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Crystal structures of (Li0.925Eu
3+

0.025)TaO3, (Li0.968Eu
3+

0.032)(Ta0.81Ti0.19)O2.937, (Li0.967Sm
3+

0.033)
(Ta0.89Ti0.11)O2.978, and (Li0.950Sm

3+
0.033Mg0.017)(Ta0.89Ti0.11)O2.987 were investigated by X-ray

powder diffraction. The initial structural parameters, taken from those of the isomorphous compound
(Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968 (space group R3c and Z = 6), were refined by the Rietveld meth-

od. A pattern-fitting method based on the maximum-entropy method was subsequently used to deter-
mine the three-dimensional electron-density distributions (EDDs) that are free from the structural bias.
We confirmed that the EDDs are in accord with the resulting structural models, each of which was
composed of the [(Ta, Ti)O6] octahedron and [(Li, Eu, Sm, Mg)O12] polyhedron. We compared
these polyhedra and found that the prominent difference among these compounds was the cen-
troid-to-(Li, Eu, Sm, Mg) distance (eccentricity) of [(Li, Eu, Sm, Mg)O12]. The high correlation
was demonstrated between the magnitude of eccentricity and photoluminescence intensity under
near ultraviolet excitation. © 2015 International Centre for Diffraction Data.
[doi:10.1017/S0885715615000688]
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I. INTRODUCTION

Recently, Li(Ta1−xTix)O3−x/2 crystals (0≤ x≤ 0.25),
when they are activated with rare-earth ions ( = Sm3+, Eu3+,
Er3+, Dy3+, and/or Tm3+), have been found to demonstrate
the highly efficient emission with various colors upon near ul-
traviolet (UV) excitation (Nakano et al., 2012, 2013). Nakano
et al. (2012) have investigated the photoluminescence (PL)
properties of the Eu3+-doped Li(Ta1−xTix)O3−x/2 phosphors
and found that their PL intensities have been dependent on
the x-value. The intensity was the highest for phosphor with
x = 0.11. The phosphors with x-values lower or higher than
this value thus showed the inferior intensities. Uchida et al.
(2013) used the X-ray powder diffraction (XRPD) method
to determine the crystal structure of Li(Ta1−xTix)O3−x/2:Eu

3+

phosphor with x = 0.11 (space group R3c), the chemical for-
mula of which is (Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968. They

found that it is isostructural with LiTaO3 (Hsu, et al., 1997),
in which both (Li, Eu) and (Ta, Ti) sites are located on the
triad axis (Figure 1). The (Li, Eu) atom is 12-fold coordinated
by oxygen and (Ta, Ti) site is coordinated with six oxygen
atoms. The (Li, Eu) site is relatively largely displaced
from the centroid of [(Li, Eu)O12] polyhedra in the [001] di-
rection by 0.047 nm, in contrast to the (Ta, Ti) site located
nearly at the centroid of the [(Ta, Ti)O6] octahedra (Uchida
et al., 2013). To clarify the mechanism of high efficiency
and further improve the PL performance of doped lithium tan-
talate phosphors, it is necessary to obtain the structural

Figure 1. (Color online) Part of the crystal structure of (Li0.977Eu
3+

0.023)
(Ta0.89Ti0.11)O2.968 viewed along [110], showing coordination polyhedra for
(Li, Eu) and (Ta, Ti). Because the occupancy of the oxygen site is less than
unity, the O atoms are depicted as red circle graphs for occupancies. Blue
and cyan bicolor balls are for Ta (blue) and Ti (cyan) sites. Yellow and
magenta bicolor balls are for Li (yellow) and Eu (magenta) sites. Structural
parameters are determined by Uchida et al. (2013).

a)Author to whom correspondence should be addressed. Electronic mail:
fukuda.koichiro@nitech.ac.jp
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information especially on the coordination environment of the
rare-earth ions.

We reported in our previous study the crystal structure of
(Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968 (Uchida et al., 2013), the

(Li, Eu) site position which was displayed clearly from three-
dimensional (3D) electron-density distributions (EDDs). We
used the recent analytical techniques for crystal-structure anal-
ysis from XRPD data, which includes combined use of the
Rietveld method (Rietveld, 1967), the maximum-entropy
method (MEM) (Takata et al., 2001) and the MEM-based pat-
tern fitting (MPF) method (Momma et al., 2013). As the result
of the alternately repeated MEM and MPF analyses
(REMEDY cycle), we are able to visualize the EDDs that
are free from the bias toward the structural models (Izumi
et al., 2001). Thus, the structural details can be seen clearly
from the EDDs.

In the present study, we prepared four types of doped lith-
ium tantalate phosphors; they are Li(Ta1−xTix)O3−x/2:Eu

3+

with x = 0 and x = 0.19 and (Li1−yMgy)(Ta0.89Ti0.11)O2.945+y/2:
Sm3+ with y = 0 and y = 0.017. We determined these crystal
structures and compared their structural details together with
those of (Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968 (x = 0.11). The

z coordinates of the (Li, Eu) and (Li, Sm, Mg) sites were mark-
edly different among the isomorphous structures. Hence, we
discuss the close relationship between the PL intensity and
the coordination environment of these sites.

II. EXPERIMENTAL

A. Syntheses

We prepared four types of powder specimens with differ-
ent starting compositions of [Li:Eu:Ta] = [0.965:0.035:1]

(sample LETO), [Li:Eu:Ta:Ti] = [0.974:0.026:0.75:0.25] (sample
LETTO), [Li:Sm:Ta:Ti] = [0.969:0.031:0.89:0.11] (sample
LSTTO), and [Li:Sm:Mg:Ta:Ti] = [0.954:0.030:0.016:0.89:0.11]
(sample LSMTTO) in atomic ratio from the chemicals of
Li2CO3, Eu2O3, Sm2O3, MgO, Ta2O5, and TiO2. Each of the
well-mixed chemicals was heated at 1273 K for 3 h, and then
successively at 1423 K for 24 h (samples LETO and
LETTO) and for 15 h (samples LSTTO and LSMTTO), and fi-
nally cooled to ambient temperature. We finely ground the
densely sintered pellets and obtained the fine powder speci-
mens suitable for XRPD. The former two samples (LETO
and LSTTO) were prepared under exactly the same experimen-
tal conditions as those of Li(Ta1−xTix)O3−x/2:Eu

3+ phosphors
examined for PL properties in a previous study (Nakano
et al., 2012).

B. Characterization

The XRPD intensities in the 2θ range of 10.0°–149.0°
(CuKα1) with 15 559 total data points were collected on a dif-
fractometer in the Bragg–Brentano geometry (X’Pert PRO
Alpha-1, PANalytical B.V., Almelo, The Netherlands). The
X-ray generator was operated at 45 kV and 40 mA. We used
a computer program VESTA (Momma and Izumi, 2011) to vi-
sualize the structural models, equidensity isosurfaces of EDDs
and 2D EDD maps. Distortion parameters for the coordination
polyhedra were determined using a computer program IVTON
(Balic-Zunic and Vickovic, 1996). Excitation and emission
spectra were obtained for the (Li1−yMgy)(Ta0.89Ti0.11)
O2.945 + y/2:Sm

3+ phosphors by a PL spectrometer (model
FP-6500, JASCO International Co., Ltd., Tokyo, Japan). We
measured the PL intensities on the sintered sample surface
to eliminate the effects of powder particle size and degree of
crystallinity.

III. RESULTS AND DISCUSSION

A. Crystal structure refinements and electron-density

distributions

The sample LETO was composed of both Eu3+-doped
lithium tantalate and a small amount of EuTaO4 (Krylov
and Strelina, 1963). We successfully indexed the XRPD
peaks, corresponding to the doped lithium tantalate, with a
hexagonal unit cell. Initial structural parameters were taken
from those of (Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968 (space

group R3c) determined by Uchida et al. (2013). There is
one (Li, Eu) site and one Ta site, both of which are located
at the Wyckoff position 6a, and one O site at 18b in the hex-
agonal unit cell (Z = 6). We refined the structural parameters of
all atoms using the Rietveld method on a computer program
RIETAN-FP (Izumi and Momma, 2007). We quantitatively
determined the phase composition of the sample using the
phase-analysis method based on Brindley’s procedure

TABLE I. Phase composition (mol%).

Sample Doped lithium
tantalate

EuTaO4 Li4Ti5O12 Li3TaO4 Total

LETO 99.90 0.10 – – 100
LETTO 94.61 – 1.65 3.74 100
LSTTO 96.73 – – 3.27 100
LSMTTO 96.74 – – 3.26 100

TABLE II. Crystal data for (Li0.925Eu
3+

0.025)TaO3.

Chemical formula (Li0.925Eu
3+

0.025)TaO3

Space group R3c (No. 161)

a/nm 0.515 741(2)
c/nm 1.377 230(4)
V/nm3 0.317 249(1)
Z 6
Dx/Mg m−3 7.511

TABLE III. Structural parameters and isotropic atomic displacement parameters (100 × B/nm2) for (Li0.925Eu
3+

0.025)TaO3.

Site position Wyckoff g x y z 100 × B/nm2

(Li,Eu) 6a 0.925/0.025 0 0 0.2795(5) 1.3
Ta 6a 1.0 0 0 0 0.40(5)
O 18b 1.0 0.0450(10) 0.3243(14) 0.0969(3) 0.52(8)
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Figure 2. (Color online) (a) Part of the crystal structure viewed along [110] of (Li0.925Eu
3+

0.025)TaO3 in sample LETO. Yellow and magenta bicolor balls are for
Li (yellow) and Eu (magenta) sites. Blue balls are for Ta sites. (b) Part of the crystal structure viewed along [110] of (Li0.968Eu

3+
0.032)(Ta0.81Ti0.19)O2.937 in sample

LETTO. Yellow and magenta bicolor balls are for Li (yellow) and Eu (magenta) sites. Because the occupancy of the oxygen site is less than unity, the O atoms are
depicted as red circle graphs for occupancies. Blue and cyan bicolor balls are for Ta (blue) and Ti (cyan) sites. (c) Part of the crystal structure viewed along [110] of
(Li0.967Sm

3+
0.033)(Ta0.89Ti0.11)O2.978 in sample LSTTO. Yellow and magenta bicolor balls are for Li (yellow) and Sm (magenta) sites. Because the occupancy of

the oxygen site is less than unity, the O atoms are depicted as red circle graphs for occupancies. Blue and cyan bicolor balls are for Ta (blue) and Ti (cyan) sites. (d)
Part of the crystal structure viewed along [110] of (Li0.950Sm

3+
0.033Mg0.017)(Ta0.89Ti0.11)O2.987 in sample LSMTTO. Yellow and magenta bicolor balls are for Li

(yellow) and (Sm, Mg) (magenta) sites. Because the occupancy of the oxygen site is less than unity, the O atoms are depicted as red circle graphs for occupancies.
Blue and cyan bicolor balls are for Ta (blue) and Ti (cyan) sites.
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(Brindley, 1945), the subroutine of which was implemented in
the program RIETAN-FP. The phase composition was, under
the condition of effective particle radii being 5.00 µm, found

to be 99.90 mol% Eu3+-doped lithium tantalate and 0.10
mol% EuTaO4 (Table I). We determined the chemical formula
of the former by subtracting the EuTaO4 component from the
bulk chemical composition. Because the bulk atomic ratio of
sample LETO was [Li:Eu:Ta] = [0.965:0.035:1], the chemical
formula should be (Li0.925Eu

3+
0.025)TaO3 (x = 0). The

Rietveld refinement result was satisfactory due to the
relatively low reliability (R) indices (Young, 1993) of Rwp =
10.14%, S( = Rwp/Re) = 1.29%, Rp = 7.24%, RB = 2.84%, and
RF = 1.40%. We summarized the crystal data in Table II,
and the final atomic positional parameters and isotropic atomic
displacement parameters (ADPs) in Table III, where the fig-
ures in parentheses of these tables indicate estimated standard
uncertainties.

We visualized the 3D EDDs with 108 × 108 × 276 voxels
in the unit cell, the spatial resolution of which is ∼0.005 nm,
using the MPF method on the computer programs Dysnomia
(Momma et al., 2013) and RIETAN-FP to confirm the validity
of the structural model (Figure S1(a) in Supplemental Data).
The one REMEDY cycle further decreased the RB- and
RF-indices to 1.63 and 0.80%, respectively (Rwp = 10.00%,
S = 1.27, and Rp = 6.89%). The reduction of these R-indices,
which must be induced by slight improvements of EDDs, im-
plies that the EDDs more clearly demonstrate the structural de-
tails as compared with the ball-and-stick model in Figure 2(a).
The XRPD patterns that are obtained by observation and cal-
culation for the final MPF, together with their difference, are
plotted in Figure S2(a) (see Supplemental Data).

The other samples of LETTO, LSTTO, and LSMTTO
were composed of doped lithium titanotantalate and small
amounts of impurities of Li3TaO4 (Agulyanskii et al., 1986)
and/or Li4Ti5O12 (Leonidov et al., 2003). The analytical pro-
cesses for these samples were very similar to that of LETO
aforementioned. We determined the phase compositions
(Table I) and subsequently determined the chemical formulae
of doped lithium titanotantalate compounds from calculation
by subtracting the impurity components from the bulk chem-
ical compositions. We obtained the satisfactory R indices for

TABLE IV. Crystal data for (Li0.968Eu
3+

0.032)(Ta0.81Ti0.19)O2.937.

Chemical formula (Li0.968Eu
3+

0.032)
(Ta0.81Ti0.19)O2.937

Space group R3c (No. 161)

a/nm 0.518 222(3)
c/nm 1.372 199(7)
V/nm3 0.319 139(3)
Z 6
Dx/Mg m−3 6.688

TABLE V. Crystal data for (Li0.967Sm
3+

0.033)(Ta0.89Ti0.11)O2.978.

Chemical formula (Li0.967Sm
3+

0.033)
(Ta0.89Ti0.11)O2.978

Space group R3c (No. 161)

a/nm 0.517 857(3)
c/nm 1.373 060(6)
V/nm3 0.318 889(3)
Z 6
Dx/Mg m−3 7.050

TABLE VI. Crystal data for (Li0.950Sm
3+

0.033Mg0.017)(Ta0.89Ti0.11)O2.987.

Chemical formula (Li0.950Sm
3+

0.033Mg0.017)
(Ta0.89Ti0.11)O2.987

Space group R3c (No. 161)
a/nm 0.517 517(3)
c/nm 1.373 688(7)
V/nm3 0.318 616(3)
Z 6
Dx/Mg m−3 7.070

TABLE VII. Structural parameters and isotropic atomic displacement parameters (100 × B/nm2) for (Li0.968Eu
3+

0.032)(Ta0.81Ti0.19)O2.937.

Site position Wyckoff g x y z 100 × B/nm2

(Li,Eu) 6a 0.968/0.032 0 0 0.2684(5) 0.8(1)
(Ta,Ti) 6a 0.81/0.19 0 0 0 0.19(3)
O 18b 0.979 0.0439(11) 0.3201(17) 0.0960(4) 0.48(6)

TABLE VIII. Structural parameters and isotropic atomic displacement parameters (100 × B/nm2) for (Li0.967Sm
3+

0.033)(Ta0.89Ti0.11)O2.978.

Site position Wyckoff g x y z 100 × B/nm2

(Li,Sm) 6a 0.967/0.033 0 0 0.2671(4) 0.9(1)
(Ta,Ti) 6a 0.89/0.11 0 0 0 0.54(4)
O 18b 0.993 0.0520(14) 0.3216(22) 0.0955(5) 0.87(8)

TABLE IX. Structural parameters and isotropic atomic displacement parameters (100 × B/nm2) for (Li0.950Sm
3+

0.033Mg0.017)(Ta0.89Ti0.11)O2.987.

Site position Wyckoff g x y z 100 × B/nm2

(Li,Sm,Mg) 6a 0.950/0.033/0.017 0 0 0.2291(5) 1.2(1)
(Ta,Ti) 6a 0.89/0.11 0 0 0 0.54(8)
O 18b 0.996 0.0604(15) 0.323 52(23) 0.0961(4) 0.7(1)
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all of the Rietveld refinements (Table SI in Supplemental
Data), the refined structural models of which are shown in
Figures S1(b)–S1(d) (see Supplemental Data). The crystal

data of doped lithium titanotantalate compounds are given in
Tables IV, V and VI, and the final atomic positional parame-
ters and isotropic ADPs are given in Tables VII, VIII and IX,
where the figures in parentheses of these tables indicate esti-
mated standard uncertainties. We applied the MPF method
and further decreased the R indices after two REMEDY cycles
(Table SI in Supplemental Data). Observed, calculated, and
difference XRPD patterns for the final MPF are plotted in
Figures S2(b)–S2(d) (see Supplemental Data).

Figures 2(a)–2(d) show parts of the refined crystal struc-
tures of doped lithium tantalate phosphors, the chemical for-
mulas of which are (Li0.925Eu

3+
0.025)TaO3 (x = 0) in sample

LETO, (Li0.968Eu
3+

0.032)(Ta0.81Ti0.19)O2.937 (x = 0.19) in sam-
ple LETTO, (Li0.967Sm

3+
0.033)(Ta0.89Ti0.11)O2.978 (y = 0) in

sample LSTTO, and (Li0.950Sm
3+

0.033Mg0.017)(Ta0.89Ti0.11)
O2.987 (y = 0.017) in sample LSMTTO. We confirmed
that all of them are isostructural with (Li0.977Eu

3+
0.023)

(Ta0.89Ti0.11)O2.968 (x = 0.11) (Uchida et al., 2013). The indi-
vidual equidensity isosurfaces of 3D EDDs were in accord
with the arrangements of atoms. The 2D EDD maps show
that the positions of (Li, Eu, Sm, Mg) and (Ta, Ti) sites are
successfully disclosed by the EDDs (Figure 3). The EDD
voxel data have several local maximum, which correspond
to the coordinates of atoms. We determined the amounts of de-
viations between the maxima positions and corresponding
atomic coordinates to find that they were necessarily less
than 0.003 nm, which is within the resolution limit of the
3D EDDs. Thus, we concluded that the refined structural models
would satisfactorily represent the corresponding crystal
structures.

B. Structure comparison and photoluminescence

property

The coordination elements of each structure are the [(Ta,
Ti)O6] octahedron and [(Li, Eu, Sm, Mg)O12] polyhedron.
Selected interatomic distances and their standard deviations
are listed in Tables SII–SV (see Supplemental Data). In com-
paring the polyhedral distortion parameters of [(Ta, Ti)O6] oc-
tahedra (Table X) among the four isomorphous structures,
together with those of (Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968

(Uchida et al., 2013), we found that the VS/VP-values (i.e.,
the ratios of the volumes of the circumscribed sphere and
the polyhedron) ranged between 3.129 and 3.157, and
hence they were close to the relevant value of regular octahe-
dron ( = 3.1416) (Makovicky and Balic-Zunic, 1998). Thus,
the [(Ta, Ti)O6] polyhedra were only slightly distorted from
the regular octahedra. The values for distortion parameters
(Δ rS, VS, σ, and VP) were almost the same among the five
phosphors, hence we concluded that the [(Ta, Ti)O6] octahe-
dra were all comparable with one another. With [(Li, Eu,
Sm, Mg)O12] polyhedra, the centroid-to-(Li, Eu, Sm, Mg) dis-
tances (Δ-values) widely varied from 0.004 to 0.047 among
the five compounds, although the other polyhedral parameter
values (rS, VS, σ, and VP) were almost unchanged (Table X).

Here, we compare the eccentricity vectors Δ, which are
defined from the centroids to the (Li, Eu, Sm, Mg) sites of
the [(Li, Eu, Sm, Mg)O12] polyhedra, to indicate more clearly
the features of the crystal structures of Li(Ta1−xTix)O3−x/2:Eu

3+

and (Li1−yMgy)(Ta0.89Ti0.11)O2.945 + y/2:Sm
3+ by the direc-

tions of Δ as well as their magnitudes |Δ| (Uchida et al.,
2013). With (Li0.977Eu

3+
0.023)(Ta0.89Ti0.11)O2.968 (x = 0.11)

Figure 3. (Color online) (a) Bird’s eye view of electron densities determined
by MPF of the (Li, Eu) and Ta atoms on the (110) plane of (Li0.925Eu

3+
0.025)

TaO3 in sample LETO. (b) Bird’s eye view of electron densities determined by
MPF of the (Li, Eu) and (Ta, Ti) atoms on the (110) plane of (Li0.968Eu

3+
0.032)

(Ta0.81Ti0.19)O2.937 in sample LETTO. (c) Bird’s eye view of electron
densities determined by MPF of the (Li, Sm) and (Ta, Ti) atoms on the
(110) plane of (Li0.967Sm

3+
0.033)(Ta0.89Ti0.11)O2.978 in sample LSTTO. (d)

Bird’s eye view of electron densities determined by MPF of the (Li, Sm,
Mg) and (Ta, Ti) atoms on the (110) plane of (Li0.950Sm

3+
0.033Mg0.017)

(Ta0.89Ti0.11)O2.987 in sample LSMTTO.
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(Figure 1), the eccentricity vector Δ is in the [001] direction
and |Δ| = 0.047 nm. On the other hand, the Δ vectors
for (Li0.925Eu

3+
0.025)TaO3 (x = 0) (Figure 2(a)) and (Li0.968

Eu3+0.032)(Ta0.81Ti0.19)O2.937 (x = 0.19) (Figure 2(b)) are in
the [001] direction with the smaller magnitudes of 0.019
and 0.004 nm, respectively. Thus, the marked difference
among the three phosphors was clarified as the degree of ec-
centricity along the c-axis of the (Li, Eu) position in [(Li, Eu)
O12]. Because the concentrations of Eu in the (Li, Eu) sites
are relatively low and nearly the same among the three com-
pounds with x = 0, 0.11, and 0.19, the replacement of Ti for
Ta would mainly induce the displacement of the (Li, Eu) site
along the c-axis, without changing the outer shapes of both
[(Li, Eu)O12] and [(Ta, Ti)O6] polyhedra. The PL intensities de-
termined by Nakano et al. (2012) were highest for the Li
(Ta1−xTix)O3−x/2:Eu

3+ phosphor with x = 0.11, followed by
those with x = 0.19 and x = 0 (Figure 4). This strongly suggests
that the displacement of the Eu3+ position from the centroid of
[(Li, Eu)O12] polyhedra contributes to the highly enhanced
hypersensitive 5D0–

7F2 transition in Eu3+ when excited by
near-UV light (Nakano et al., 2012). The slight change of co-
ordination environment of Eu3+ ion would markedly affect the
f-f transition process, which would eventually cause an increase
of emission intensity.

With (Li0.967Sm
3+

0.033)(Ta0.89Ti0.11)O2.978 (y = 0), the ec-
centricity vector Δ is in the [001] direction with |Δ| = 0.006
nm, whereas the Δ vector of (Li0.950Sm

3+
0.033Mg0.017)

(Ta0.89Ti0.11)O2.987 (y = 0.017) is in the opposite direction
with the larger |Δ|-value of 0.046 nm (Figures 2(c) and 2
(d)). Accordingly, the prominent difference between the two
compounds was clarified as the degree of eccentricity along
the c-axis of the (Li, Sm, Mg) position in [(Li, Sm, Mg)
O12]. The concentrations of Sm3+ in the Li sites of
(Li1−yMgy)(Ta0.89Ti0.11)O2.945 + y/2:Sm

3+ are exactly the
same between the two compounds with y = 0 and y = 0.017,
hence the replacement of Mg for Li would mainly induce
the displacement of the (Li, Sm, Mg) site along the c-axis,
keeping both [(Li, Sm, Mg)O12] and [(Ta, Ti)O6] polyhedra
nearly undistorted. Each of the PL spectra in the range

TABLE X. Polyhedral distortion parameters.

Compound Polyhedron Δ/nm rS/nm VS/nm
3 σ VP/nm

3 VS/VP

(Li0.925Eu
3+

0.025)TaO3 [(Li,Eu)O12] 0.019 0.269 0.0971 0.821 0.0428 2.269
[TaO6] 0.014 0.198 0.0323 1 0.0103 3.136

(Li0.968Eu
3+

0.032)(Ta0.81Ti0.19)O2.937 [(Li,Eu)O12] 0.004 0.270 0.0974 0.830 0.0431 2.260
[(Ta,Ti)O6] 0.010 0.198 0.0325 1 0.0103 3.155

(Li0.977Eu
3+

0.023)(Ta0.89Ti0.11)O2.968
* [(Li,Eu)O12] 0.047 0.270 0.0981 0.826 0.0429 2.287

[(Ta,Ti)O6] 0.012 0.198 0.0326 1 0.0104 3.135
(Li0.967Sm

3+
0.033)(Ta0.89Ti0.11)O2.978 [(Li,Sm)O12] 0.006 0.269 0.0965 0.833 0.0429 2.249

[(Ta,Ti)O6] 0.016 0.197 0.0322 1 0.0102 3.157
(Li0.950Sm

3+
0.033Mg0.017)(Ta0.89Ti0.11)O2.987 [(Li,Sm,Mg)O12] 0.046 0.269 0.0945 0.843 0.0431 2.193

[(Ta,Ti)O6] 0.019 0.196 0.0316 1 0.0101 3.129

Δ, centroid-to-cation distance (eccentricity); rS, radius of sphere fitted to ligands; VS, sphere volume; σ, sphericity; VP, volume of coordination polyhedron. For
explanation, see Makovicky and Balic-Zunic (1998).
* Structural parameters by Uchida et al. (2013).

Figure 4. (Color online) Relationship between normalized
photoluminescence (PL) intensity and centroid-to-cation distance (Δ-value)
of [(Li, Eu)O12] polyhedra with Ti/(Ti + Ta) ratio (=x) for Li(Ta1−xTix)
O3−x/2:Eu

3+. The PL intensity data are from Nakano et al. (2012). The
Δ-value with x = 0.11 is from Uchida et al. (2013).

Figure 5. (Color online) Photoluminescence (PL) emission spectra of
(Li0.967Sm

3+
0.033)(Ta0.89Ti0.11)O2.978 in sample LSTTO and (Li0.950

Sm3+
0.033Mg0.017)(Ta0.89Ti0.11)O2.987 in sample LSMTTO, showing the

higher PL intensity for the latter phosphor (λex = 410 nm).
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550–680 nm, recorded at the excitation wavelength 410 nm,
is caused by the 4G5/2→

6HJ transitions of Sm3+ ion
(Sakirzanovas et al., 2011; Dillip et al., 2013) and consists
of three groups of narrow band emission in the range of
550–585 (J = 5/2), 585–625 (J = 7/2), and 630–680 (J = 9/2)
(Figure 5). Among them, the most intense band is located at
∼607 nm because of the 4G5/2→

6H7/2 transition. The relevant
PL intensities were ∼1.6 times higher for (Li0.950Sm

3+
0.033

Mg0.017)(Ta0.89Ti0.11)O2.987 ( y = 0.017) than for (Li0.967
Sm3+

0.033)(Ta0.89Ti0.11)O2.978 (y = 0), which strongly suggests
that the displacement of the Sm3+ position from the centroid of
[(Li, Sm, Mg)O12] polyhedra contributes to the higher PL
efficiency.

We have confirmed that the crystal structures of doped
lithium tantalate phosphors are flexible with respect to the sub-
stitution of Eu3+, Sm3+, and Mg for Li and that of Ti for Ta. A
more detailed discussion on the PL properties of Li(Ta1−xTix)
O3−x/2:Eu

3+ and (Li1−yMgy)(Ta0.89Ti0.11)O2.945 + y/2:Sm
3+

would be made based on the comparison among the electronic
states of these compounds, which might be determined by, for
example, density functional theory. The reliable atomic coor-
dinates, which are essential for the theoretical calculations, are
available at the moment for the doped lithium tantalate
phosphors.

IV. CONCLUSION

We clarified the slight differences among the crystal struc-
tures of Li(Ta1−xTix)O3−x/2:Eu

3+ (x = 0 and 0.19) and
(Li1−yMgy)(Ta0.89Ti0.11)O2.945 + y/2:Sm

3+ (y = 0 and 0.017),
each of which is made up of two types of polyhedra [(Li,
Eu, Sm, Mg)O12] and [(Ta, Ti)O6]. The 3D EDDs determined
by MPF method well supported the validity of the structural
models. The substitution of Ti for Ta and that of Mg for Li dis-
placed, respectively, the (Li, Eu) site of Li(Ta1−xTix)O3−x/2:
Eu3+ and (Li, Sm, Mg) site of (Li1−yMgy)(Ta0.89Ti0.11)
O2.945 + y/2:Sm

3+ along their c-axes, without changing the
outer shapes of both [(Li, Eu, Sm, Mg)O12] and [(Ta, Ti)O6]
polyhedra. The eccentricity of the Eu3+ and Sm3+ positions
in [(Li, Eu, Sm, Mg)O12] thus seems to be closely related to
the PL efficiency of the doped lithium tantalate phosphors.
Based on the sufficient experimental evidence for the relevant
phosphors, we could be able to formulate the relationship be-
tween the magnitude of eccentricity and photoluminescence
intensity.

SUPPLEMENTARY MATERIALS

For supplementary material for this article, please visit
http://dx.doi.org/10.1017/S0885715615000688
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