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Mixed alkali bismuth borate glasses xLi; O—(30 — x) K;0-10Bi;03-55 B;03 (0 <x<30) doped with 5 mol%
vanadium ions were prepared from the melts. These glasses were characterized using X-ray diffraction,
differential scanning calorimetry and density measurements. Optical absorption studies were carried out
as a function of alkali content to look for mixed alkali effect (MAE) on the spectral properties of these
glasses. From the study of ultraviolet absorption edge, the optical band gap energies and Urbach energies
were evaluated. The average electronic polarizability of the oxide ion, optical basicity and the interaction
parameters were also evaluated for all the glasses. Many of these parameters vary non-linearly exhibiting
a minima or maxima with increasing alkali concentration, indicating the mixed alkali effect. An attempt
is made to interpret MAE in this glass system in terms of its glass structure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Glasses have many technological applications due to their elec-
trical and optical properties. B,Os3 is established as glass forming
oxide whereas Bi;O3 and V,0s5 are conditional glass formers.
Vanadium doped glasses are known to exhibit semiconducting
properties. Growing attention has been given in the last two
decades to glasses containing Bi, O3 owing to their optical proper-
ties [1-6]. The properties of bismuth glasses were studied by many
authors to explain its role in glass structure [7-10]. Borate glasses
containing Bi, O3 posses a high refractive index, show large polariz-
ability, and high optical basicity [11]. These glasses have potential
applications in the field of glass ceramics, layers for optical and
electronic devices, thermal and mechanical sensors, reflecting win-
dows and superconducting materials [12]. The Bi3* ion has small
field strength so Bi, O3 cannot form glass by itself [13]. However, in
the presence of B, O3 glass formation is possible. The large glass for-
mation region in bismuth borate glasses has been attributed to the
high polarizability of the Bi3* cations. This property of Bi3* ions also
makes the glass suitable as non-linear optical/photonic material
with high non-linear optical susceptibility [14].

Mixed alkali glasses are unique from the point of view that
certain properties change much more than normally anticipated
from what appears to be a structurally and compositionally simple
substitution of one alkali oxide for another. Mixed alkali effect in
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different physical properties is observed in silica, borate and phos-
phate glasses [15-17]. When two types of alkali metal ions are
introduced into a glassy network, a phenomenon known as mixed
alkali effect (MAE) is observed. It represents the non-linear varia-
tions in many physical properties, when one type of alkali ion in
an alkali glass is gradually replaced by another while total alkali
content in the glass being constant [18,19].

Considerable amount of work have been reported on bismuth
borate glasses [13,20,1,21], but in the presence of alkali oxides and
transition metal oxides, studies related to spectroscopic properties
have been carried out to a little extent. In view of the afore-
mentioned aspects, xLi;O-(30 —x) K,0-10Bi,03-55B,03:5V,05
(0<x<30mol%) glasses have been prepared and studied their opti-
cal properties to explore the relationship between the structure
of the glass and its macroscopic behaviour. Further, some physical
parameters have also been evaluated and their variation as a func-
tion of composition has been taken into account to supplement the
results of MAE in optical properties.

2. Experimental
2.1. Glass preparation

Glasses having composition xLi;0-(30—x) K,0-10Bi;03-55B,03:5V,05 (LK
glasses) with x=5, 10, 15, 20, 25 mol%, were prepared by conventional melt quench
method. Analytical grade reagents of Bi, 03, LiCO3, K,COs3, H3BO3, and V,0s5 were
used as starting materials. Table 1 lists the batch composition (the starting mixture)
in mol% of glasses studied in the present work. The chemicals were weighed accu-
rately in an electronic balance mixed thoroughly and ground to a fine powder. The
batches were then placed in porcelain crucibles and melted in a programmable elec-
trical furnace. The melt was held at a temperature of 1000°C for 1 h and was shaken
frequently to ensure proper mixing and homogeneity. The melt was then quenched
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Table 1

Glass composition of the samples in xLi, O-(30 — x) K;0-10Bi,03-55B,03:5V,05 glass system.

SL. no Code X (mol%) Composition in mol%
Li,O0 K,0 Bi, 05 B,03 V,05
1 LK-5 5 5 25 10 55 5
2 LK-10 10 10 20 10 55 5
3 LK-15 15 15 15 10 55 5
4 LK-20 20 20 10 10 55 5
5 LK-25 25 25 5 10 55 5

to room temperature in air by pouring it onto a polished steel plate and pressing
with another steel plate. These glasses were then annealed at 300 °C to obtain strain
free transparent glasses.

2.2. Glass characterization

The glass formation was confirmed by X-ray measurements using Philips X-ray
diffractometer PW/1710 with Cu Ko radiation (A =1.5406 A) powered at 40kV and
30 mA.

By using the Archimedes principle, the glass densities have been determined
with xylene as the immersion liquid on a single-pan electrical balance to the nearest
0.001 mg. The densities (D) were calculated by using the formula

_ax0.86
~ a-b
where a is the weight of the sample measured in air; b is the weight of the sample

measured in xylene and density of xylene at room temperature =0.86 g/cm?.
The molar volume (Vi) of each glass sample was calculated using the formula

inMi cm?

Vm = =5 m (2)

g/cm’ (1)

where x; is the molar fraction and M; is the molecular weight of the ith component.
From the density data oxygen packing density (OPD) was calculated using the
formula [22]

Oxygen packing density = (%) x number of oxygen atoms per formulaunit  (3)

where M is the total molecular weight of the glass composition.

DSCis used to characterize the glasses. The glass transition temperature (Tg) was
determined from differential scanning calorimetry (DSC) using DSC 821e METTLER
TOLEDO model (TA Instruments). For this purpose the powdered glass sample was
heated inan aluminum pan atarate of 10 °C/min in the temperature range 30-600 °C
using nitrogen as purge gas.

2.3. Optical measurements

The optical absorption spectra of these glasses were recorded in the UV region
in order to measure the optical absorption edges by using a UV Elmer Lambda 700
spectrophotometer in the wavelength range 200-800 nm.

3. Results and discussion
3.1. XRD, DSC, density and molar volume

X-ray diffraction is a useful method to detect readily the pres-
ence of crystals in a glassy matrix if their dimensions are greater
than typically 100 nm. The X-ray diffraction pattern of an amor-
phous material is distinctly different from that of crystalline
material. The XRD patterns of the present glass system did not
reveal any discrete or sharp peaks, but the characteristic broad
humps of the amorphous materials. Fig. 1 shows the typical X-ray
diffraction patterns for the glass system.

Fig. 1. X-ray diffraction patterns for different mixed alkali bismuth borate glasses:
xLi;0-(30 —x) K;0-10Bi;05-55B,035-5V,05 at room temperature.

The DSC pattern of LK-5 sample is shown in Fig. 2a. Fig. 2b shows
the compositional dependence of glass transition temperature. In
the present system all the glasses exhibit an endothermic peak
due to the glass transition and the observed Tg lies in the range of
375-418°C (Table 2). It is observed from Table 2 that glass transi-
tion temperature varies non-linearly with the concentration of Li, O
(x). The observed non-linear behaviour of glass transition tempera-
ture with x is a manifestation of mixed alkali effect in these glasses.
The increase in the Tg is due to decrease in the number of non-
bridging oxygen ions in the glass and is also associated with the
formation of BO4 tetrahedra which serve to cross-link the network
by covalent B-O bonds. On the other hand the formation of borate
network leads to adecrease in Tg, The non-linear variation of Tg with

Table 2

The density, molar volume, optical basicity, oxygen packing density, oxide ion polarizability, interaction parameter and glass transition temperature of the LK-series glass

system.
Sample Density (g/cm?) Molar volume (cm?/mol) Optical basicity (Ag,) OPD (g-atm/1) oo (Eo) (A) A T, (°C)
LK-5 3.27 36.43 0.688 68.63 3.25 0.0091 418
LK-10 3.30 35.08 0.680 71.26 3.16 0.0110 378
LK-15 3.36 33.47 0.672 74.68 3.04 0.0130 375
LK-20 3.43 31.84 0.664 76.88 2.98 0.0134 383
LK-25 3.43 30.94 0.656 80.8 291 0.0145 390
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Fig. 2. (a) Typical DSC trace with heating rate of 10°C/min showing the glass transition temperature (Tg) for LK-5 glass sample. (b) Compositional dependence of glass
transition temperature of LK-series glasses. (c) Compositional dependence of density and molar volume of LK-series glasses.

(x)is due to the creation of BO3 triangular (N3), BO4 tetrahedra (Ng),
bridging and non-bridging oxygen ions.

The measured densities of the present glass system along with
evaluated values of molar volume and oxygen packing density are
also presented in Table 2. Fig. 2c shows the compositional depen-
dence of density and molar volume. Density values are found to vary
non-linearly with x depicting the mixed alkali effect. It is observed
that the density increases continuously with increasing ‘x’ and after
reaching a maxima at x =20 it showed a small decrease when K,0
is replaced by Li;O keeping Bi,03 and V505 constant. The oxy-
gen/boron ratio does not change in replacing one alkali oxide by
another. Therefore, there would not be any significant change in
the relative number of BO3 units that convert into BO4 units. This
reveals that the increase in density may be due to contraction in
the glass matrix when replacing the larger K* ions by smaller Li*
ions. It is observed that molar volume decreases and oxygen pack-
ing density (OPD) increases continuously with increasing ‘x’ which
may be due to decrease in non-bridging oxygen atoms.

3.2. Optical absorption studies

The study of optical absorption and particularly the absorption
edge is a useful method for the investigation of optically induced
transitions and for the provision of information about the band
structure and energy gap in both crystalline and non-crystalline
materials. The principle of this technique is that a photon with
energy greater than the band gap energy will be absorbed.

Fig. 3a shows the optical absorption spectra of all the samples
of LK-series glasses.

The absorption edge in many disordered materials follows the
Urbach [23] rule given by

hw

a(w) = B exp (E) (4)

where o(w) is the absorption coefficient at an angular frequency of
w=2mv,B is the band tailoring parameter and AE is the width of
the tail of localized states in the band gap (Urbach energy). At the
absorption edge, random internal electric fields will dominate the
broadening of the excitation levels due to the lack of long-range
order or presence of defects [24].

There are two kinds of optical transitions at the fundamen-
tal edge of crystalline and non-crystalline semiconductors; direct
transitions and indirect transitions, both of which involve the inter-
action of an electromagnetic wave with an electron in the valence
band, which is then raised across the fundamental gap to the con-
duction band. For the direct optical transition from the valence band
to the conduction band it is essential that the wave vector for the
electron be unchanged. In the case of indirect transitions the inter-
actions with lattice vibrations (phonons) take place, thus the wave
vector of the electron can change in the optical transition and the
momentum change will be taken or given up by phonons. In other
words, if the minimum of the conduction band lies in a different
part of k-space from the maximum of the valence band, a direct
optical transition from the top of the valence band to the bottom of
the conduction band is forbidden.
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Fig. 3. (a) Absorbance vs. wavelength of LK-series glass system. (b) (ahv)'/2 vs. hv of LK-series glass system (indirect transitions). (c) Urbach plots of LK-series glass system.

(d) Variation of Eop; with Li; O concentration.

The absorption coefficient «(v) can be determined near the edge
using the formula:

(V) = (%) In (ITO) ~2.303 (’3) (5)

where A is the absorbance at frequency v and d is the thickness of
the sample.

The absorption coefficient «(v) as a function of the photon
energy (hv) for direct and indirect optical transitions according to
Mott and Davis [25] is given by

B(hv — Eopt)"

a(v) = — (6)

where B is an energy-independent constant (band tailoring or band
edge steepness parameter in Tauc’s picture) [26] and the index n

takes different values depending on the mechanism of interband
transitions, i.e., n=2 and 1/2 for indirect allowed transitions and
direct allowed transitions.

For most of the amorphous materials indirect transitions are
favored and according to Tauc’s [26] picture, Eq. (6) for indirect
allowed transitions changes to

(7)

a(v)hv 172
5)

Eopt =hy— (

The values of indirect optical band gap energy Eopt can be
obtained from Eq. (7) by extrapolating the absorption coefficient
to zero absorption in (ahv)'/2 vs. hv plot and is shown in Fig. 3b.
Plots were also drawn between In « and hv (Fig. 3c) and from these
plots, the slopes and thereby Urbach energies have been calculated.
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Table 3
Cut off wave length, absorption edge, and optical energy gap of indirect transitions and Urbach energy of LK-series glass system.
SAMPLE Ac (nm) Absorption edge (nm) Eopt (indirect) (eV) B(cmeV)-112 Urbach energy (eV)
LK-5 390 413 3.01 90 0.166
LK-10 389 416 2.97 94 0.167
LK-15 390 406 2.94 102 0.165
LK-20 413 443 2.78 96 0.204
LK-25 430 452 2.82 103 0.210
The optical band gaps and Urbach energies obtained in the present as given by
work are given in Table 3.
From Table 3 it is observed that the optical band gap values for A=16711- 1 (10)
indirect transitions vary between 2.78 and 3.01eV and they are A2~

inflecting with x. The non-linear variation of Eopt and also Urbach
energy, AE with concentration (x) is an indication of the MAE in this
glass system. Similar variations were observed in some mixed alkali
borate glasses [27-29]. In the present glass system the absorption
edges for different mol% of x are tabulated in Table 3. The vari-
ation of Eopt with concentration of Li;O is shown in Fig. 3d. It is
observed from Table 3 that there is a sharp decrease in edge shift
for x=15mol% of glass and the edge shift thereafter increases for
x=20 and 25 mol%. As x increases from 5 to 15 mol% the cut off
wavelength shifts towards shorter wavelengths whereas after that
it shifts towards longer wavelengths.

3.3. Optical basicity and polarizability

The optical basicity of an oxide glass will reflect the ability of the
glass to donate negative charge to the probe ion and is used as a
measure of the acid-base properties of oxides [30,31]. The theoret-
ical optical basicity ( Ay, ) of multi-component glass can be obtained
using the following equation proposed by Duffy and Ingram [32]:

(Am) =X A1 + X A0+ -+ Xn Ay (8)

where X1,X>, ..., X, are equivalent fractions based on the amount
of oxygen each oxide contributes to the overall material stoichiom-
etryand A1, Ay, ..., Ay are the basicities assigned to the individual
oxides. Polarizability is one of the most important properties which
govern the non-linear response of the material, since the optical
non-linearity is caused by electronic polarization of the material
upon exposure to intense light beams. Materials of higher optical
non-linearity are designed on the basis of correlation of the optical
non-linearity with some other electronic properties [33]. There-
fore estimation of polarizability of glasses is useful owing to their
technological importance as optical and electronic materials.

For  ternary glasses with a  general formula
X1Ap0gX;B;0sX3C,O0n  where X denotes the molar fraction
for each oxide, the oxide ion polarizability is calculated using the
following equation:

{(Rm/2.52) - Z Ocat}

No2

9)

aoz,(n) =

where > o denotes molar cation polarizability given by
X1paa +Xprap +Xznoc and N denotes the number of oxide ions
in the chemical formula given by X;q +X;s + X3m. The molar cation
polarizability } “orcat of the glasses is calculated using the data on
the polarizability of cations taken from the literature [34,35] and
Rm is the molar refraction derived by Lorentz-Lorentz equation
[36,37].

On the basis of refraction data, Duffy [38] has established that
an intrinsic relationship exists between electronic polarizability of
the oxide ions .- and optical basicity of the oxide medium (A)

Eq. (10) as shown by Dimitrov and Sakka [33] in the case of sim-
ple oxides facilitates the calculation of the optical basicity of the
medium on the basis of experimental data for refractive index, n or
for the energy gap Eopt. The optical basicity values of the individual
oxides are taken from literature [33,34,39]. The optical basicity val-
ues of the glass samples were calculated and tabulated in Table 2
and are found to decrease with increasing Li; O concentration.

Dimitrov and Sakka [33] proposed the following expressions for
calculation of the electronic oxide ion polarizability of a simple
oxide (¢2-) on the basis of two independent initial values: linear
refractive index (ng) and energy gap (Eg):

~ [Vm/2.52)nf-1)]
0‘027("0)— |:(n%+2)_mj| q (11)
E
g (B = | (325 —% ey q! (12)

The oxide ion polarizability values of the glass samples were
calculated and tabulated in Table 2 and are found to decrease with
increasing Li, O concentration.

3.4. Interaction parameter

According to Yamashita and Kurosawa [40], the interaction
parameter is a quantitative measure for the interionic interaction
of negative ions such as F~ and 02~ with the nearest neighbors. It
represents the charge overlapping of the negative ion with its near-
est positive neighbour. It correlates with reducing the polarizability
of negative ion placed in a crystal lattice in respect to the free-ion
polarizability. Dikshit and Kumar based on the theory proposed by
Yamashita and Kurosawa derived an expression for the calculation
of the interaction parameter A for a given cation-anion pair [41]
A:(oef*+otf’)_—(oz2r+a_{) (13)

2(af + a7 Yo +og)

where ocf+ and ;" are the electronic polarizabilities of the positive
and negative ions in free state while o and «¢ are the electronic
polarizabilities of the ions in crystal under consideration. For metal
(or nonmetal) - oxygen ionic pair, after substituting o¢ = p2- and
al ~af, we get

(af —ogp2-)

A= 2(af +ap Yo +og2-) (14)

where now oy is the electronic polarizability of free oxide ion
and its value is 3.921 A3 and @2 is its polarizability in the crys-
talline oxide under consideration. It has been established that the
Yamashita-Kurosawa interaction parameter A is closely related to
the oxide ion polarizability and optical basicity of oxide glasses.
That is, the larger the oxide ion polarizability and optical basicity,
the smaller is the interaction parameter. The values of interaction
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parameter of the present glass system were calculated and tabu-
lated in Table 2.

It is observed from the Table 2 that the value of optical basic-
ity, oxide ion polarizability of the present samples decrease with
increasing ‘x’ whereas the interaction parameter increases. It is
understood from Eq. (14) that lower the oxide ion polarizabil-
ity, greater is the interaction parameter. Since the oxide ion
polarizability (a.-) depends on molar volume and molar vol-
ume is decreasing continuously, ¢.- is also decreasing with the
result optical basicity decreases and the interaction parameter
increases.

4. Conclusions

The present study on multi-component bismuth borate glass
system revealed the following conclusions:

e Multi-component glass system with composition, xLi, 0-(30 — x)

K;0-10Bi,03-55B,03 (0<x<30) doped with 5mol% of
V,05 is prepared through conventional melt quench
technique.

Amorphous nature of the samples is confirmed by the broad dif-
fused haloes in XRD patterns.

DSC measurements were carried out to determine the glass
transition temperature (Tg) of the glass samples. Tg is found to
decrease with the concentration of Li;O depicting a minima at
x=15mol% and thereafter increase for x =20 and 25 mol% exhibit-
ing MAE.

The density of the samples is found to increase with the
increase in the concentration (x), whereas the molar volume is
found to decrease continuously owing to the contraction in the
glass matrix due to replacing the larger K* ions by smaller Li*
ions.

Optical basicity and oxide ion polarizability are found to decrease
with increasing concentration whereas interaction parameter is
found to increase in accordance with the theory proposed by
Dikshit and Kumar.

From the optical absorption studies it is observed that the opti-
cal absorption edges are not sharply defined a characteristic of
amorphous nature of samples.

A shift towards longer wavelengths with increasing Li,O con-
centration is observed in the cut off wavelength and absorption
edge.

Evaluated optical parameters like absorption edge, indirect opti-
cal band gap, band tailoring parameter B and Urbach energy
showed non-linear variation with the Li;O concentration man-
ifesting the mixed alkali effect in this system.
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