and Ba4�yKyEu2Ti4�yTa6+y

O30, which have TTB structure, were obtained by
high-temperature solid-state reaction at 1400�C. The
main excitations of these materials originate from the
f � f and crossing-band transition, and the charge
transfer of O2�–Eu3+ does not appear. They form solid
solution below x ¼ 2:0 or y ¼ 4:0: Eu atoms occupy
mainly the centrosymmetric site in the lattice. The
strong emission at 592 nm is caused by Eu3+ at the
centrosymmetric site.
)

ple Ba4Eu2Ti4Ta6O30 with the different models. (a) All of Eu atoms at

nce to Table 1).
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Table 4

Comparison of the different modelsa for Ba4Eu2Ti4Ta6O30

Atom Coordination Occupation

Model a Model b

Ba/Eu1 2a 0, 0, 0 0.00/1.00 0.666/0.333

Ba/Eu2 4g 0.1709(1), 0.6709(1), 0 1.00/0.00 0.666/0.333

Ta/Ti1 0, 1/2, 1/2 0.60/0.40 0.60/0.40

Ta/Ti2 0.0748(1), 0.2135(1), 1/2 0.60/0.40 0.60/0.40

O1 0, 1/2, 0 1.00 1.00

O2 0.2870(1), 0.7870(1), 1/2 1.00 1.00

O3 0.0742(1), 0.1950(1), 0 1.00 1.00

O4 0.3393(1), 0.0025(1), 1/2 1.00 1.00

O5 0.1366(1), 0.0637(1), 1/2 1.00 1.00

R values Rwp ¼ 6:6%, Rp ¼ 4:9% Rwp ¼ 6:6%, Rp ¼ 4:9%

Reduced CHI��2 6.1 6.1

aThe basic crystallography parameters are the same: Space group P4=mbm with a ¼ 12:3842ð1Þ (Å), c ¼ 3:8886ð1Þ (Å).

(a) (b)

Fig. 11. The Rietveld plot of the powder X-ray diffraction patterns of the sample K4Eu2Ta10O30 with the different models. (a) All of Eu atoms at the

site 2a; and (b) 1/3 of Eu atoms at 2a and 2/3 of Eu atoms at 4g (reference to Table 1).

Table 5

Comparison of the different modelsa for K4Eu2Ta10O30

Atom Coordination Occupation

Model a Model b

K/Eu1 2a 0, 0, 0 0.00/1.00 0.666/0.333

K/Eu2 4g 0.1698(1), 0.6698(1), 0 1.00/0.00 0.666/0.333

Ta1 0, 1/2, 1/2 1.00 1.00

Ta2 0.0758(1), 0.2140(1), 1/2 1.00 1.00

O1 0, 1/2, 0 1.00 1.00

O2 0.2808(1), 0.7808(1), 1/2 1.00 1.00

O3 0.0735(1), 0.1979(1), 0 1.00 1.00

O4 0.3463(1), 0.0051(1), 1/2 1.00 1.00

O5 0.1395(1), 0.0633(1), 1/2 1.00 1.00

R-values Rwp ¼ 8:0%, Rp ¼ 6:0% Rwp ¼ 16:7%, Rp ¼ 11:8%

Reduced CHI��2 11.9 52.2

aThe basic crystallography parameters are the same: space group P4=mbm with a ¼ 12:5006ð1Þ (Å), c ¼ 3:8742ð1Þ (Å).

G. Li et al. / Journal of Solid State Chemistry 177 (2004) 875–882 881
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