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Lithium tantalate (LiTaO3, LT) single crystal is one of the
most important ferroelectric materials because of its unique
piezoelectric, acousto-optic, electro-optic, and nonlinear
optical (NLO) properties combined with good mechanical
and chemical stability [1-4]. In recent years, the glasses
embedded with active ferroelectric crystalline phases par-
ticularly from the perovskite family such as potassium
tantalate niobate (KTagesNbgz503) [S], lithium niobate
(LiINbO3) [6], strontium titanate (SrTiO3) [7], and others
[8] have immense potential for a variety of applications due
to their high transparency, compositional variety, low cost
of fabrication, and are good alternatives to single crystal
counterparts. It is observed that when activated with rare
earth (RE) ions, these NLO nanocrystalline glass-ceramic
composites are of considerable importance because with
diode laser pumping those can lead to very compact, por-
table, and easy maintenance Ultraviolet (UV)—Visible laser
sources [9]. In spite of its possible promising applications,
work performed on nanocrystalline LiTaO; containing
glass-ceramic is very limited [10]. As we are aware, there
is no report so far on nanocrystalline RE*™:LiTaO5 con-
taining glass-ceramics. This fact has motivated us to
explore this gap. Here, we focus our attention on fluores-
cence characteristics of Eu’':LiTaO; transparent glass-
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ceramics with an emphasis on the correlation between
nanocrystallite size and lifetime (t) of dopant ion.

The precursor glass having molar composition 25.53Li,
0—2153Ta205—35298102—1765A1203 dOped with Eu203
(0.5 wt% in excess) was prepared from high-purity Li,COj3,
Ta,0s, Si0,, Al,O3, and Eu,05 chemicals by conventional
melt-quench technique. The well-mixed raw materials were
melted at 1600 °C for 2 h in air followed by quenching and
annealing at 600 °C for 4 h. In the preliminary experimen-
tation to obtain nanostructured transparent glass-ceramics in
the present system, it was observed that the precursor glass
had been transformed into opaque glass-ceramics after heat-
treating at T, or above 7. In the course of this investigation,
we established an optimum nucleation temperature of
650 °C and crystallization temperature of 680 °C where the
nano glass-ceramics maintain their transparency. Based on
these findings, we have selected the nucleation temperature
of 650 °C and the heat-treatment temperature of 680 °C,
which are below T, (696 °C) of the precursor glass. Sigaev
et al. [11] have also adopted a similar heat-treatment pro-
tocol for developing nanostructured transparent potassium
niobium silicate glass-ceramics. For this reason, in this
study, the samples were heat treated at 680 °C for 0, 1, 3, 5,
7, 10, and 20 h after nucleating at 650 °C for 2 h. The
resulted glass and nano glass-ceramics were labeled as a, b,
c, d, e, f, and g, respectively, for convenience. The X-ray
diffraction (XRD) patterns of powdered glass and glass-
ceramics were recorded using a Xpert-Pro MPD diffrac-
tometer with Anchor Scan Parameters wavelength CuK, =
1.54060 A at 25 °C to identify the crystalline phases. The
transmission electron microscope (TEM) images and
selected area electron diffraction (SAED) of powder sample
were obtained from FEI (Tecnai G* 30ST) instrument. The
fluorescence emission spectra were measured on a SPEX
fluorimeter (Fluorolog-II) with 150 W Xe lamp as a source
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Fig. 1 XRD patterns of the samples a-g

of excitation. The fluorescence decay curves were recorded
on the same instrument attached with SPEX 1934D phos-
phorimeter using pulsed Xe lamp.

The X-ray diffractograms of samples a—g are given in
Fig. 1. The XRD pattern of the precursor glass exhibits
broad humps characterizing its amorphous structure while
those of the glass-ceramic samples b—g are a superimpo-
sition of same humps with series of sharp diffraction peaks
attributed to rhombohedral LiTaOz; (JCPDS card file no.
29-0836) except a few diffraction peak around 20 =
23.07°, 25.42°, 44.55°, and 47.11° which are due to the
formation of spodumene (LiAlSi,Og) crystal phase (JCPDS
card file no. 35-0797) in minor quantity. It is clearly evi-
denced from the XRD analysis that the peak of LiAlSi;O¢
(20 = 25.42°) is more prominent in sample d with 5 h
heat-treatment and it got diminished with respect to
LiTaO; phase in samples e, f, and g, indicating the sta-
bilization of LiTaO5; nanocrystallites. The XRD pattern of
sample b differ due to its phase separated glassy nature and
having different structure than the precursor glass (a) and
3 h heat-treated glass-ceramics (c). From the full width at

Fig. 2 TEM image and SAED
(Inset) of samples: a ¢ and b f
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half maximum (FWHM) of the intense diffraction peak
(012) of LiTaO3;, the average crystallite size (diameter, d)
is calculated by using the Scherrer’s formula [12]. It is
found to vary in the range 2-32 nm for samples b—g and
increases with heat-treatment duration.

TEM images of the powder samples ¢ and f have been
presented in Fig. 2a and b, respectively. The insets repre-
sent SAED pattern of the observed crystalline phase. From
these figures, it is seen that the LiTaO3 nanocrystallites are
nearly spheroidal, clearly visible as dark spots, and
homogeneously dispersed in the residual glass matrix. The
crystallite sizes from TEM images of samples ¢ and f are
found to be around 13 and 20 nm, respectively. These are
in good agreement with those obtained from XRD. The
presence of fine spherical rings around the central bright
region in SAED patterns discloses the existence of nano-
crystallites in the glassy matrix.

The fluorescence emission spectra of precursor glass (a)
and Eu’*:LiTaOj; containing nano glass-ceramics (b—g) are
recorded with an excitation at 392 nm and depicted in
Fig. 3. All the spectra exhibit emissions from °D, excited
level to the ground state multiplets 7F0,1,2,3,4 levels of Eu®™*
ions with overall dominance of electric dipole (ED) tran-
sition °Dy — 'F,. The emission peak around 532 nm has
been assigned to 5 D, —» 7F2 transition. The most interesting
result of this study is these spectral features of Dy — 7F1,2
transition which reflect the local environment of Eu®" ions.
Upon the heat-treatment, it is also observed that the mag-
netic dipole (MD) emission transitions from Dy — F, and
Dy - 'F, (ED) in glass-ceramic samples (b—f) have dis-
played two and three Stark splittings, respectively, with an
enhanced emission from higher excited level 5D1 - "R, at
532 nm. These changes in emission spectra of glass-
ceramics suggest the fact that the Eu®" ions enter into the
crystalline phase (LiTaOj3) thus formed. In the perovskite
type LiTaOs5 crystals, Li™ and Ta’" occupy octahedral sites
with Cz or nearly Cs, point symmetry. The Eu’" ion is
entering into the crystal (LiTaOs3) and it prefers to replace
Li™ over Ta>site forming [REOg]°~ octahedron [9, 13—-15]
due to the closeness of their ionic radii (Eu3+ =095 A,
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Fig. 3 Emission spectra of the samples a, b, d, f, and g under
excitation at 392 nm

Li* = 0.74 A, and Ta’* = 0.64 A). However, still there
exists slight difference in the ionic radii between the dopant
Eu’" and the host Li™ ions, consequently distorted
[Eu06]97 octrahedron is formed with Eu®" ion facing an
off-center displacement from Cj axis in the oxygen octa-
hedron [16, 17]. Following the crystal field selection rules,
from the 2 and 3 Stark splittings, respectively, for transi-
tions °Dy — 7F],2 and from the existence of Dy — 'F, in
the fluorescence spectra, we suggest that the rare earth
(Eu®™) jons are facing near Cs, point symmetry in its
vicinity in this host matrix. As seen in Fig. 3, the Dy — F,
transition is dominant in the SDO - 7FJ transitions, and the
half width for the °Dy, — ’F, transition is about 5 nm. It is,
therefore, revealed from the emission spectra that the
crystal field at Eu®" sites in transparent nano glass-ceramics
is not homogeneous. The local field asymmetry defining
factor such as relative intensity ratio of ED to MD transition
(Igp/Ivip) of Eu’t doped glass and glass-ceramics has been
estimated from their fluorescence spectra which are plotted
in Fig. 4 as a function of LiTaOj; crystallite size. From this
data, it is clear that, the relative intensity ratio of all samples
is greater than unity, which implies that the Eu®" ions take
non-centrosymmetric sites. It is also noticed that the as
prepared glass shows maximum value of asymmetric ratio
(4.77) which has gradually been reduced in nano glass-
ceramics and attained an almost saturated value at the
crystallite size range 17-32 nm. This may be due to the
change in bonding structure of Eu** ions with surrounding
ligands in the crystalline phase compared to glassy phase as
the asymmetric ratio also sensitive to degree of covalency.
Thus, for longer heat treatment durations the Eu’" ions are
occupying the definite non-centrosymmetric sites in the
well-precipitated LiTaOj crystalline phase.
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Fig. 4 Variation of asymmetric ratio (/lgp/lyp) as a function of
Eu’*:LiTaOs; crystallite size of the samples b—g

The room temperature fluorescence decay curves of the
emission transition Dy — 'F,) at 617 nm with an excita-
tion at 392 nm for Eu®" ions in as-prepared glass (a) and
nano glass-ceramics (b and f) have been depicted in Fig. 5.
The measured curves demonstrate a single exponential
decay. The excited state (°Dy) lifetime () of all samples has
been estimated and plotted in Fig. 6 of nano glass-ceramics
as a function of LiTaO; crystallite size. The lifetime of
precursor glass is estimated to be 1.185 ms. It is seen that
the lifetime (7) increases with increase in Eu®":LiTaOs
nanocrystallite sizes. Such variation can be attributed to
the high interaction of smaller particles with the high
energy phonons of surrounding glass (about 1100 cm™' of
SiO, lattice) as revealed in the TEM image (see Fig. 2a)
which increases the nonradiative relaxation with decrease in
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Fig. 5 Decay curves for the 5Do — "F, transition at 617 nm under
excitation at 392 nm of the samples a, b, and f
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Fig. 6 Variation of excited state lifetime (tr) as a function of
Eu**:LiTaO, crystallite size of the samples b—f

particle size [18]. In larger particles, less interaction with
surrounding glass (see Fig. 2b) along with stable crystal
site occupation by the Eu*" ion in the low phonon energy
LiTaO5 host (about 600 cm ™! of TaO lattice) decrease the
nonradiative relaxation and thereby increase the measured
lifetime (7) as governed by the equation [19]

~1
T= (yr+ynr) (1)
where 7y, and y,, are the radiative and nonradiative rates,
respectively.

In conclusion, the increase of lifetime (t) with increase
in Eu**:LiTaOj; nanocrystallite size has been demonstrated
in the Li,O-Ta,05-Si0,—Al,03 transparent glass-ceram-
ics. The nanocrystallite size of LiTaO; has been evaluated
from XRD and found to vary in the range 2-32 nm. This
evaluation correlates well with those obtained from TEM
images. In addition, the fluorescence spectra of nano glass-
ceramics demonstrate that the Eu®" ion has entered into the
LiTaO; crystalline phase and take the nearly Cj, point
symmetry in the place of Li* sites. The increase of lifetime
(t) with increase in Eu®":LiTaO; nanocrystallite size is

@ Springer

found to be caused by the stable crystal site occupation of
the Eu" ion in the low phonon energy LiTaO; host (about
600 cm ™" of TaOg lattice).
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