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Vibrational spectra of some binary 
semiconducting oxide glasses 
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The frequency-dependent complex relative permittivities of binary semiconducting V205-P205 
glasses containing various amounts of vanadium have been measured at ambient temperature 
in the infrared region by power reflection spectroscopy. The measured values of the static 
constant, ~0, and high frequency constant, s=, are used to calculate the small polaron binding 
energy, Wp, and the activation energy for conduction in the vanadium phosphate glasses, and 
comparisons are made with published data. 

1. In troduct ion  
Oxide glasses containing transition metal ions were 
first reported in 1954 [1]. Many transition-metal oxides 
form glasses when melted with proportions of P205 in 
which the transition metal ions are major constituents. 
Vanadium pentoxide is oxygen deficient when nonstoi- 
chiometric, the extra electrons being localized at V 5+ 
centres resulting in the formation of reduced vana- 
dium ions, normally V 4§ unless extremely reduced 
conditions are used [2]. Electrical conduction in these 
glasses occurs by electron hopping from an ion valence 
state (V 4§ transition metal to an ion of the high 
valence state (V 5+) [3]. 

Several groups [4-7] have investigated glass systems 
and a reasonably clear picture of the conduction 
mechanism in the glasses has emerged. It has been 
suggested [8] that the glass-forming oxide might not be 
a non-interacting solvent in the conduction process, as 
described by Ioffee et al. [9] for the V2Os-P205 system. 
In a previous paper [10] we have reported spectro- 
scopic studies of vanadate glasses and found that by 
adding VC13 to the melt when the glass is formed, the 
added chlorine, which acts as an oxidizing agent, 
alters the ratio of concentration of vanadium ions and 
thus the optical absorption edge and the conductivity. 
In the present paper we report the results of our 
measurements on binary V2Os-P205 glasses contain- 
ing various amounts of vanadium. The frequency- 
dependent complex relative permittivities have been 
measured in the infrared region by power reflection 
spectroscopy. 

The measured values of static and high-frequency 
dielectric constant are used to calculate the small pol- 
aron binding energy a n d  the activation energy for 
conduction in vanadium phosphate glasses. 

2. Exper imenta l  p r o c e d u r e  
The series of binary VzOs-P205 glass samples contain- 
ing 50 to 70 tool % V205 was prepared from a chemi- 

cally pure grade of materials. The crucible containing 
the mixture was pre-heated at 300 ~ C for 1 h and then 
placed in a closed high-temperature furnace where it 
was held for 6 h at a temperature of about 950 ~ C. The 
melt was stirred from time to time using an alumina 
rod. By slow heating it was hoped to reduce mechan- 
ical and volatilization losses. The melts were finally 
poured on to a clean stainless steel plate and cast into 
the shape of  discs 20mm diameter and 2 to 3 mm 
thick. Two discs of each composition were cast, one 
on a stainless steel plate which was at room tempera- 
ture and the other on a steel plate maintained at a 
temperature of  200~ and introduced into a furnace 
which was already at this temperature. The furnace 
was maintained at this temperature for 2 h and was 
then switched off to cool down to room temperature. 
The samples were polished optically flat for the infra- 
red measurements. The reflectance for these samples 
was measured with a Michelson interferometer in the 
far infrared region and a grating monochrometer in 
the infrared region. The frequency-dependent dielec- 
tric response function was determined by Kramers-  
Kronig analysis [11]. 

3. Results and discussion 
The power reflection coefficient, R, for the vanadate 
glasses was measured at near normal incidence in the 
range 100 to 5000 cm -l. The high signal-to-noise ratio 
of our instrument, due to the liquid helium detector, 
allows us to measure precisely the small reflectivity in 
this spectral range. 

The measured frequency-dependent dielectric 
response function of V2Os-P205 glasses for 50 tool % 
concentration, both annealed and unannealed, are 
shown in Figs 1 and 2, respectively. The following 
procedure was adopted to obtain the dielectric func- 
tions from the measured reflectance. 

The phase, 0, of the measured amplitude reflection 
coefficient, R, at frequency co is related to R using the 
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Figure 1 The infrared complex dielectric response function of 
annealed V2Os-P_~O 5 glass. ( ) eq, ( - - - )  e,,. 

Kramers-Kronig analysis 

m__ [-~. In_ R(coL)d__o' 
0(o~) (1) 

K J 0  ( j ) * 2  _ _  (.02 

The real and imaginary parts of dielectric functions, 
8~(co) and e2(co), are related to R and 0 through the 
complex refractive index (N + iK) as 

1 - R  
N(oo) = 1 - 2R 2:2cos0 + R (2) 

and 

also 

K(o.~) 
2R(sin 0 )  ~ jr2 + R 

1 - -  2R I/2cosO + R 

81(co) + ie2(~o) = IN(co) 2 + iK(co):] 2 (3) 

In theory one needs R from 0 to oo, and not for the 
region for which the measurements are performed. 
One can justify some extrapolation because the power 
reflection coefficient reduces rapidly from the fre- 
quency in question. 

We have used Equations 1 to 3 to calculate the 
frequency-dependent dielectic response function. At 
high frequency, i.e. above 4000cm ~, there is no 
strong absorption mechanism, and hence 8~ (~o) attains 
a constant value, which leads us to estimate the fre- 
quency dielectric constant, e~ : for our calculation of  
polaron binding energy, the effective dielectric con- 
stant, 8p, can be approximated only from e~, i.e. 
~p = e,. = N 2, because in the relation 

1 1 1 

43p 8 : c  8 0 

80 is very high as compared to 8 , .  We also used the 
normal extrapolation procedure to calculate 80. The 
calculated values of  e0 and ~o are 15.5 and 4.5, respect- 
ively, for V2Os-P205 vanadate glass of  50 mol % con- 
centration, and this can be seen in Fig. 1. In transition 
metal oxide glasses, strong interaction between the 
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Figure 2 The infrared complex dielectric response function of 
unannealed V2Os-P2Os glass. ( ) El, ( - - - )  e2. 

unpaired electrons and the lattice leads to the polar- 
ization of the lattice and displacement of the oxygen 
ions around the low valence transition metal ion. This 
localization process is sufficient to produce a small 
polaron. The theory of small polaron in transition 
metal oxides is discussed in detail by Mott [12] and 
Austin and Mott  [13]. 

The measured value of e~, together with the calcu- 
lated value of rp, the polaron radius, enable us to 
calculate the polaron binding energy, Wp. Several 
authors [12-14] calculated the small polaron radius, 
rp, using the relation 

rp = 1/2(~/6N) 1/3 (4) 

where N is the concentration of vanadium ions in the 
glass. This concentration can be calculated using the 
relation [15] 

~V2N0 
N - (5) 

at. wt x 100 

where 0 is the density of the glass in question, V 2 is the 
weight per cent of vanadium in the glass, N O is the 
Avogadro number, and at. wt is the atomic weight of  
~ .  Equations 4 and 5, together with the measured 
value o r e , ,  are used to calculate the polaron hopping 
energy, WH [16] 

WH = 1 /4- -  - (6) 
8p 

where R is the mean distance between transition metal 
ions which was determined from a composition found 
by chemical analysis and density measurement. (This 
assumes that transition metal ions are uniformly dis- 
tributed.) The polaron hopping energy is related to the 
polaron binding, Wp, as 2WH = Wp. The activation, 
W, can also be written in terms of Wu and WD, the 
disordered energy, as [16] 

w = W H + l / 2 W o  

For V2Os-P2Os disorder, WD = 0.1eV [12]. The 

TAB L E I Physical parameters of binary vanadate glasses 

V205 P2Os Density of N(1022cm -3) rp (nm) R (nm) W H (eV) Hip (eV) W (eV) 
(mol %) (mol %) glass (gcm -3) 

50 50 2.80 1.04 0.184 0.456 0.260 0.52 0.310 
60 40 2.83 1.23 0.174 0.432 0.273 0.546 0.323 
70 30 2.87 1.42 0.166 0.411 0.286 0.572 0.336 
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values of rp, R, WH, Wp and W calculated from 
Equations 4 to 6, are listed in Table I. The observed 
values are in clear agreement with the published data 
[16, 17]. The infrared absorption spectrum of the 
vanadate glasses is well established [10, 18]. The 
observed peaks in the imaginary part of the dielectric 
function in Figs 1 and 2 correspond to the infrared 
absorption peak for such glasses. Assignment of such 
absorption bands can be found in [18]. 

4. Conclusions 
Power reflection spectroscopy provides an alternative 
method for determining the high-frequency dielectric 
constant, and hence the effective dielectric constant, 
%, which can be used in addition to Equation 7 to 
estimate the polaron binding energy and the acti- 
vation energy for conduction in glasses. 

The polaron parameters calculated for V2Os-P205 
glasses appear reasonable, and are in agreement with 
the values reported in the literature. 
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