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Abstract

We have successfully grown colorless and crack-free Bj;-LizVOy single crystals by the Czochralski method using a
self-flux. To improve the quantity of crystals, we installed a heat reservoir in the growing furnace, used the melt
composition as Li,CO3:V,0s = 58:42 (Li/58) to avoid the unnecessary phase transition and set the growth temperature
below 700°C to avoid the cracking. The physical properties of the crystals were studied by the powder X-ray diffraction,
impedance/gain phase, differential thermal analysis (DTA), and UV-VIS transmittance spectroscopy measurements.
We found that the physical properties of Li/58 crystals were almost identical to those of Li/70 crystals except the UV—

VIS transmittance data.
© 2003 Elsevier B.V. All rights reserved.
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BI1. Lithium vanadate

1. Introduction

Low-temperature phase of lithium vanadate,
B-LisVOy4, have attractive properties for optic
materials and ionic conduction materials. In
previous studies of lithium vanadate, Sakata et al.
[1,2] found that B;;-Li3VO,4 have second harmonic
generation(SHG) activity, and Gaur et al. [3]
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extensively studied the electrical conductivity, o,
of LisVO, solidified melt. Three methods have
been carried out to obtain high-quality LizVOy,
crystals such as floating-zone method, Czochralski
method and heater-in-zone zone-melting method.
Sakata et al. [4] and Itoyama et al. [5] obtained a
crack free, and transparent By-Li3VOy crystals by
the floating-zone method. Kim et al. [6] and
Higuchi et al. [7] recently grew crack-free, and
transparent f;;-Li3; VO, crystals by the Czochralski
method and heater-in-zone zone-melting method,
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Fig. 1. Phase diagram of Li,CO3-V,0Os system [4]. Two arrows
in this figure indicate melt compositions used in this study.

respectively. As shown in Fig. 1, phase diagrams of
the Li,O-V,0s5 system indicate that Li;VO4 melts
congruently, however, it undergoes phase transi-
tions between the melting point and room
temperature. Accordingly, the melt-grown crystals
contain many micro-cracks because of the phase
transitions [4].

In this study, we carefully considered the growth
conditions to obtain a high-quality By-LizVOy4
single crystals so that we have successfully grown
colorless and crack-free Bj;-Liz;VOy single crystals
by the Czochralski method using a self-flux. We
installed a heat reservoir in the growing furnace to
improve the temperature gradient of growing
furnace, wused the melt composition as
Li,CO35:V,05 = 58:42 (Li/58) to avoid the unne-
cessary phase transition, and set the growth

temperature below 700°C to reduce the number
of cracks. The physical properties of Li/58 crystals
were almost identical to those of Li/70 crystals
except the UV-VIS transmittance data.

2. Experiment

The raw materials for By;-LizVOyq crystal growth
were LipCO3; (ALDRICH, 99.9%) and V,Os
(ALDRICH, 99.9%). Fig. 1 shows a relation
between Li;O molar ratios and growth tempera-
tures. In our laboratory, we grew By-Li3VOy
crystals using two melt compositions which were
Li2C03IV205 = 170:30 (Ll/70) and Li2C03IV205 =
58:42 (Li/58). A more detailed information about
vanadium-rich composition Li/70 crystal growth is
available in our previous study [6]. The growth
conditions of Li/58 crystals were very similar to
those of Li/70 crystals. When we grew Li/58
crystals, however, we carefully set up the growth
conditions to obtain a high-quality B-Li;VOy4
single crystals. We installed a heat reservoir in the
growing furnace to improve the temperature
gradient of growing furnace and set the growth
temperature below 700°C to reduce the number of
the cracks.

The structure of By;-Li3VOyq crystal was verified
by the X-ray diffraction (XRD, Rigaku GDX-
1193A) for Cu Ka radiation and a polarizing
optical microscope. Also the physical properties of
the grown Bj-LizVOy4 single crystals were char-
acterized by impedance/gain phase analyzer
(HP4194A), differential thermal analysis (DTA,
MAC Science, WS002 II), and high-temperature
X-ray diffraction (Philips PW3050) experiments.
The phase transition properties of crystals were
investigated by impedance, DTA, and high-tem-
perature XRD measurements. The temperature-
dependent dielectric constants were measured by
using an impedance analyzer at the frequency of
500 Hz. The temperature range used in this study
were from room temperature to 800°C. The DTA
data were measured with a heating rate of 5°C/
min. The high-temperature XRD experiments
were carried out by employing the high-tempera-
ture diffractometer. The XRD patterns were
recorded at different temperatures ranging from
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room temperature to 900°C, in the 26 range of
10°-90°. The cell constants at different tempera-
tures were obtained from the d-values of reflec-
tions and were refined by the least-squares fit
method. The transmittance measurements were
also performed by using UV-VIS spectrometer
(Cary$5, Varian, Australia) in the wavelength range
of 200-3600 nm.

3. Results and discussion

The most serious problem in the growth of
Bi-Li3VO4 single crystals is the formation of
micro-cracks [4]. A phase diagram of Li;O—V,0s
system in Fig. 1 indicates that LizVO,; melts
congruently [8,9], but it undergoes three phase
transitions between the melting point and room
temperature. Accordingly, the melt-grown py-
LizVOy4 crystals contain many micro-cracks be-
cause of those phase transitions. Sakata et al. [4]
introduced the travelling solvent floating zone
method using an image furnace to grow high-
quality By-LisVOy4 crystals. However, the grown
crystals had many macroscopic defects such as
micro-cracks and inclusions. We have tried to
obtain a crack-free crystals by the Czochralski
method for many years. As predicted in the phase
diagram, we found that phase transitions during
the cooling caused micro-cracks when a crystal
was grown from a stoichiometric melt, as pointed
out by Sakata et al. [4]. When we used a
vanadium-rich  composition  Li;CO3:V,05 =
70:30 (Li/70) in molar ratio, we could obtain
relatively crack-free transparent crystals. But the
grown crystals still show a weak orange color [6].

Based on findings in our previous study, we
carefully set up the growth conditions to obtain a
high-quality Bj;-Li3 VOy single crystals. We installed
a heat reservoir in the growing furnace. The
installation of heat reservoir could lessen thermal
stress in growing furnace [6,10]. We used the melt
compositions as Li;CO3:V,05 = 58:42 (Li/58) to
avoid unnecessary phase transitions. However, the
vanadium-rich composition might have increased
the viscosity of the melt and it could make difficult
to get PBy-LisVOy4 single crystals. The other
problem to be settled was the bubble accumulation

in as-grown crystals: i.e., the single crystal ended
up having many micro-pores inside [5]. Therefore,
the avoidance of the bubble accumulation was
essential in growing a large single crystal. To
resolve above problems, we used a low growth rate
less than 0.2 mm/h and a rotation rate around
23rpm. Also, the growing temperature was set
below 700°C to prevent the crystals from cracking
[7]. As a result of improvements in the crystal
growth technique, we could grow a large colorless
crystal (6 mm diameter, 20 mm length) with no
cracks.

Figs. 2(a) and (b) show the photograph of
Br-Li3VOy single crystals grown along the [100]
direction with Li/70 and Li/58 melt compositions,
respectively. PBy-LisVOy single crystal of Li/70
melt composition has an orange color and a few
cracks. On the other hand, as-grown crystal with
Li/58 melt composition is transparent, color-free
and has no cracks. We also tested the quality of
crystals by using polarizing micrographs of a cross
section of the [100] direction. The results are
shown in Figs. 3(a) and (b) for crystals with Li/70
and Li/58 melt composition, respectively. As-
grown crystal of Li/70 melt composition shows
low-angle subgrain boundaries and a small
number of impurities. On the other hand, Li/58

(a) (b)

L3

Fig. 2. LisVO4 single crystals grown by the Czochralski
method using the self-flux for (a) Li/70 and (b) Li/58 melt
composition.
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Fig. 3. Polarizing micrographs of cross section of B;;-Liz; VOy4 crystals grown along the [1 0 0] direction for (a) Li/70 and (b) Li/58 melt

composition.

shows no low-angle grain boundary. These results
indicate that there is a lower possibility of grain-
boundary-free B;;-Li3sVOy4 crystals by Li/58 melt
composition. Therefore, crystal growing with Li/
58 melt composition is necessary to obtain high-
quality By;-Li3VOy4 single crystal [7]. Previously
Higuchi et al. also succeeded in growing grain-
boundary-free fy;-Li3VO4 crystals by growing
them along the [001] direction. We tested the
physical properties of two LizVOy single crystals
by using high-temperature powder X-ray diffrac-
tion, impedance/gain phase, differential thermal
analysis (DTA), and UV-VIS transmittance
spectroscopy experiments.

We first tested the structure of two crystals at
room temperature. The X-ray diffraction patterns
of By-LisVO4 with Li/70 and Li/58 compositions
were identical and corresponded to the Bj; phase.
The cell parameters of the B;-Li;VOy crystals were
determined by fitting the diffraction data with all
possible cell configurations. From the best-fitting
results, we found that the unit cell structure was
orthorhombic with a = 5.4432, b = 6.3156, ¢ =
49436 A for Li/70 composition and a = 5.4422,
b=6.3301, ¢c =4.9445A for Li/58 composition.
Within an uncertainty in the data analysis, lattice
parameters of Li/70 and Li/58 crystals were
consistent with each other and agreed well with
the results of other studies [11,12]. The values of
the lattice parameters correspond to the By phase
of LizVOy4 [11].

Next, we characterized phase transition proper-
ties of two Py-LizVOy4 crystals. To this end, we
performed dielectric, DTA and high-temperature
X-ray diffraction measurements. Fig. 4 shows the
temperature dependent of real part of dielectric

constant along g-axis at frequency of 500 Hz. The
inset of Fig. 4 shows the dielectric data in the
extended temperature range down to room tem-
perature. In this figure, we can observe dielectric
anomalies in both crystals. Li/70 crystal showed
dielectric anomalies at temperatures around
350°C, 710°C, and 760°C. On the other hand,
Li/58 crystal showed diclectric anomalies at
temperatures around 400°C, 730°C, and 780°C.
It seemed that Li/70 crystal showed dielectric
anomalies at lower temperatures compared to
those of Li/58 crystals. In our previous study, we
identified anomalies at temperatures higher than
700°C were related to structural transitions [6].
The DTA data were measured with a heating rate
of 5°C/min and the results are shown in Fig. 5.
Both crystals showed two endothermic peaks
around 720°C and 770°C and the results were
consistent with other studies [9]. The peak posi-
tions of Li/70 crystal and Li/58 crystal were 720°C,
773°C and 715°C, 768°C, respectively. It seemed
that Li/70 crystals showed higher transition
temperatures compared to those of Li/58 crystals.
We also studied the change of the crystal lattice
parameters at different temperatures. The lattice
constants of Li/70 and Li/58 crystals were
calculated from the temperature dependent X-ray
diffraction data and the results are shown in Fig.
6. We can observe that the temperature dependent
lattice parameters of Li/70 and Li/58 crystals were
almost the same. The lattice constants exhibits
anomalies at temperature around 710°C, and
790°C.

In three different experiments, we could not find
any consistent trend of transition temperatures for
Li/58 and Li/70 crystals. The trend in DTA
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Fig. 4. The temperature dependence of real part of dielectric constant along a-axis for Bj;-Li3; VOy single crystal at 500 Hz. The inset is
the dielectric constant in the temperature range from 100°C—600°C. Solid squares and open circles correspond to crystals grown from

Li/70 and Li/58 melt compositions, respectively.
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Fig. 5. DTA data of Bj-LisVOy single crystals in the heating
process. In this data, the heating rate was 5°C/min. The solid
line and dashed line correspond to crystals grown from Li/70
and Li/58 melt compositions, respectively.

measurements was opposite to that in dielectric
measurements and XRD measurements showed
almost same transition temperatures for both
crystals. Therefore, at this stage, we just speculate
that the different transition temperatures observed
in different experiments may originate from

Temperature (°C)

Fig. 6. Temperature dependent lattice parameters calculated
from high-temperature X-ray diffraction data. Solid squares
and open circles correspond to crystals grown from Li/70 and
Li/58 melt compositions, respectively.

experimental uncertainties. We may ask why there
was no structural change in X-ray data at
temperature around 400°C where we observed
dielectric anomaly. In our previous study, we
found that this anomaly is related to the dissocia-
tion of Li-O bond, not related to a structural
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Fig. 7. UV-VIS transmittance spectra of B;-LisVO4 single
crystals of about 0.7mm thickness for both Li/70 and Li/58
crystals. The measurements were done at room temperature.
The solid line and the dashed line correspond to crystals grown
from Li/70 and Li/58 melt compositions, respectively.

change [13]. Therefore, dielectric anomalies
around 400°C might originate from not only an
experimental uncertainty but also from different
Li contents in the samples. A more detailed study
is in progress and the results will be published in
the future.

Fig. 7 shows the UV-VIS transmittance of the
as-grown PBp-LizVOy single crystals made from Li/
70 and Li/58 melt compositions. As we already
observed in Fig. 2, Li/70 crystals had the weak
orange color, but Li/58 crystals were transparent.
Therefore, the transmittance data from two
crystals were different. In Li/70 crystals, there
existed an optical absorption band at 350-500 nm
due to the orange color. Besides this difference,
both samples showed the same absorption edge
around 320 nm.

4. Conclusion

We have successfully grown colorless and crack-
free By;-Li3VOyq single crystals by the Czochralski
method using a self-flux. The significant improve-
ments in the crystal quality can be achieved by
installation of heat reservoir to the growing
furnace, using the melt compositions as
Li;CO3:V,05 = 58:42 (Li/58) and setting the

growth temperature below 700°C. The tempera-
ture of the molten zone was precisely controlled by
a low growth rate of less 0.2 mm/h and a rotation
rate of 20-30 rpm.

The structure of as-grown crystal was identified
by X-ray diffraction and confirmed as B;; phase.
The phase transition properties of both Li/70 and
Li/58 crystals were characterized by three different
experiments, dielectric, DTA and high-temperature
XRD measurements. The results were consistent
with each other within experimental uncertainties
and showed anomalies at temperatures around
720°C and 780°C. In UV-VIS transmittance
measurement, By-LizsVO, crystal has almost the
same absorption edge, approximately 320 nm. But
Br-Li3VOy single crystals with Li/70 melt composi-
tion had the optical absorption band at 350-500 nm
due to the orange color in the sample.
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