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Physical,  optical  absorption,  ESR  and  DSC  studies  on 50 B2O3–(50 − x)  CdO–xTeO2 glasses  containing  Cu2+

spin  probe  have  been  carried  out.  Density  measurement  is  carried  out by Archimedes  principle.  Variation
in glass  transition  temperature  is discussed  in  terms  of physical  parameters.  ESR results  show  that  g‖ >  g⊥
indicating  that the  Cu2+ ions  is  in tetragonal  distorted  octahedral  site  and its  ground  state  is  dx2−y2 . There
vailable online xxx
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lass transitions

are  considerable  changes  in  g‖, g⊥ and  A‖ values  with  increasing  the  concentration  of  CdO  in  BCT  glass
systems.  The  optical  absorption  spectra  results  show  that the  absorption  peak  of  Cu2+ is a function  of
composition.  The  observed  optical  absorption  peak  of  Cu2+ has  been  found  to  be minimum  at  776  nm
for  x  =  30  mol.%  of  CdO  content.  The  variations  in  the  physical,  optical  and  bonding  parameters  clearly
indicate  the  structural  changes  in  the present  glass  system  with  varied  CdO  content.
lectron resonance

. Introduction

Structural studies in glasses are of important owing to the inter-
elation between the atomic arrangement and properties. A great
eal of work has been carried out in the preparation and analysis of
ifferent kinds of glasses which was based on oxides, bismuthates,
orates and tellurites. To comprehend structural details, a common
trategy is to change the glass structure either by adding net-
ork modifiers or by interrogating the material with some external

timuli such as high heat or pressure. Tellurium oxide is an inter-
sting case where the basic building block of structure experiences
onsiderable changes either by modifiers or by increasing temper-
ture, though being of three-dimensional geometry. According to
he earlier works, it has been found that addition of TeO2, into
he glass matrices enhance glass quality with an improvement
n transparency, refractive index, durability toward moisture and
nhancement in the IR transmission in the present work.

Tellurite glasses system is an important amorphous system
hat possess interesting glass-forming ability, glass structure, no
ygroscopic properties and low melting point [1–4] large thermal
xpansion [5] high refractive indices, high dielectric constants
nd good IR transmissions, thus they have been considered as
romising materials for use in optical fibers and non linear optical

evices [6–14]. Tellurite glasses are also important for their high
lectrical properties [15–19].  These peculiar characteristics of tel-
urium based glasses attracted researchers toward preparation of
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combination of glass formers like B2O3, V2O5, etc. for their desired
optical properties. B2O3 is one of the best and well known glass
former. Addition of small amount of TeO2 into borate glass network
enhances the glass quality with an improvement in transparency,
refractive index. The modifier oxides ZnO and CdO are expected
to shorten the time taken for solidification of glasses during the
quenching process. Both ZnO and CdO are thermally stable, sublime
and appreciably covalent in character. In view of these qualities,
these modifier oxides are interesting oxides and make the glasses
more stable against devitrification and resistant to moisture.

Transition metal ions are being greatly used in the present days
to probe the glass structure since their outer d-electron orbital
function has a broad radial distribution and due to their high sen-
sitive response changes in the surrounding actions. Among various
transition metal ions, the copper ion, a para-magnetic metal ion,
when dissolved in glass matrices in very small quantities make the
glasses colored and has a strong influence over the optical proper-
ties of the glasses.

In the present study, preparation and characterization of 50
B2O3–(50 − x) CdO–xTeO2 glasses (where x = 0–50 mol.%) has been
done by using DSC, ESR and optical absorption studies.

2. Experimental details

2.1. Glass preparation

Glasses were prepared by the conventional melt quenching method. The starting

materials, TeO2 (99.9% pure, Sigma–Aldrich), H3BO3, CdO were taken in appropriate
proportions and 1 mol.% of CuO was added to each composition as a spin probe.
Appropriate amounts of weighed chemicals to constitute a 5 g batch were grounded
thoroughly in a motor to produce homogeneous mixture. The batches were then
melted in a platinum crucible in a high temperature furnace at 850–1050 ◦C for

dx.doi.org/10.1016/j.jallcom.2012.02.142
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Composition of boro cadmium tellurite glass system.

Sample C0 C1 C2 C3 C4 C5
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ume  are inversely related. But in the present glasses the behavior is
different. However, this anomalous behavior was  earlier reported
in many glass systems, TeO2–NbO–Bi2O3 [24], Na2O–B2O3–TeO2
B2O3 mol.% 50 50 50 50 50 50
CdO  mol.% 0 10 20 30 40 50
TeO2 mol.% 50 40 30 20 10 0

bout half an hour until a bubble free liquid was  formed, stirred frequently to ensure
omogeneity, and quenched on stainless steel plate which is kept at 200 ◦C and
ubsequently annealed at 350 ◦C/2 h to relieve mechanical strains and cracking of
he  glass samples. The composition of the glass samples employed in present study
re  shown in Table 1.

.2. Glass characterization

The amorphous nature of the glass samples was confirmed by X-ray diffraction
easurements using Philips X-ray diffractometer PW(1140) at room temperature

sing copper target (K˛ = 1.5406 Å). The density of the samples was determined by
tandard Archimedes principle with xylene as an immersion liquid on a single pan
lectric balance to the nearest 0.001 mg.  The densities were calculated by using the
ormula

 = a

a − b
�x(g/cm3)

here a is the weight of the glass sample in air and b is the weight of the sample
hen immersed in xylene of density (�x) 0.865 g/cm3. The molar volume (Vm) of

ach sample glass sample was  calculated using the formula

m = M

�
(cm3/mol)

here M is the molecular weight of the sample. Molar volume of the oxygen (volume
f glass in which one mole of oxygen is contained) is calculated using the equation

0 = () ×
(

1∑
xi × ni

)

i is mole fraction of each component of oxide I and ni is the number of oxygen
toms in each oxide.

The glass transition temperature (Tg) was measured using a temperature mod-
lated differential scanning calorimeter (TA instruments DSC). For this purpose, the
owdered glass sample was heated in an aluminum pan at standard heating rate of
0 ◦C/min in the temperature region 30–500 ◦C using nitrogen as pure gas.

.3. ESR and optical absorption studies

ESR spectra of all the glass samples were recorded for all the glass samples at the
-band using JEOL-JM FE 3X spectrometer with 100 kHz field modulation at room

emperature. DPPH was used as a standard gmarker. The optical absorption spec-
rum of the present glass samples was recorded at room temperature using a double
eam spectrophotometer (Schimadzu) in the wave length region 300–800 nm tak-

ng  air as reference medium. The peak pick facility provided in the spectrometer
as  used to measure the peak position.

. Results and discussion

.1. Characterization of glasses

The X-ray diffraction pattern of an amorphous material is dis-
inctly different from that of crystalline material and consists of few
road diffuse haloes rather than sharp rings. The XRD patterns of all
he samples showed broad humps typical of amorphous materials
s shown in Fig. 1.

The density is a powerful tool to explore the struc-
ural compactness of the glasses and is affected by structural
oftening/compactness, changes in geometrical configurations,
oordination numbers, crosslink densities and dimensions of inter-
titial spaces of glass system. Fig. 2 shows the compositional
ependence of density and molar volume. In zinc tellurite glass sys-
em with an increase of ZnO content density is found to increases

20] and in boro tellurite glasses the density increases with an
ncrease of TeO2 [21]. However the density of the following sys-
em tends to decrease on addition of CdO at the expense of TeO2.
uch result was observed in boro zinc tellurite glass system [22].
Fig. 1. XRD Spectra of boro cadmium tellurite glass system.

This behavior is generally observed when content of modifier oxide
is increased in borate glasses. The addition of modifier oxide in
the glass system changes the density of the structural units by
changing the density of the glass system. Because density is an
additive property it can be proposed that each oxide in glass would
have its contribution in density. Density at x = 50 mol.% of CdO is
4.288 g/cm3 (Table 2) and its value increases as content of CdO into
glass network decreases (Fig. 2). The decrease in density on increas-
ing the modifier content CdO is due to the substitution of higher
molecular weight substance TeO2 (atomic mass 159.599 g/cm3) by
lower molecular weight substance CdO (atomic mass 128.4 g/cm3)
there by net molecular weight decreases resulting in weak con-
nectivity in glass network [23]. Oxygen packing density (O) is
calculated using the relation

Oxygen packing density(O) = � × o

M

O is number of oxygen atoms per formula units and these values
are tabulated in Table 3.

It is clear from Fig. 2 that with decrease of CdO, both density
and molar volume decreases. In general, the density and molar vol-
Fig. 2. Variation of density and molar volume with CdO mol.%.
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Table 2
Physical parameters of boro cadmium tellurite glass system.

Parameter x = 0 x = 10 x = 20 x = 30 x = 40 x = 50

Density, � (gm/cm3) 4.698 4.608 4.548 4.458 4.379 4.318
Molar volume, Vm (cm3/mol) 30.147 30.059 29.769 29.67 29.493 29.187
Oxygen packing density, OPD (mol/l) 82.928 79.844 77.261 74.148 71.203 68.523
Number of bonds per unit volume, nb (1021 cm−3) 82.204 82.777 83.929 83.996 85.492 86.191
Cross  link density, nc 1.333 1.333 1.333 1.333 1.333 1.333
Average stretching force constant, F (N/m) 398.813 438.22 477.627 517.034 556.441 595.848
Glass  transition temperature, Tg (◦C) 317 323 345 410 445 478

Table 3
Spin Hamiltonian parameters of Cu2+ ion in boro cadmium tellurite glass system.

Sample C0 C1 C2 C3 C4 C5
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where xi is mole fraction; nc is number of cross-links per cations and
is equal to the number of bonds minus two; Nc is number of cations
g‖ 2.208 2.228 

g⊥ 2.069 2.076 

A‖ (10−4) cm−1 115.6 106.32 

25], Bi2O3–Li2O–B2O3 [26]. In the present study molar volume is
irectly proportional to glass density and molecular weight. The

ncrease in molar volume from 24.458 to 25.644 cm3 mol  with
ecrease of CdO indicates an increase in free volume. The larger
alues of radii and bond length of TeO2 compared to CdO gave rise
o an increase of molar volume.

Variation of oxygen packing density and oxygen molar volume
ith the composition of CdO is shown in Fig. 3 and the values are

iven in Table 2. From Table 2 it is clear that oxygen packing density
OPD) value decrease with increase of CdO content, as the substitu-
ion of TeO2 by CdO decreases the number of oxygen atoms in the
atio 1/2.

Differential scanning calorimetry (DSC) is used to character-
ze the glasses and to determine glass transition temperature (Tg),

hich is useful in suggesting structural changes that takes place by
he compositional changes. This is because Tg is very sensitive to any
hange of the coordination number of the network-forming atoms
nd also to the formation of non-bridging oxygen. Typical DSC plot
f boro cadmium tellurite glass system (C3 sample) is shown in
ig. 4. The inset of Fig. 4 shows variation of glass transition tem-
erature with CdO mol.%. The transformation to a glass does not
ake place at on, strictly defined temperature, but within a tem-
erature range, representing the transformation region. The width

f the later depends on the properties of the material studied (low
emperature edge) and on the thermal history of the sample (high
emperature edge). The single endothermic glass transition peak

ig. 3. Variation of oxygen packing density and oxygen molar volume with CdO
ol.%.
208 2.194 2.181 2.188
076 2.077 2.079 2.079
96 133.26 129.49 140.01

indicates the homogeneity of the glass. Tg represents the ‘strength’
or ‘rigidity’ of the glass structure. Density of boro cadmium tellurite
glasses decreased on increasing CdO content. The glass molar vol-
ume  also decreased. On increasing the CdO content at the expense
of heavier TeO2, the influence of molar mass on density is min-
imized by the opposite effect of decrease in volume. The glass
transition temperature increases with CdO content which indicates
that network connectivity increase. This result is consistent with
molar volume data, which shows that the network becomes more
compact on increasing CdO concentration.

The glass transition temperature (Tg) depends on a number
of parameters. It is more informative for analyzing the glass net-
work to correlate data between thermal and structural properties,
between (Tg) and average cross-link density (nc), number of bonds
per unit volume (nb) and the average stretching force constant (F).
The average cross-link density (nc) of the glass is calculated using
the relationship [27–29].

n̄c =
∑

i(xi) + (nc)i + (Nc)i∑
ixi + (Nc)i
per glass formula unit. The increase of CdO content at the expense

Fig. 4. DSC thermogram and inset representing glass transition temperature with
CdO  mol.%.
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changes in glass system. This behavior agrees with IR spectra data,
which reveal that partial conversion of BO3 units into BO4 units as
CdO increases.
P. Gayathri Pavani et al. / Journal

f TeO2 from x = 0–10 mol.% maintains a constant average cross-link
ensity 1.333 as shown in Table 2. This is because the coordination
umber of CdO and TeO2 is same. The number of bonds per unit
olume (nb) of the glass is calculated using the relationship [27–29].

b = Na

Vm

∑
i

(x × nf )
i

here Na is Avogadro’s number; Vm is molar volume; nf is coordina-
ion number of the cation; and x is mole fraction. The coordination
umbers of borate, cadmium and Te are 3, 4 and 4, respectively

The value of nb for pure TeO2 is 7.74 × 1028 m−3 [30] The num-
er of bonds per unit volume of the present glass system is found
o decrease from 8.619 × 1028 to 8.220 × 1028 m−3 with increasing
eO2 content as shown in Table 2. Average stretching force con-
tant (F) of the glass is calculated using the relationship [27–29].

 =
∑

i(x × nf × f )
i∑

i(x × nf )
i

here nf is the coordination number of cation; xi is mole fraction
nd fi is given by

ī = 17
r3

here f̄i is the stretching force constant of oxide and i denotes
he component oxide, and r is the bond length between cation
nd anion. The average stretching force constant of the bond
e O is 216 N/m [30]. The average stretching force constant (F)
f the present glass system is found to decrease from 215.10 to
13.21 N/m with increasing TeO2 content (Table 2). Therefore the
ecrease in Tg of the present glass system can be ascribed due to
he decrease in number of bonds per unit volume (nb) and aver-
ge stretching force constant (F). The observed decrease in Tg of
he present glass system with increase of TeO2 content in the glass

atrix, is shown in inset of Fig. 4. The observed variation in oxygen
acking density (OPD) and oxygen molar volume (Vo) values can
lso be correlated to the decrease in Tg. The glass transition tem-
erature (Tg) is a measure of the strength of a material [31]. Hence,
rom DSC results, it is concluded that the strength of the present
lass system decreases with CdO content.

.2. Electron spin resonance of the glass system

The electron spin resonance (ESR) is a very powerful tech-
ique for investigating paramagnetic centers in oxide glasses
ontaining transition metal oxides and useful for identifying the
ocal environment of a paramagnetic impurity and mapping the
rystal field. The ESR spectra of BCT glasses doped with Cu2+

ons are shown in Fig. 6. The spectrum closely resembles that
f the Cu2+ ion in most oxide glasses [32–34].  From the spec-
rum analysis, the spin-Hamiltonian parameters are calculated
sing the equation due to [35] Dance et al. and are presented

n Table 3. The ESR spectra were analyzed using spin Hamilto-
ian:H = g‖ˇHZSZ + g ⊥ ˇ(HXSX + HYSY) + A‖SZIZ + A‖(SXIX + SYIY)

Here Z is the symmetry axis of individual copper ions, ˇ is the
ohr magneton, A‖ and A⊥ are parallel and perpendicular compo-
ents of the hyperfine coupling tensor ‘A’, g‖ and g⊥ are parallel
nd perpendicular components of ‘g’ tensor. HX, HY and HZ are the
omponents of magnetic field. SX, SY, SZ are the components of
pin operators of the electron and IX, IY and IZ are the spin oper-

tors of nucleus. The values of A‖ are calculated using the following
quation due to Kivelson and Lee [36].H‖

(
− 3

2

)
− H‖

(
+ 3

2

)
= 3A

From Table 3 it is clear that g‖ > g⊥ > ge = 2.0023 relation, evidenc-
ng the Cu2+ ions presence in the predominant axially distorted
Fig. 5. ESR spectra of boro cadmium tellurite glass system.

octahedral symmetric site [37]. The ge is spectroscopic splitting
factor corresponding to the free electron. Lack of equidistance
between the hfs peaks denotes pronounced ligand and fluctuations
in the Cu2+ ion is dx2−y2 orbitals. g‖ and g⊥ and A‖ values change with
the composition CdO in BCT glasses. g‖ is maximum for BTC1, min-
imum for BTC3 and g⊥ reaches to maximum for BTC4 minimum for
BTC1 indicating continuous structural changes in the glass system.
Thus from Fig. 5 and Table 3 it is clear that ESR spectra of the boro
cadmium tellurite glasses are strongly concentration dependent.

From Table 3 it is observed that g‖ decreases and reach a mini-
mum in BTC1 to BTC3 at about 30% CdO and increase abruptly and
reach a maximum at about 40 mol.% CdO. This indicates distortion
around Cu2+ ion is changing with increase in content of CdO and
also indicates a continuous structural change in the glass system.

The variation in Spin-Hamiltonian parameters with increase in
concentration of CdO up to 30% in BCT series is due to the structural
Fig. 6. Optical absorption spectra of boro cadmium tellurite glass system.
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Table 4
Absorption peak of Cu2+, bonding parameters and % of bonding symmetry of Cu2+ doped in boro cadmium tellurite glass system.

Sample C0 C1 C2 C3 C4 C5

Cu2+ peak (nm) 832 821 812 776 785 772
˛2 0.599 0.596 0.6 0.637 0.614 0.651
ˇ2 0.985 0.99 0.983 0.926 0.96 0.906
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ˇ1 0.623 0.695 

T� (%) 75.387 61.017 

T� (%) 87.419 88.146 

.3. Optical absorption spectra

Optical absorption spectra for all glass compositions exhibit a
ingle broad peak in the range 772–831 nm in the near infrared
egion, which can be attributed to presence of Cu2+ in glasses
38,39] is shown in Fig. 6. Absorption can be assigned to spin
llowed transition from 2Eg(D) → 2T2g(D) energy levels in distorted
ctahedral symmetry of Cu2+ ions in the glasses. The absorption
eak of Cu2+ in BCT glasses at different concentrations of CdO is
iven in Table 4.

The absorption peak of Cu2+ in BCT glasses is shifted to lower
avelength with increase in concentration of CdO up to 30%

nd then peak is shifted toward higher wavelength with further
ncrease in concentration of CdO from 30 to 40%. The variation
n peak position with CdO concentration increases fluctuation in
igand field around Cu2+ probe ion which is related to change in
olarizability of oxygen ions surrounding the Cu2+ and its depen-
ence on field strength of network formers [39–41].

The maximum absorption peak in optical absorption in the
resent system can be explained on the basis of structural change

n the glasses with variation of composition of CdO. With increasing
dO content, structural changes take place due to partial conver-
ion of BO3 units into BO4 units, TeO4 units to TeO3 via TeO3+1.
he bonding parameters are calculated using ESR and optical

ata by the following equations [35]g‖ = 2.0023
[

1−4�˛2ˇ2
1

�Exy

]
g⊥ =

.0023
[

1−4�˛2ˇ2
1

�Exz,yz

]
where �, spin orbit coupling parameter is equal

o 828 cm−1 for Cu and ˇ2 ≈ 1 for octahedral environment. �Exy

nd �Exz,yz are the heights of dxy and dxz,yz and molecular orbital
evels above the ground state dx2−y2 , respectively, and these val-
es are estimated from optical absorption spectra [42]. In optical
bsorption spectra, the position of observed absorption maximum
f Cu2+ indicates the value of �Exy from Table 3, it is observed that
he bonding parameters are changing with the percent of CdO. The
onding coefficients ˛2, ˇ2 and ˇ2

1 characterize respectively, the in-
lane � bonding, in-plane � bonding and out -of-plane � bonding
f the copper (II) complex, their values lie between 0.5 and 1.0, the
imits of pure covalent and pure ionic bonding. From Table 3 it is
lear that, the present system is ionic in nature.

. Conclusions

Transparent and stable boro cadmium tellurite glass system was
btained by melt quenching technique. The density of the glass sys-
em is found to increase with decrease of CdO as higher molecular
eight is substituted by lower molecular weight. The larger radii

nd bond length of TeO2 compared with CdO caused a decrease
n oxygen packing density and molar volume with increase of
dO. The values of network bonds and stretching force constant
ecreases with decrease in CdO content which is in agreement
ith decrease in Tg. ESR studies indicate that the structural changes
akes place as the concentration of CdO varies. It is observed that
‖ > ge. The variation in g‖ and A‖ values may  be due to the change in
he environment of Cu2+ ion which may  be attributed to the struc-
ural changes in the glass structure. From the optical absorption

[
[
[

[

.637 0.584 0.558 0.557

.549 83.227 88.389 88.442

.138 79.149 84.049 76.062

it is observed that absorption peak is minimum at x = 30 mol.% of
CdO. The bonding parameters calculated from both ESR and optical
absorption are found to change with CdO concentration concluding
that the system is concentration dependent.
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