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Polycrystalline powder of vanadium-doped forsterite(ys Mg2SiO4) was synthesized by the H2O2-assisted sol­
gel method. The vanadium dopant, which was added as VO(OMe)3 in methanol, went through several redox 
reactions as the sol-gel reaction proceeded. Upon adding VO(OMe)3 to a mixture of Mg(OMe)2 and Si(OEt)4 in 
methanol, V(V) reduced to V(IV). As hydrolysis reaction proceeded, the V(IV) oxidized all back to V(V). Apparently, 
some of the V(V) reduced to V(IV) during subsequent gelation by condensation reaction. The V(IV) remained 
even after heat treatment of the gel in highly oxidizing atmosphere. The crystallization of the xerogel around 
880 °C readily produced single phase forsterite without any minor phase. Using the polycrystalline powder as 
feeding stock, single crystals of vanadium-doped forsterite were grown by the floating zone method in oxidizing or 
reducing atmosphere. The doping was limited in low level because of the high partitioning of the vanadium in 
liquid phase during melting. The greenish single crystal absorbed visible light of 700~1100 nm. But, no 
emission was obtained in near infrared range.

Introduction

Forsterite (Mg2SiO4) is one of very common minerals, 
which belongs to olivine family, (Mg’FCbSiQ, of orthosilicates.1 
Being a major component of the upper mantle of the Earth, 
extensive study on its properties has been carried out mostly 
on geological incentives.

Recently, the single crystal of forsterite was reported to 
produce widely tunable laser in technologically attractive 
near infrared range of ~1.1 to ~1.4 m, when doped with 
chromium.2 Since the color center of the laser was reported 
to be chromium in its higher oxidation state of VI3 (it used 
to be III as in Ruby,4 or in chromium-doped alexandrite5), 
there was a continuing effort to grow single crystals of 
chromium-doped forsterite in highly oxidizing atmosphere.

Because of several practical reasons such as high melting 
temperature of forsterite (-2000 °C) and facile oxidation of 
iridium crucible, which is o이y available crucible for high 
melting forsterite, single crystals of chromium-doped forsterite 
with practical size grown in highly oxidizing atmosphere had 
been unattainable, until it was first grown by the floating 
zone method in pure oxygen at 2-3 atm pressure.6 A crucial 
factor to the successful preparation of chromium-doped for­
sterite in highly oxidizing atmosphere by the floating zone 
method was to use single phase polycrystalline powder of 
chromium-doped forsterite as a feeding stock.

The powder was synthesized via the H2O2-assisted sol-gel 
method. High degree of homogeneity attained during the 
H2O2-assisted sol-gel method facilitated the synthesis of single 
phase forsterite powder at ease, without any formation of 
enstatite (MgSiO3) minor phase (a major cause of the multi­
phase formation). The crystallization process of the xerogel 

precursor was probed by FTIR, magic angle spinning solid 
state 29Si NMR, thermal analyses7 and by in-situ high tem­
perature X-ray diffraction.8 Solution intermediates that formed 
during the synthesis were characterized by GLC analysis of 
the head space,9 and by 29Si and ^Mg NMR spectroscopy.10 
Because of the attainment of the homogeneity, this method is 
very useful in doping known amount of dopant ions without 
any introduction of unintended impurities.

Once single crystals of chromium-doped forsterite were 
synthesized in highly oxidizing atmosphere, we tried to obtain 
single crystals of forsterite doped with other dopant ions. In 
this study, we report the synthesis of single phase polycry­
stalline powder of vanadium-doped forsterite by the H2O2- 
assisted sol-gel method, and the growth of the sin임e crystals 
of vanadium-doped forsterite by the floating zone method 
using the powder as a feedstock.

Experimentals

Magnesium in a form of turnings, 99.95%, was obtained 
from Aldrich. Tetraethylorthosilicate (TEOS), 99+%, and vana­
dium oxychloride (VOC13), 99%, were used as received from 
Aldrich. All other chemicals were reagent grade.

Powder X-ray diffraction (PXRD) patterns were taken with 
a Scintag PAD X diffractometer. Electron spin resonance 
(ESR) spectra were taken with a Bruker ER 200 D-SRC 
spectrometer in 9.6 GHz. Simultaneous thermogravimetric/ 
differential thermal analysis (TG/DTA) was carried out on a 
Seiko TG/DTA-320 instrument. Elemental analyses were 
done by induced coupled plasma/mass spectrometry (ICP/ 
MS) and microprobe analysis (WDS). Absorption spectra 
from the single crystals were measured by Varian Cary-5 
UV-vis-NIR spectrophotometer. A Nd: YAG laser was used 
to excite the single crystal, and a scanning monochromater 
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measured the resulting fluorescence spectra.
Xerogel precursors to vanadium-doped forsterite. 

AH procedures that involved solution were carried out under 
a dry and oxygen-free argon atmosphere.11 Methanol was 
degassed and distilled over Mg(OMe)2. Vanadium was doped 
as vanadium oxotrimethoxide (VO(OMe)3) prepared from 
vanadium oxotrichloride.12 Magnesium, 4.70 g (0.193 mole), 
was charged into a 1-L 3-necked round bottom flask equipped 
with a water-cooled condenser, which was connected to a 
source of argon via a 3-way stopcock. Via cannula, 500 mL 
of dried MeOH was transferred onto the magnesium. After 
all the magnesium reacted with MeOH, the solution was 
filtered through fritted filter tube, into a dry 2-L round 
bottom creased flask, equipped with a water condenser and 
a mechanical stirrer with a Teflon paddle. The 1-L flask 
and the filter tube were rinsed with 50 mL of MeOH. TEOS 
(20.1 g, 0.0964 mol), weighed in a 50 mL Schlenk reaction 
vessel (SRV), was combined with the Mg(OMe)2 solution 
in the 2-L creased flask via a cannula, and the SRV was 
rinsed with 50 mL of MeOH. All the rinsings were added 
to the reaction mixture. VO(OMe)3 (9.7x 10"4 mol) was 
added on the reaction mixture and was well mixed. The 
reaction mixture was hydrolyzed by dropwise addition of 10. 
3g of 30% H2O2 in 200 mL of MeOH, during 17 h with 
vigorous stirring. The partially hydrolyzed sol was further 
hydrolyzed by the dropwise addition of 3.5g of H2O in 200 
mL of MeOH during 17 h. The sol with light yellow tint 
was heated at reflux for 6 h, after which the sol became 
slightly hazy. The solvent was removed from the sol by 
rotary evaporation by steam-heating under reduced pressure. 
The resulting grains of xerogel was reduce to a fine pale 
yellow powder by grinding with an agate mortar and pestle. 
Polycrystalline powder was obtained by heating the xerogel 
at 1000-1100 °C for 2-4 h, in water-saturated oxygen or in 
a gas mixture of CO, CO2, and Ar (1:5 :10 v이ume ratio).

Single crystal growth by the floating zone method. 
Single crystals of vanadium-doped forsterite were grown by 
the floating zone method.13 Not like the chromium-doped 
forsterite single crystals grown and reported in previous 
study,6 the sin이e crystals in this study were grown by 
applying double melting technique,14 to remove any possible 
source of bubbles and to get homogeneous dopant concen­
tration throughout the crystal. The polycrystalline powders 
were cold-pressed into 10 mm diameter 40 mm long 
cylindrical rods, and were sintered at 1200 °C for 3 h in 
ambient air. Unlike in conventional method, no binder or 
sintering aid was used. In ellipsoid mirror furnace, these 
feeding rods were melted (first melting) by focused beam at 
-1900 °C in argon atmosphere at fairly fast pulling rate of 
20 mm/h. This first melting eliminated bubbles originated 
from porosity that is intrinsically present in the products via 
sol-gel method. In second melting, the large grained 
polycrystalline rods gotten from the first melting were used 
as feeding rods. Pulling rate during this second melting was 
2 mm/h. Sin이e crystals of vanadium-doped forsterite were 
grown both in highly oxidizing atmosphere of pure oxygen, 
or in reducing atmosphere (the mixture of CO, CO2, and 
Ar). The single crystals of vanadium-doped forsterite in rod 
shape were oriented by real time Laue backscattering 
technique, and cut into several pieces of roughly cubic 
shaped single crystals for spectroscopy.

Results and Discussion

Figure 1 shows overall scheme of the syntheses of vanadium- 
doped forsterite. Main effort in preparing the xerogel was to 
eliminate any formation of precipitates to keep the homogeneity 
of the precursor throughout the synthesis, to minimize solid 
state diffusion barrier that would prevent crystallization of the 
precursor into single phase forsterite at low temperature. 
Unlike in a simple system with a single metal component, 
such as in silica or alumina, any formation of precipitates 
will introduce stoichiometric inhomogeneity, because the 
number of metal components was more than one. The high 
degree of homogeneity was accomplished by discouraging 
the formation of any precipitates that would be visible as 
cloudiness of the sol, by using H2O2 as catalyst6 instead of 
acid or base, by diluting all the reactants and hydrolyzing 
reagents prior to mixing, and by adding the hydrolyzing 
reagents (H2O2 and H2O) very slowly with vigorous stirring. 
The sol was clear after all the hydrolyzing agents were 
added, indicative of the homogeneity.7 Monoliths prepared 
by slowly drying the gel were also clear.

The synthesis of the vanadium-doped gel was followed 
by UV-vis and ESR spectroscopy (Figure 2, 3, 4, and 5). 
There were contradictory reports on the oxidation state of 
vanadium in crystalline V0(0Me)3, which had been described 
as vanadium (IV) or vanadium (V).15 The spectrum of bluish 
green solution of VO(OMe)3 in methanol (Figure 2a) had 
three peaks at 213 (s), 240 (sh), and 280 nm (sh). No ESR 
signal was observed from the solution. Therefore, the oxidation 
state of vanadium of VO(OMe)3 in methanol solution 아］ould 
be V. The spectrum resembled that of VO(acac)2,16 whose

Mg
pMeOH

(Mg(OMe)2)- -一(SHOE% )

------(VO(OMe)3)

Hydrolysis
:30% 1^02/MeOH 

Condensation 
:H^O/MeOH 

Reflux
(V:Mg-Si  Alcogel )

Drying
rotary evaporator 
vacuum oven

Figure 1. Schematic outline of the preparation of polycrystalline 
powder of vanadium-doped forsterite, and the growth of single 
crystals of vanadium-doped forsterite by the floating zone method.
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Figure 2. UV-vis spectra of: (A) VO(OMe)3 in MeOH; (B) reac­
tion mixture of Mg(OMe)2, TEOS, and VO(OMe)3 in MeOH; (C) 
reaction product of VO(OMe)3 and H2O2, in MeOH.
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Figure 3. ESR spectrum obtained from the mixture of Mg(OMe)2, 
TEOS, and VO(OMe)3, in MeOH. Eight well resolved hyperfine 
structures are due to 5lV(I=7/2).

the structure was pseudo octahedral.17 It was reported that 
VO(OR)3 (R=OEt, O-n-Pr, O-n-Bu) existed as a mixture of 
oligomers and monomers in solution, and that the oligomeric 
species had square pyramidal coordination, whereas monomers 
had tetrahedral one.18 Therefore, it was assumed that VO 
(0Me)3 existed mostly as oligomeric species in MeOH.

Upon addition of this bluish green vanadium source solution 
to the clear mixture of Mg(OMe)2 and TEOS, the color 
turned bright yellowish green instantaneously, and all the 
peaks were replaced by two broad peaks centered around

200 250 300 350 400 450 500
Wavelength (nm)

Figure 4. UV-vis spectra taken from the vanadium-doped forst­
erite sol during hydrolysis reaction. The spectra were taken after 
addition of methanolic 30% aqueous H2O2; (A) 30 mL, (B) 60 mL, 
(C) 90 mL, (D) 120 mL, and (E) after all hydrolyzing reagents 
(H2O2 followed by H2O) were added.

270, and 390 nm (Figure 2b). The ESR spectrum obtained 
from this reaction mixture (Figure 3) showed eight very 
well resolved lines, a typical hyperfine 아nature of V(IV) 
due to 51V (1=7/2). The isotropic spectrum indicated that the 
ESR active ions were in free motion.19 Therefore, the immediate 
color change from bluish green to bright yellowish green 
was related to the conversion of vanadium(V) ions into 
vanadium(IV). At the same time, it was suggested that the 
oligomeric species disintegrated into monomeric ones. Three 
d-d transition peaks of vanadium(IV) complexes fall in the 
ranges 900-600, 700-500, and 500-300 nm.20 But, it was 
not expected that those d-d transitions would be observable 
in this study, because d-d transition had i•이atively small molar 
extinction coefficients, and the concentration of vanadium (5 x 
10"6 M during measurement) was very low. For the reason, 
we didn't further pursue the weak d-d transition peaks.

Upon addition of H2O2 on the reaction mixture, a broad 
peak developed at 255 nm (Figure 4a). As more H2O2 was 
added, the intensity of the peak gradually increased, and 
reached a maximum when half of the H2O2 had been added 
(Figure 4c). With this spectroscopic change, the color of the 
sol lightened significantly, and the solution became almost 
colorless with a light tint of yellow. The ESR spectrum of 
this clear sol showed no signal, indicating that vanadium(IV) 
had oxidized to vanadium(V). The opposite spectroscopic 
change was reported to be observed during aging of poly- 
vanadic acid.21 Freshly prepared acid showed a shoulder at 
260 nm which was replaced by two peaks at 268 and 381 
nm upon aging. ESR measurements on these two solutions 
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indicated that aged solution contained vanadium(IV), whereas it 
was absent in the freshly prepared acid. Considering the 
above report, it was suggested that the new peak at 255 nm 
with the absence of ESR signal was related to a redox 
transition of vanadium(IV) to vanadium(V) species. Unlike 
the previous redox reaction in which vanadium(V) turned to 
vanadium(IV) upon being mixed with a reaction mixture of 
Mg(OMe)2 and TEOS, the initial addition of H2O2 (when 
hydrolysis reaction is predominant over condensation) induced 
the oxidation of vanadium(IV) back to vanadium(V).

Oxidation of vanadium(IV) by dissolved air in alkaline 
solution was reported that the reaction proceeded through 
the formation of a hydrogen peroxide intermediate, which 
reacted with vanadium (IV) to form vanadium (V).22 Adding 
H2O2 directly to a methanol solution of V0(0Me)3 (both in 
approximately the same concentration as used in the sol-gel 
synthesis) formed a brown solution. A spectrum taken of this 
reaction product had a single broad peak centered around 
340 nm (Figure 2c). This peak was never observed during 
the sol-gel synthesis. Therefore, it appeared that the oxidation 
of vanadium during the initial hydrolysis was caused by some 
kind of oxidizing center which was different from free H2O2. 
The unusual oxidation of chromium(II) into chromium(VI) 
observed during the sol-gel synthesis of chromium-doped 
forsterite showed similar phenomena; it was observed that 
chromium(II) was almost instantaneously oxidized to chromium 
(VI) by the oxidizing moieties in the gel, when it was 
added after the initial hydrolysis was preceded.6 Mg-OOH 
center was proposed to be the oxidizing center. Therefore, it 
was considered that the unusual redox reaction of vanadium 
described above added one more circumstantial evidence on 
the Mg-OOH intermediate. Considering the chromium(VI) 
remained unchanged even after the condensation reaction 
completed,6 it could be conceived that redox reaction in 
vanadium was more sensitive to the rigidity of the surrounding 
matrix than in chromium.

The peak at 255 nm shifted toward shorter wavelength as 
more hydrolyzing agent was added, and reached 225 , nm 
(sh, Figure 4e) when the addition of the hydrolyzing agents 
had been completed. The first charge transfer band of vana- 
dium(IV) in VO(acac)2 showed distinct red shift of about 50 
nm upon oxidation,16 that was postulated to be caused by a 
release of repulsion energy related to the oxidation of 
vanadium(IV) to vanadium(V). Therefore, the gradual blue 
shift (~30 nm) of this first charge transfer peak upon the 
further addition of the H2O2 solution (now, condensation 
reaction should be predominant over the hydrolysis) was 
consistent with the reduction of vanadium(V) back to 
vanadium(IV) species. The ESR signal of vanadium(IV) 
observed from dried xerogel (Figure 5 a) corroborated this 
reduction reaction upon further addition of H2O2. Whether 
all the vanadium would be reduced was not clear. Reduction 
reaction between vanadic acid (vanadium(V)) and H2O2 in 
hig비y acidic solution was reported.23 Also, it is well known 
that H2O2 acts both as an oxidizing or as a reducing agent.24 
Therefore, the vanadium species in the reaction mixture un­
derwent several reversible redox reactions during hydrolysis 
and condensation, and swung back and forth between vanadium 
(IV) and vanadium(V). This seesaw redox transition was 
summarized in Scheme 1.

Field (G)
Figure 5. ESR spectra taken from vanadium-doped forsterite xero­
gel as prepared (A), polycrystalline vanadium-doped forsterite ob­
tained by heating the xerogel at 1100 °C in air (B), and polycry­
stalline vanadium-doped forsterite obtained by heating the xero­
gel at 1100 °C in a mixture of CO, CO2, Ar (1:5:10 volume ra­
tio) (C).

VO(OMe)3 —> mixed with Mg(OMe)2 and TEOS
[V] [IV]

—> Hydrolysis —> condensation
[V] [V]/[IV]

Scheme 1

The ESR spectra taken from dried xerogels showed very 
weak signals from vanadium(IV) ions in a rigid environment 
(Figure 5a). These peaks persist even after the xerogel was 
heated at 1100 °C in air (Figure 5b). The observation that the 
vanadium in it's lower oxidation state was persistent even after 
the xerogel was heat treated in highly oxidizing atmosphere, 
and that the vanadium(V) in the gel reduced to vanadium 
(IV) during condensation indicated that the rigid environment 
might have encouraged the reduction of vanadium into it's 
lower oxidation state. This reduction of vanadium in rigid 
environment was routinely observed during the synthesis of 
V2O5 gels,25 and it was well known that the V2O5 gels were 
very sensitive toward reduction, When the xerogel was 
heated in a mixture of CO, CO2, and Ar, more vanadium 
(IV) was generated, and the ESR spectrum showed eight 
sharp lines with non-isotropic overall 아ructure (Figure 5c). 
This non-isotropic pattern was typical of vanadium(IV) re­
strained in a rigid surrounding structure that was pseudo- 
octahedral, as in solvated [VO(H2O)5]2+,19,26 V2O5 0.5H2O,19 
vanadium-doped TiO2,27 or vanadium-doped SnO2.28

When heated at -1000 °C in either reducing or oxidizing
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Figure 6. PXRD pattern taken from the polycrystalline powder 
of vanadium-doped forsterite obtained by heating the xerogel at 
1100 °C in air.

atmosphere, the vanadium-doped forsterite xerogel formed 
single phase forsterite, as shown by PXRD pattern in figure
6. With practically no diffusion banier, that was achieved 
through the homogeneity of the gel, the precursor started to 
become crystalline around 700 °C, and no minor phase de­
veloped during crystallization. If the material were to be syn­
thesized by conventional solid state reaction, it would require 
heating at much higher temperature (above 1000°C) during 
much longer period (days).29 The color of the polycrystalline 
powder was slightly yellowish when it was heated in an 
oxygen atmosphere, whereas it was greenish gray when heated 
in a reducing atmosphere.

Figure 7 showed the thermal analysis on the vanadium- 
doped forsterite xerogel. About 20% weight loss occurred 
below 550 °C. The endothermic weight loss -100 °C was 
the loss of adsorbed solvent.30 The exothermic weight loss 
〜270 °C should be attributed to the loss of bound organic 
groups.31 Unlike the undoped or chromium-doped forsterite 
xerogel,8 a weight loss of 〜5% at 556 °C was endothermic. 
Instrumental cause was eliminated by repeated runs on different 
batches, and on pure forsterite xerogels without vanadium

Figure 7. TG trace (A), and DTA curve (B) of vanadium-doped 
forsterite xerogel. The xerogel was heated in dry oxygen (200 
mL/min) at a rate of 10°C/min.

in it, which registered an exotherm for thermal decomposition 
of the organic residues. The endotherm could not be attributed 
to decomposition of an organic ligand. Decomposition of 
organic ligands, accompanying CO2 generation, should have 
registered an exotherm around 570°C.8 It is known that 
vanadium compounds have a very short bond in multiple­
bond character, that results in a [VO5] environment with a 
very short V=O double bond?2 Especially when the vanadium 
is in its oxidation state of IV, the V=O bond is very strong, 
and even suggested to have partial triple bond character.33 
Also, V=O in double bond character is known to be stable in 
silica supported vanadium complexes.34 It was suggested that 
vanadium oxide bonds with multiple character might trans­
form into single bonds around 550°C, which could cause 
endothermic heat event. The concomitant weight loss of 
around 4% indicated that organic residues were expelled 
without being pyrolyzed during the transformation. Possible 
route of this endothermic process was suggested in the 
Scheme 2 where the bond length33,35 and local structures33,35,36 
were presumed on the bases of the precedent results. The 
process involved the exclusion of unhydrolyzed alkoxy groups, 
which corresponded to the weight loss observed by TGA. 
The existence of the remaining alkoxy groups at such high 
temperature, prior to the endothermic exclusion, had already 
been proved in previous study.7

The exothermic heat events at 802 and 877 °C corresponded 
to the crystallization of the crystalline intermediate phase 
and forsterite, respectively.7 Both crystallization accompanied 
1-2% weight losses, as was observed for chromium-doped 
forsterite xerogel. A very broad exothermic weight loss 
〜1020 °C was speculated to be the loss of residual OH 
groups. This exothermic weight loss of 1-3% has been 
commonly observed between 1100 and 1250 °C for 
forsterite and metal-doped forsterite xerogels synthesized by 
the H2O2-assisted sol-gel method.

Single cry아als of vanadium-doped forsterite were grown 
both in a reducing or oxidizing atmosphere by the floating 
zone method, by using the feeding rods made from the 
polycrystalline vanadium-doped forsterite powder. Unlike ch- 
romium-doped forsterite, which generated vaporized chromium 
oxide (CrO2) during single crystal growth, no volatile was 
generated during melting of the vanadium-doped forsterite. 
The concentration of vanadium, analyzed by microprobe 
and ICP/MS, was shown in Table 1. More than 90% of 
vanadium was lost during melting, even though apparently 
no volatile byproduct was observed during single crystal 
growth. Judging by the dark coloration of the tip of the 
melt, the partitioning of vanadium to liquid phase was greater 
than that in solid phase. Thereby, only a small fraction of 
vanadium added to the polycrystalline powder (feeding stock)

Scheme 2
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Table 1. Dopant level in the single crystals of vanadium-doped 
forsterite. The analyses were carried out by microprobe (WDS) 
and ICP/MS
atmosphere for 
cryst시 growth

lev이 in 
xerogel

level in crystal 
(ppm)

dopant loss 
(%)

reducing 3608 265 93
oxidizing 3608 145 96
oxidi 기 ng 362 27 93

was doped in the single crystal, while rest of it remained in 
the melt. Therefore, in order to dope certain amount of 
vanadium into a single crystal, one should dope the feeding 
stock with excess amount of vanadium. As far as this study 
suggested, the dopant concentration in the feeding stock 
should be ten times more than that in the sir电le crystal. 
With this high content of vanadium, the feeding stock made 
from a simple mixture of constituent m이al oxides would 
surely form minor phases, which render the cry아al growth 
by the floating zone method impossible.

The crystals grown in a reducing atmosphere had a greenish 
blue color and the ones grown in an oxidizing atmosphere 
were pale blue. Unlike the chromium-doped forsterite that 
showed strong pleochroism,14 the vanadium-doped forsterite 
showed similar absorption patterns and color through three 
orthogonal unit cell axes. The spectrum appeared to be 
combination of three major absorptions at 700, 825, and 
1075 nm. The peak at 700 nm was shown to differ from

①°
듬
은
 C

2
V

Wavelength (nm)
Figure 8. The absorption spectra taken from a single crystal of 
vanadium-doped forsterite. The crystal was grown in pure ox­
ygen by the floating zone method. The step around 1000 nm was 
caused by an instrumental artifact. The beam was polarized so 
that (A) E//b, or (B) E//c. The inset 아lows the absorption spec­
trum of the single crystal grown in reducing atmosphere, ob­
served through a*axis.

the other two peaks.
The spectra in Figure 8 showed the absorption spectra 

through different polarization for the crystal grown in an 
oxidizing atmosphere. The peak at 700 nm shows very 
different absorptivity from a set of the other two peaks at 
825 and 1075 nm, upon polarization along two different 
directions. The absorbance of the 700 nm peak at E//c was 
much greater than that at E//b. An absorption spectrum 
taken of the crystal grown in a reducing atmosphere along 
the a-axis was shown in the inset of the Figure 8. Although 
the overall features of the spectra are similar, the absorbance 
of the crystal grown in an oxidizing atmosphere was sign­
ificantly lower than that of the cry아al grown in a reducing 
atmosphere, indicating the color center was vanadium(IV). 
By assessing the absorption, the vanadium color center in 
forsterite was considered to have proper absorption for the 
crystal to be excited by available lasers. Although the vana­
dium-doped forsterite single crystal had proper absorption 
characteristics to be excited by Nd: YAG laser, it did not 
have any emission in near infra-red range, the range in 
which we were interested to look at.

Conclusion

Forsterite which was doped with vanadium was synthesized 
as a single phase polycrystalline powder via the H2O2-assisted 
sol-gel method. The VO(OMe)3 dissolved in methanol was 
suggested to be oligomeric in oxidation state V. Upon being 
mixed with the reaction mixture of Mg(OMe)2 and TEOS, the 
oligomeric species apparently disintegrated into monomeric 
ones, and the vanadium(V) reduced to vanadium(IV). During 
the initial hydrolysis reaction, the vanadium(IV) oxidized 
back to vanadium(V), which corroborated the formation of 
highly oxidizing moieties (possibly Mg-OOH) in the gel 
during initial hydrolysis step. As the condensation reaction 
set in, apparently the vanadium(V) (probably not all) reduced 
back to vanadium(IV). Vanadium-doped forsterite powder 
contained vanadium(IV) even when it was calcined in 
highly oxidizing atmosphere.

By using the polycrystalline powder as a feeding stock, 
single crystals of vanadium-doped fosterite were grown by 
the floating zone method both in highly oxidizing or in 
reducing atmosphere. The partition of vanadium in molten 
liquid phase was so high that。니y a small fraction (less 
than 10%) of the vanadium in the polycrystalline powder 
remained in the single crystals. The color center of the 
crystal was vanadium(IV). The absorption was observed at 
700, 825, and 1075 nm, and no emission was observed in 
near infra-red range.
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