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MgNb,Og single crystals are grown by the optical floating zone method. The as-grown crystals are dark
brown and have dimensions of @ 4-6 mm x L 87 mm, with the largest crystal domain being @ 5 mm x L
32 mm. After being annealed, the crystals fade to light brown. The powder X-ray diffraction analysis
shows that the crystals have a columbite-type MgNb,Os structure. The crystal grows along the c-axis
and the cleavage plane is the (0 1 0) plane. Transmission polarized light microscopy measurements show
that the crystal is free of low-angle grain boundaries and inclusions. The crystals have been characterized
by Raman scattering, which reveals the change of Nb-O band in annealed and non-annealed samples.
The photoluminescence spectra exhibit a broad and strong blue emission band centered at 435 nm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Binary niobate ceramics, with the formula M2*Nb,0g (where
M?2*=Ca, Mg, or a transition metal) [1-10], have the orthorhom-
bic columbite structure. Growing interest has been focused on the
columbites as microwave dielectric ceramics because of their lower
processing temperatures, less complicated processing, lower cost
of niobium compared with tantalum and low-temperature co-fired
ceramics (LTCC) temperatures with Cu2* [11,12]. Recently, consid-
erably more attention has been paid to the interesting magnetic
properties of niobates [1].

As one of the best-known members of this group, MgNb,Og
exhibits excellent dielectric and optical properties. Moreover,
it has been widely used as a precursor in the synthesis of
single-phase PMN (Pb(Mg;/3Nby/3)03) [13-16]. MgNb,0s melts
congruently at about 1840K. As early as 1968, MgNb,0Og crys-
tals were grown by the chemical transport method [17,18]
(size: 5mmx2mm x 1mm), and then by the flux method
[19,20] in 1982 and 2004 (size: 5mm x4mm x3mm and
2.7mm x 5.1 mm x 1 mm). However, two problems persist in the
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above-mentioned methods: the size of the grown crystals is small
and impurity is unavoidable. In 1995, Polgar et al. grew MgNb,Og
crystals using the Czochralski method [21], but impurities contin-
ued to be a problem because of the crucibles. Briick et al. grew
MgNb, Og crystal fiber using the laser-heated pedestal method [22],
in which impurities were avoided; however, the grown crystal fiber
had a small diameter (@ <1 mm).

In contrast to the above-mentioned methods, the optical
floating zone method is more suitable for growing high-quality
single crystals because of the crucible-free condition, atmosphere-
controllable environment and steep temperature gradients along
the growth direction. Such conditions allow for more stable and
faster crystal growth [23-28]. Furthermore, the size of the grown
crystals by the optical floating zone method is usually suitable for
experimental measurements [29-32]. To the best of our knowl-
edge, no report on the growth of MgNb,0Og single crystals by the
floating zone method has been published. In the current work,
MgNb,Og¢ single crystal was grown by the optical floating zone
method, and the photoluminescence property of the grown crystal
was also investigated.

2. Experimental details

The starting MgNb,Og polycrystalline powders were prepared by calcining sto-
ichiometric amounts of MgO (Alfa Aesar 99.99%) and Nb,0Os (Alfa Aesar 99.99%)
at 1500K for 20 h with intermediate grinding. The MgNb,Og powders were firstly
packed into the cylindrical shape rubber tubes while evacuating air using a vacuum
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Fig. 1. Photographs of (a) an as-grown MgNb,0¢ sample, (b) a wafer cut paral-
lel to the growth direction and (c) the wafer under polarizing microscope in the
transmission configuration.

pump, and then were pressed hydrostatically up to 70 MPa in a cold isostatic press
to form the cylindrical rods of 4-6 mm in diameter and 100 mm in length. Finally,
these rods were sintered in air at 1500 K for 10 h as the feed and support rods.

The crystals were grown using an optical floating zone furnace (CSI FZ-T-10000-
H-VI-VP, Crystal Systems, Inc., Japan) which was equipped with four 1000 W halogen
lamps as heat source. The growth conditions were as follows: the feed and support
rods rotated in opposite directions at the rates of 30 rpm, respectively. The growth
rate was 6 mm/h. The air flow at 0.1 L/min and the pressure of 0.1 MPa were applied.

The Raman spectra were taken with a Jobin-Yvon HR800 micro-Raman spec-
trometer with an argon laser at 514.5 nm as the light source. The macroscopic defects
such as low-angle grain boundaries and inclusions were checked by Olympus Model
BX-51 polarizing microscope in transmission configuration. The structure of the
samples was characterized using a Rigaku D/max-r A 12kW X-ray diffractometer
(XRD) with Cu Ka radiation. A Bruker AXS D8 Discover with GADDS X-ray diffrac-
tometer (XRD?) was used to probe the orientation of the as-grown crystal, in which
a part of the Debye-Sherrer ring is two-dimensionally detected. As a result, orien-
tation can be characterized easily. The photoluminescence spectra were measured
by Jobin Yvon Fluoro Max-4 spectrophotometer equipped with xenon lamp.

3. Results and discussion

When a pure oxygen atmosphere was applied, many bubbles
were observed in the melt, which resulted in an unstable molten
zone. In the air atmosphere, no bubbles appeared and the molten
zone was more stable. In addition, a higher lamp power resulted
that more liquid could be replenished from the melting feed rod
than that would be crystallized. The optimal experimental condi-
tion was the lamps power of 62.1% in the air flow of 0.1 L/min and
the pressure of 0.1 MPa. MgNb,Og crystals were grown by sponta-
neous nucleation. As growth began, multiple nucleation sites were
observed. After optimization, the as-grown rod was composed of
several large domains as shown in Fig. 1a. The as-grown crystal is
a dark-brown cylindrical rod of 4-6 mm in diameter and 87 mm in
length, with the largest crystal domain being @ 5mm x L 32 mm.
The dark brown color in the as-grown crystal can be attributed
to the partial reduction of Nb®* ions, a common problem with
alkali-earth niobates grown directly from their melts [20,22].Fig. 1b
shows a crystal wafer cut parallel to the growth direction, and then
annealed in an oxygen atmosphere at 1500 K for 10 h. The color of
the annealed wafer fades to light brown.

The powder XRD pattern of the as-grown crystal is shown in
Fig. 2. All the peaks can be indexed to the diffraction peaks of
the MgNb,Og columbite (Ref: PDF Number: 330875), indicating
that the as-grown crystal is columbite MgNb, Og without any other
phase. The powder XRD pattern of the annealed crystal was also
measured; its peak positions and relative intensity are unchanged,
indicating that the annealing has no effect on the crystal structure.

The room-temperature Raman spectra of the as-grown and
annealed wafers are shown in Fig. 3a and b, respectively. The spec-
tra present typical bands corresponding to the normal vibration
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Fig. 2. Powder XRD pattern of the as-grown crystal.

modes of MgNb;Og [33]. The maximum phonon model can be
indexed to the Nb-O stretching band, and the linewidths (FWHM)
for the line at 905 cm™! of the as-grown and annealed wafers are
fitted to be 8.2 and 6.8 cm™!, as shown in the insets of Fig. 3a and
b, respectively. For the as-grown crystal, the dark brown color can
be attributed to the partial reduction of Nb>* ions mainly origi-
nating from the NbOg octahedron [22,34]. The partial reduction of
Nb°* ions caused by the oxygen vacancies results in the change
in the Nb-O stretching vibration, so that the band at 905cm™!
is broadened. After being annealed, the oxygen vacancies in the
as-grown crystal are eliminated; the Nb ions are the same Nb>*;
the band lengths of the Nb—O are more uniform. These result in a
higher degree of order on the Nb and Mg sublattices [22]. Therefore,
the linewidth at 905cm~! is narrowed and the annealed crystal
fades to light brown. The annealing process eliminates the oxygen
vacancies.
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Fig. 3. (a) Raman spectrum of the as-grown crystal and the fitted peak at 905 cm~!
and (b) Raman spectrum of the annealed crystal and the fitted peak at 905cm~".
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Fig.4. XRD? patterns of (a) the cross-section perpendicular to the growth direction
ofthe crystal and (b) the cleavage plane parallel to the growth direction of the crystal.

To determine the growth direction of MgNb,Og single crystal,
XRD? was conducted on the cross-section of the crystal, which
was perpendicular to the growth direction (Fig. 4a). Only one peak
locates at 35.35°, which can be indexed to the (002) plane. The
natural cleavage plane parallel to the growth direction was also
tested by XRD?, as shown in Fig. 4b. Two peaks are found at
38.11° and 65.80°, which can be indexed to the (060) and (0100)
planes, respectively. These results indicate that the MgNb,Og crys-
tal cleaves along the (010) plane and the crystal grows along the
c-axis. The XRD? and Raman results suggest that the annealed crys-
tal is a single crystal of high perfection and crystallinity.

The macroscopic defects, such as the low-angle grain boundaries
and inclusions of the crystal, were examined by polarized-light
microscopy in the transmission configuration. Fig. 1c shows a
photograph of the wafer (Fig. 1b) under polarized-light. Neither
inclusions nor low-angle grain boundaries are observed on the
wafer.

Fig. 5 presents the room-temperature photoluminescence spec-
tra of both the as-grown and annealed wafers with excitation at
282 nm. A strong blue emission band centered at 435 nm can be
observed in the two wafers. In the previous works, two peaks
located at 420 and 485nm were observed in the crystal fibers
grown by the laser-heated pedestal growth method [22]; how-
ever, no detailed explanations were provided. Moreover, in the
polycrystalline samples, an emission peak centered at 450 nm was
reported, a finding that agrees with the results of the present study
[6,35-37]. The luminescence in MgNb,0Og is strongly dependent
on its crystal structure [36,38]. In the columbite structure, Mg and
Nb cations are at the center of the octahedral surrounded by six
oxygen atoms. The MgOg and NbOg octahedra form independent
zig-zag chains by sharing edges, and the chains are connected by
sharing corners in the order MgOg chain-NbOg chain—-NbOg chain
[39]. Here, the corner-shared NbOg groups are efficient lumines-
cent centers for the blue emission [38], which may be ascribed
to the recombination of self-trapped excitons. Between the
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Fig. 5. Room-temperature photoluminescence spectra of the as-grown and
annealed wafers.

corner-sharing NbOg octahedrals [37], the conduction band is com-
posed of Nb>* 4d orbitals and the valence band is composed of 02~
2p orbitals. This luminescence originates from the absorbing groups
of the niobate octahedral group [NbOg]”~. Thus, the low lumines-
cence intensity is caused by the oxygen vacancies leading to the
band length change in the NbOg octahedral, which should be simi-
lar as the broadening of the Raman band at 905 cm~! (Fig. 3). After
being annealed under an oxygen atmosphere, the oxygen vacancies
in the crystal are eliminated. So the oxidation state of Nb ions are in
the same Nb*>, and the Nb and Mg sublattices are of higher degree
of order, resulting in a more perfect structure of the NbOg octa-
hedral. Therefore, the annealed wafer exhibits a stronger intensity
than that does the as-grown sample, as shown in Fig. 5. Because
the oxygen vacancies are eliminated; the improved crystallinity
leads to higher oscillation strengths, which in turn results in the
improvement in photoluminescence performance. These observa-
tions agree with the discussion about the Raman spectra and the
color change of the crystal before and after being annealed [22].

4. Conclusions

By the optical floating zone method, the MgNb,Og single crys-
tals have been grown at a growth speed of 6 mm/h and a rotation
rate of 30 rpm under an air atmosphere. The as-grown crystal has
dimensions of @ 4-6 mm x L 87 mm, with the largest crystal domain
being @ 5 mm x L 32 mm. The color of the as-grown crystal is dark
brown and fades to light brown after annealing under an oxygen
atmosphere. The single crystal grows along the c-axis and the nat-
ural cleavage plane is the (010) plane. The crystal is also free of
low angle grain boundaries and inclusions. The photoluminescence
spectra of the crystals have a strong blue emission band centered at
435 nm. The oxygen vacancies of the as-grown crystal can be elim-
inated by annealing process under an oxygen atmosphere, which
results in the color change of the crystal, the narrowing of the
FWHM of the Nb-O stretching band (905 cm~1), and the increase
in luminescence intensity.
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