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Recent measurements on the V20~-GeO 2 glass system consisting of an equimolar mixture of 
V20~ and Ge02 revealed that increase in electrical conductivity of these glasses upon anneal- 
ing could be attributed to the increase in V 4+ and V 3+ content which accompanied the micro- 
structure formation. In the present work we report a similar study on V2Os-TeO2 and 
V2Os-P20~ glass systems. It was found that in tellurite glass V 3+ content increased upon 
annealing and V 4+ content remained unchanged. In phosphate glass some increase in V 4+ and 
no significant change in V 3+ contents were observed. V 3+ and V 4§ contents in glasses could 
be best estimated from optical and electron paramagnetic resonance spectra, respectively. 

1. Introduction 
For vanadium germanate glasses the electrical con- 
ductivity measured by Chung and Mackenzie [1] was 
much smaller than that measured by Rao [2], as was 
pointed out by Chung and Mackenzie. Khan et al. [3] 
measured electrical conductivity of annealed and 
unannealed vanadium germanate glasses. These 
measurements clearly elaborated the discrepancies in 
two results. The conductivity of annealed samples at 
room temperature was found to be about five orders 
of magnitude greater than that of the unannealed 
samples containing a similar amount of vanadium 
oxide. The increase in conductivity on annealing was 
attributed to the change in microstructure of the 
glasses. Recently, Khawaja et al. [4] reported a 
detailed study of 50mo1% vanadium germanate 
glasses using electron paramagnetic resonance (EPR), 
optical absorption, differential scanning calorimetry 
and electron diffraction techniques. They concluded 
that the increase in the electrical conductivity of the 
annealed samples could be attributed to the increase 
of reduced valence states of vanadium ions (V 3+ and 
V 4+ ) which accompany the microstructure formation 
and are not due to the structural changes alone. 

It has been suggested [5] that the glass-forming 
oxide might not be simply a non-interacting solvent in 
the conduction process as was described by Ioffe et al. 

[6] for the VzOs-P205 system. However, Dhawan et al. 
[7] have reported that the conductivity of tellurite 
glasses is slightly higher than the corresponding com- 
position of phosphate glasses. 

The objective of the present investigation was to 
look into the effect of glass-forming oxides on the 
electrical and optical properties of vanadate glasses 
containing 50mo1% GeO2, TeO2 and P205 and to 
study the effect of annealing on these properties of the 
glasses. 

2. Experimental  detai ls  
Glasses were prepared by heating dry mixtures of 
analytical grade chemicals in alumina crucibles. Prior 
to melting the mixture, the alumina crucible was 
placed in a furnace maintained at 300~ for 1 h in 
order to minimize material volatilization. The crucible 
was then transferred to a melting furnace maintained 
at a selected temperature, given in Table I. The melt 
was frequently stirred with an alumina rod. The 
homogenized melts were then cast on to a stainless 
steel plate. The samples were disc-shaped with dia- 
meter 2 cm and thickness about 2 mm. 

Thin glass films, which were necessary for the 
optical and infrared measurements, were obtained by 
a blowing technique. The as-blown glass film was 
mounted on to a machinable glass ceramic specimen 
holder, this holder having the capability of being 
placed directly into an annealing furnace as well as a 
spectrophotometer. 

Measurements of d.c. conductivity were made using 
evaporated gold electrodes, which make good ohmic 
contacts, and a guardring configuration to eliminate 
surface leakage current. /( stabilized power supply 
was used to provide a voltage source, and circulating 
currents were measured using a Keithley 610C elec- 
trometer. The temperature of the sample was moni- 
tored using a chromel-alumel thermocouple attached 
to the sample. 

The optical density of the samples was measured as 
a function of wavelength using a Varian DMS 90 
spectrophotometer in the spectral range 350 to 
900nm. First, the measurement was made from 
unannealed (UN) sample in the form of thin blown 
film which was mounted on a glass ceramic holder and 
then from the same sample when it was annealed for 
24 h at a temperature given in Table I. 

Four glass samples were prepared for the EPR 
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T A  B L E 1 Preparation, treatment and the C ratio of glasses 

Composit ion Temperature Time for which 

of melting, melt was 

T (~ C) maintained at  

r (h) 

Sample* treatment 
C - 

V 4+ Activation d.c. conductivity at 

Vtota ~ energy, room temperature 
E a (eV) ( a  1 cm-  i ) 

t50 V20 s 50 GeO 2 1100 3 

t50  V205-50 GeO 2 - 
50 V205-50 TeO 2 900 4 

50 V205 50 TeO 2 - 

50 V20 s 50 P205 900 3 

50 g205 50 P205 -- 

Unannealed (UN) 0.008 0.60 4 • 10 -12 

Annealed (AN) at 300~ 0.015 0.29 6 x 10 -6 

UN 0.013 0.45 7 x 10 -7 

AN at 270~ 0.013 0.32 4 x 10 -6 

UN 0.186 0.49 3 • 10 _7 

AN at 300~ 0.214 0.43 6 • 10 _7 

*Annealing time was 24h. 

tThe  data are from [4]. 

study. The first two samples consisted of an equimolar 
mixture of tellurium dioxide and vanadium pentoxide, 
unannealed and annealed, respectively. The remaining 
two samples consisted of an equimolar mixture of 
phosphorous pentoxide and vanadium pentoxide, 
unannealed and annealed, respectively. Powdered 
glass samples for EPR measurements were prepared in 
capillary tubes. A typical sample contained approxi- 
mately 50 mg and had a length of 15 mm. The whole 
sample was inside the active region of the EPR cavity. 

The EPR spectra at room temperature (21.5~ 
were recorded on a Bruker ER 200D SRC spectro- 
meter interfaced with an Aspect 2000 data system. The 
magnetic field sweep was controlled with an ER 030 
Hall effect field controller to 0.1 G and the magnetic 
field was measured with an ER 035M NMR Gauss- 
meter with an accuracy of 2 raG. The frequency was 
measured with a Model 5342A Hewlett-Packard fre- 
quency counter. The modulation amplitude and the 
modulation frequency employed were 3.2G and 
100kHz, respectively. Both microwave power and 
modulation amplitude were verified to be at least ten 
times below the onset of broadening. The scan speed 
and time constant were chosen so as not to introduce 
any artefact by scanning. Spectra were all signal- 
averaged three times to increase the signal-to-noise 
ratio. Recorded spectra were digitized to 2000 points 
and stored on data cartridges for future analysis. 
Double integration of the first derivative spectrum 
was performed to obtain the spectral intensity. V 4§ 
concentration was determined by comparing its spec- 
tral intensity with that of a bar-like synthetic ruby 
(SRM 2601) purchased from National Bureau of 
Standards. Both the sample and the ruby SRM were 
mounted on a 4 mm diameter quartz rod; the sample 
was tied to the quartz rod with a rubber band, while 
the ruby SRM was glued at the bottom of the rod with 
H0 perpendicular to the c-axis. The resonance at 
5360 G was used as the standard resonance. 

Infrared absorption spectra in the range 4000 to 
200 cm ~ were recorded on a Perkin-Elmer spectro- 
photometer Model 180. The spectra of the equimolar 
mixtures of the pure oxides were taken by mixing 
with an excess of dry KBr and then forming clear 
pellets of uniform thickness. The pellets for V205/P205 
equimolar mixture could not be prepared because of 
very rapid absorption of moisture. The infrared spectra 
of the glass samples were obtained by holding the thin 
glass films in a specially designed sample holder in the 

sample compartment of the spectrometer. The same 
fihn was annealed in the sample holder and the spectra 
of the annealed sample were recorded. 

3. Results 
3.1. Conductivity 
Fig. 1 shows the temperature variation of electrical 
conductivity of unannealed (UN) and annealed (AN) 
samples of V2Os-GeO2, V2Os-TeO2 and V2Os-P20 5 
glasses. The data for V2Os-GeO2 are from Khan et al. 

[3]. The measured conductivity for (UN) and (AN) 
samples 0fV205 P2Os glass show little difference. It is 
clear from Fig. 1 that increase in conductivity on 
annealing is much larger in germanate glass compared 
to that in tellurite glass. In general, the data are in 
good agreement with those reported in the literature 
[1-3, 7]. The values of the activation energy as shown 
in Table I were calculated from the slopes of the 
curves, using the relation a = o- 0 exp (-E~/kT).  

3.2. Optical absorption 
Fig. 2 shows plots of optical density against wave- 
length of (UN) and (AN) samples of V2Os-GeO 2 [4], 
V205 TeO2 and V205-P205 glasses. In V205 P2Os 
glass the spectra for (UN) and (AN) samples were 
almost identical. It may be mentioned that the 
measurements in a given glass system are for the same 
sample, made before and after annealing. Again, it is 
apparent from Fig. 2 that the increase in optical 
absorption on annealing is much larger in germanate 
glass as compared to that in tellurite glass. The general 
appearance of the absorption spectra (Fig. 2) for all 
glasses is similar to each other and to those observed 
from other vanadium glasses [8, 9]. 

3.3. Electron paramagnetic resonance 
The EPR spectrum of (UN) sample of TeO2-V205 
glass in Fig. 3 shows the typical hyperfine structure of 
an unpaired 3d electron in an axially distorted crystal 
field [10-12]. After annealing, the same features as in 
Fig. 3 remained. The spin concentrations of (UN) and 
(AN) samples were 4.62 x 1019spins/g sample and 
4.58 • 1019 spins/g sample, respectively. In fact, both 
samples have almost identical spin concentrations. 
The ratio C - -  W4+/Vtotal was found to be 0.013. 

The EPR spectrum of (UN) sample of V2Os-GeO2 
[4] showed a similar hyperfine structure. However, the 
spectrum for the (AN) sample showed a featureless 
broad peak [4]. 
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Figure l Electrical conductivity as function of reciprocal tempera- 
ture for (A1) unannealed V2Os-GeO2, (A2) annealed V2Os-GeO:, 
(B1) unannealed V205 TeO 2, (B2) annealed V2Os-TeO z, (C1) 
unannealed V205 P205 and (C2) annealed V205 P205 glass 
system. 

Fig. 4 depicts the EPR spectrum of an (UN) sample 
of  V2Os-P205 glass. The spectrum of (AN) glass was 
similar to that of  (UN) glass. Both showed a feature- 
less broad line of  width 299 and 307 G, respectively. 
The C values of  (UN) and (AN) samples are listed in 
Table I along with those for other glasses. 

Temperature-dependent linewidth studies were 
carried out for the (UN) glass sample of  V2Os-TeO2. 
At 208 ~ C, the spectral lineshape is identical to that at 
room temperature. The spectrum remained well 
resolved up to a temperature of  270~ Similar 
temperature-dependent studies were carried out with 
the (UN) as well as the (AN) sample of  V2Os-PzO5 
samples. The EPR spectra of  both the unannealed and 
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Figure 2 Optical absorption spectra for (Al) unannealed V205 
GeO2, (A2) annealed V2Os-GeO2, (BI) unannealed V205 TeOz, 
(B2) annealed V205 TeO2, and (C1) annealed and unannealed 
VzOs-PzO 5 glass films. Thicknesses of the films were about (A) 
2.6#m, (B) 2.0/~m and (C) 1.2#m. 

the annealed samples exhibit a strong temperature 
dependence. The EPR spectrum always exhibited a 
non-resolved single line whose linewidth increased 
with increasing temperature, with the (AN) sample 
showing slightly larger linewidths in comparison to 
that of  the (UN) sample at the same temperature. 
While the linewidth of  the unannealed sample 
decreased to a minimum of 243 G at - 8 0  ~ C, the 
linewidth of the annealed sample reached a minimum 
at 22~ and increased rapidly as the temperature 
decreased down to - 176 ~ C. 

3.4. Inf rared  a b s o r p t i o n  
The spectral curves of  the KBr discs for 1200 to 
200cm -~ range of the pure V205, TeO2, GeO2 and 
P205 are shown in Fig. 5 for ready reference. The 
spectra for the same region of KBr discs of  equimolar 
mixtures, unannealed and annealed glass films of 
V2Os-TeO2 and V2Os-GeO2 glass samples are shown 
in Figs 6 and 7, respectively. The spectra of  the 
V2Os-P205 glass sample are depicted in Fig. 8. 

The infrared spectral data of  the KBr pellets of  all 
pure oxides agree with that reported in the literature 
[9, 13-17]. The VzOs-TeO2 equimolar mixture spec- 
t rum (Fig. 6a) exhibits all characteristic absorptions 
for V20 5 and TeO2. An absorption band at 1000 _+ 
10cm -I assigned to V = O  stretching mode [9], was 
observed as a shoulder in the glass samples (Figs 6b 

2750 3 0 0 0  3250  3500  3750 4000 4250 G 

Figure 3 EPR spectrum of unannealed sample of V2Os-TeO 1. 
Sample weight = 46.72 mg. Spectrometer settings were as follows: 
signal average = three times; digitization = 2000 points; field 
set = 3500G; scan range = 2000G; scan time = 200sec; mod. 
frequency = 100 kHz; mod. amplitude = 3.2 G; receiver gain = 
2.5 x 104; time constant = 0.001 sec; microwave power = 6AmW; 
microwave frequency = 9.41 GHz. 
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2750 3000 3250 3500 3750 4000 4250 G 

Figure 4 EPR spectrum of unannealed sample of V2Os-P205. 
Sample weight = 37.45 mg. Spectrometer settings were as follows: 
signal average = three times; digitization = 2000 points; field 
set = 3500G; scan range = 2000G; scan time = 200sec; mod. 
frequency = 100 kHz; mod. amplitude = 3.2 G; receiver gain = 
6.3 x 103; time constant = 0.001 sec; microwave power = 6.4mW; 
microwave frequency = 9.41 GHz. 

and c). The broad absorption at 825 cm-1 in crystal- 
line V205 and at 780cm -~ in crystalline TeO2, 
appeared as a broad shoulder extending from 900 to 
825cm -~ in the glasses. Below 800cm -~, there are 
several strong absorption bands in crystalline V205 as 
well as in TeO2. The two strong broad bands around 
600 cm-  ~ in V205 assigned to V=O in-plane stretching 
and that at 650 cm ] in TeO2, are retained as a strong 
broad absorption centred at 675cm -~ in the glass 
samples. The sharp peaks from 400 to 300cm ~ in 
V205 and the broad band at 350cm -~ in TeO2 
appeared as a weak and broad absorption centred at 
325cm-L The above data show that almost all 
absorptions observed in the crystalline oxide are 
retained as broad peaks or shoulders of  relatively 
lower intensities in the amorphous V2Os-TeO2 glass 
samples. The positions of  the absorptions remained 
almost unaffected on glass formation. The dis- 
appearance of  any new peaks indicates that the struc- 
tural units in V2Os-TeO2 glasses are the same as that 
in the pure V205 and TeO; oxides. Annealing of the 
V2Os-TeO2 glass samples at 270~ revealed no 
change which was also in agreement with the EPR 
results on this system. 

The infrared spectrum (Fig. 7a) of the KBr disc of 
equimolar mixture of  crystalline V205 and GeO2 is 
equivalent to a composite spectrum of  the two oxides. 
The sharpness of the peaks in the crystalline material 
is retained in the spectrum of  the equimolar mixture, 
as expected. In the glass samples of V2Os-GeO2, the 
V=O stretching band at 1010cm ~ was retained but 
the strong absorptions at 825cm -~ in V205 and at 
875cm ~ in GeO z appeared as a broad absorption 
centred at 800 cm ~ (Fig. 7b). Instead of  strong and 
sharp peaks at 600cm -~ in VzO 5 and at 550cm -~ in 
GeO2, a broad peak centred at 600cm 1 with a 
shoulder at 475 cm-~ appeared in the equimolar mix- 
ture. This set of  peaks in the region 600 to 500 cm- 
disappeared in the V2Os-GeO 2 glass system (Fig. 7b). 
The peaks below 500cm -1 appeared as weak and 
broad absorptions in the glass samples. The infrared 
data of the V2Os-GeO 2 glasses is thus different from 
the composite spectra of  the two oxides indicating the 
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Figure 5 Infrared absorption spectra: (a) pure V205 crystalline, (b) 
TeO 2 powder, (c) GeO 2 powder, (d) P205. 

formation of  different structural units in the glass 
samples than that in the starting materials. This 
behaviour is different from the VzOs-TeO z glass 
samples. Annealing of the V 20s-GeOz glass sample at 
300~ clearly indicated microstructure formation. 
The spectrum of  the annealed samples (Fig. 7c) was 
almost superimposable on that of  the equimolar mix- 
ture (Fig. 7a) of the individual constituents. The 
microstructure formation in VzOs-GeO 2 glasses was 
also supported by the EPR measurements on these 
glass samples [4]. 
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Figure 6 Infrared absorption spectra: (a) equimolar mixture ofTeO z 
and V205 powders, (b) VzOs-TeO2 glass before annealing, and (c) 
V2Os-TeO 2 glass film after annealing. 

The sharp peak at 1020 cm -1 with a shoulder at 
940 cm- ~ assigned to the P=O stretching mode in P205 
and the V=O stretching absorption at 1010cm -1 in 
V205, appeared as a strong band centred at 1025 cm-l 
with one shoulder at 950 and another at 1150 cmv 1 in 
the corresponding V2Os-P205 glass sample. The 
intensities of the 800 and 600 cm-~ peaks in pure V205 
were reduced to two shoulders at 780 and 600 cm 1 
(Fig. 8a) in the glass samples whereas the absorption 
at 460cm -1 in P205 (Fig. 5d) remains unchanged in 
the glass sample. Similar to the V20s-TeO2 system, no 
new absorptions were observed nor were the positions 
of the absorptions in the constituents significantly 
changed in the V2Os-P2Os glass sample. Annealing of 
the sample revealed no appreciable microstructure 
formation, although a slight splitting of the 460 cm- l 
band occurred and a shoulder at 500 cm-~ appeared 
(Fig. 8b) in the annealed glass sample. This is prob- 
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Figure 7 Infrared absorption spectra: (a) equimolar mixture of 
VzOs-GeO2 powders, (b) unannealed V2Os-GeO z glass film, (c) 
VzOs-GeO2 glass film after annealing. 

ably indicative of an increase in the V204 concentra- 
tion similar to the effects observed in the V2Os-GeOz 
glass system. However, the effects are much less pro- 
nounced in V2Os-PzOs glass compared to the glass 
formed by addition of GeO2 as glass former. The EPR 
data also show a slight increase in the spin concentra- 
tion of V204 in the V2Os-P205 glass which supports 
our observation. 

4.  D i s c u s s i o n  
It is clear from Figs 1 and 2 that in germanate and 
tellurite glasses electrical conductivity and optical 
absorption increased upon annealing the samples, 
while in phosphate glass the conductivity increased 
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Figure 8 Infrared absorption spectra: (a) unannealed V2Os-P205 
glass film, (b) V2Os-P205 glass film after annealing. 

but the absorption remained unchanged. Upon 
annealing, V 4+ content increased in germanate and 
phosphate glasses and remained unchanged in tellurite 
glass (Table I). The evidence of structural change on 
annealing has been confirmed in germanate glass by 
electron diffraction and EPR studies [4] and in the 
present infrared investigations. The present EPR and 
infrared studies suggest that annealing produces no 
appreciable change in the structure of tellurite and 
phosphate glasses. 

However, Chung and Mackenzie [1] reported that 
the electrical conductivity of 55 V2Os-45 TeO2 glass 
depends upon a second heat treatment at 270 ~ C. The 
activation energies for the conduction of their glasses 
decreased from 0.37 eV to a constant minimum value 
of 0.19 eV with increasing time. We observed a similar 
decrease (Table I). According to them, the heat treat- 
ment did not alter the C value significantly (again this 
is in agreement with the present investigation - Table 
I) and the variation is a consequence of the difference 
in microstructure. Muncaster and Parke [18] also 
reported that in V2Os-TeO2 glasses, annealing treat- 

ment had little effect on EPR spectra. They observed 
hyperfine structure similar to that shown in Fig. 3. 

Limb and Davis [19] observed changes in micro- 
structure in V205 P205 glasses as a result of heat 
treatment. They found that the concentration of V 4+ 
was essentially independent of the temperatures of 
annealing and crystallization. However, we found a 
slight change in the V 4+ content, upon annealing 
(Table I). 

Therefore, it may be possible that in our investiga- 
tions there was, upon annealing, some microstructure 
formation in tellurite and phosphate glasses, but EPR 
and infrared techniques were not sensitive enough to 
detect these. The other possibility is that the changes 
were too small to be detected by these techniques. It 
may be mentioned that we observed softening of tellu- 
rite glass at about 290 ~ C. 

The increase in the conductivity (Fig. 1) upon 
annealing as suggested by Chung and Mackenzie is a 
consequence of the difference in microstructure. How- 
ever, we suggested earlier [4] that in the V205 GeO2 
glass system, the increase in conductivity may be due 
to the increase of reduced valence states of vanadium 
ions (V 4+ and V 3+ ) which accompany the microstruc- 
ture formation and are not due to the structural 
change alone. As discussed below, the present inves- 
tigations support our view. 

The general appearance of the absorption spectrum 
for the three glasses, keeping in mind the specimen 
thickness, is similar (Fig. 2). The glass former, 
therefore, has very little effect on the absorption. It is 
clear from the figure that absorption is increased upon 
annealing in germanate and tellurite glasses while it 
remained unchanged in phosphate glass. As suggested 
earlier [4] the possible effects responsible for this 
change may be (a) microstructure formation, (b) 
valency change in vanadium ions, or (c) the combi- 
nation of both, which take place on annealing. 

A reduced long wavelength tail (wavelength range 
from 500 to 900nm, Fig. 2) is expected from the 
formation of the microstructure alone [4]. However, 
Fig. 2 shows results contrary to this, suggesting that 
microstructure formation alone is not responsible for 
the change in the optical spectrum. 

It was reported by Bamford [20] that vanadium in 
the soda-lime-sil ica glass system, can exist in three 
oxidation states, namely V 5+, V 4+ and V 3+. The 
absorption band at 350 nm was assigned by them to 
V 5+, the bands at 425 and 645 nm to V 3+ and the band 
at l l00nm to V 4+. The spectrum given by Bamford 
(Fig. 2.8 in [20]) indicates that absorption in the region 
from 400 to 900 nm has a major contribution from 
V 3+ ions with possibly a small contribution from the 
tail of the band at 1100 nm, associated with V 4+. The 
bands shown in this figure are well resolved because the 
V205 content in these glasses is very small (0.5 wt %). In 
our glasses, since the V205 content is about a hundred 
times more, it is therefore expected that the bands 
would not be resolved. It follows from the above that 
the increase in the absorption tail (Fig. 2) in ger- 
manate and tellurite glasses, upon annealing is indica- 
tive of increased V 3+ content in the glasses, whereas 
the V 3+ content in phosphate glass does not change. 
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Therefore, the increase in electrical conductivity 
upon annealing may be attributed in germanate glass, 
to the increase in V 3+ and V 4+ content, in tellurite 
glass to the increase of V 3+ content alone, and in 
phosphate glass to the increase of V 4+ content alone. 
The valency changes may therefore be associated with 
microstructure formation of the samples upon anneal- 
ing. Plausible explanations for the increase in con- 
centration of V 3§ and V 4§ ions upon annealing were 
given by Khawaja et  al. [4]. 

5. Conclusion 
In vanadate glasses, glass former has little effect on 
electrical conductivity of these glasses, after appro- 
priate heat treatment. This is in agreement with the 
finding s of Ioffe et  al. [6] and Dhawan et  al. [7]. The 
conduction in these glasses possibly occurs by the 
movement of carriers from the lower valency state to 
the higher valency state (i.e. V 3 + ~  V 4§ and 
V 4+ ~ V 5 + ) .  

The increase in electrical conductivity of these 
glasses upon annealing could be attributed to the 
increase of reduced valence states of vanadium ions 
which may accompany the microstructure formation 
and is not due to the structural change alone. 

It was found that V 3+ and V 4+ content in the 
glasses could be best estimated by optical absorption 
and EPR techniques, respectively. 
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