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Glassy system of composition x C0203-(40-x) ZnO-10PbO-50B,03,
(where x =0, 0.1, 0.3, 0.5 and 1 mol %) were prepared by conventional
melt-quenching technique. The X-Ray Diffraction pattern of the glass
samples shows no sharp peaks, indicating the amorphous nature. FT-IR
spectra of the glasses show vibration modes corresponding to stretching
of BOsz trigonal, BO4 tetrahedral units and of B-O-B bending bonds. The
observed red shift of optical absorption edge (UV cutoff) show
monotonous decrease in indirect optical band gap energy (Eop) by
increasing Co.03z content in the glasses based on their absorption
spectra. Absorption spectra of ZLB: Co?* have exhibited two tetrahedral
bands corresponding to (“Tig (F) —4T1g (P)) and (*T1g (F) —*Azg (F))
transitions and an octahedral band in (*Tig (F) —?T1g (D)) transition.
ESR spectra exhibit characteristic resonance signals of Co?* ions and a
well resolved six line hyperfine structure.

1. Introduction:

Recently, heavy-metal oxide (HMO) glasses based on large atomic
weight cations have attracted enhanced interest because of their peculiar
encouraging and important optical properties. The HMO based glasses are
characterized by high density, and high refractive index. They are identified as
electro-optic materials and are used as electro-optic switches, solid-state laser
materials and applications [1-5]. Regarding transition metal ions doped
materials, only a little work has so far been reported [6-8]. Glass color is an
essential factor in both glass making technology and glass state science.

The color depends on the electron transition as well as on the chemical
composition. This is based on the fact that splitting energy term in 3d metals is
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strongly affected by ligands [9].

Amorphous and crystalline lead borates belong to the attractive solid-state
materials from the structural and optical points of view. Lead borate glasses are
extensively studied in recent years due to their wide glass-forming region and
quite an easy preparation, high chemical stability, and UV-VIS-NIR light
transmittance, presence of structurally different borate units are the most
important and advantageous points of PbO-B203 systems.

Additionally, lead borate glass is promising host for incorporation of
transition metals and rare earth ions [1, 10-13]. Earlier workers conducted
optical studies on lead zinc borate glasses and noticed a long infrared cutoff as
a property that shows their usefulness in manly potential applications [14].
Zn0O-B203 glasses are well known due to their wide applications in plasma
display panels for high quality performance. These glasses possess high
insulating strength, low thermal expansion coefficient and good transparency
over a wide of wave-length range [15, 16]. ZnO enters in the glass structure in
the form of both network former and network modifier. CoO, an anti-
ferromagnetic material, is more stable in the natural environment. When it is
incorporated in a host system, it improves the sintering behavior of the system
which could have a wide range of applications in various industrial sectors
[17].

Normally cobalt ions exist in Co®* state; however, under extreme
conditions in the alkaline rich glasses it can exist in Co®* state, both Co?* and
Co* ions occupy tetrahedral as well as octahedral sites in the glass matrices.
Co?* ions create color centers with absorption bands in the visible and NIR
regions [18]. Co?" ion exhibits a strong colorant features, which produces an
intense blue color in glasses under tetrahedral symmetry. However, its color
shade changes to pink under octahedral symmetry [1,19,20]. UV/VIS
spectroscopy is a simple and most commonly experimental technique used for
study of colored glasses and determination of valences and co-ordination of
transition metals in glasses [9]. In the present study of ESR spectroscopy was
used beside optical absorption spectra for sake of comparison.

2. Experimental:

The starting materials used in the present work were reagent grade of
H3BOs, ZnO, PbO and Co,0s. The host glass composition is taken as x C0,03-
(40-x) ZnO-10PbO-50B203, where x = 0, 0.1, 0.3, 0.5 and 1 mol%. All
weighted chemicals were powdered finally and mixed thoroughly. Each batch
was melted in ceramic crucibles in an electrical furnace at 1000°C for an hour.
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The melts were quenched in between two brass plates to produce discs of about
0.2 cm thickness. The undoped glasses have been found to be colorless, and the
Co?" ions doped glass show the prominent dark blue with higher Co203
concentration. The glass composition here is named ZLB (zinc lead borate)
glass system. X-ray diffraction (XRD) spectra were obtained on a Shimadzu
XD3A diffractometer. Glass densities were measured with toluene as an
immersion solvent using the Archimedes's principle. Infrared absorption spectra
were recorded using FTIR (PerkinElmer) in the range (1700-400 cm™), the
sample powder was mixed with KBr of high purity. The optical absorption
spectra of polished glass samples were taken on JASCO V670
spectrophotometer in the region of 190-1100 nm. The ESR spectra were
recorded at room temperature on ESR spectrometer (EMX-Bruker) operating in
X-band frequency.

3. Results and Discussion:
3. 1. X-ray Diffraction and Physical Properties:

Fig. (1) Shows the typical X-ray diffraction patterns of pure (zero cobalt)
and 1 mol % Co,0; doped ZLB glasses. The XRD pattern of the glass samples
shows no sharp peaks, which is a sign of amorphous material. Composition of
the glasses, density (p), Molar volume (Vm) and cobalt ion concentration (N)
listed in Table (1). The ion concentration (N) and interionic distance (rj), were
calculated using the relation [21]:

N(ion/cm?®) = I:;J 1)
My

1 ]
Tifa®) = (?] 13 (2)
and a polaron radius (rp) using the relation :
oy — 1/3
(A7) = (1/2)(w/6N) (3

The values are also listed in Table (1). The density is a powerful tool,
capable of studying the changes in the structure of glasses. It depends on
compactness, geometrical configurations, co-ordination numbers, cross-link
densities, and dimensions of interstitial spaces of the glass [22]. Fig. (2), shows
the dependence of density and molar volume on cobalt oxide (Co,03) content.
The obtained results reveal that the density decreases from 3.84 to 3.68 g/cm3,
and the molar volume increases from 30.37 to 31.86 cm®/mol as the C0,0;
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content increases at the expense of the ZnO content. ZnO is in general glass
modifier and enters the glass network by breaking up the B-O-B bonds
(normally the oxygen’s of ZnO break the local symmetry while Zn?* ions
occupy interstitial positions) and introduces co-ordinate defects known as
dangling bonds along with non-bridging oxygen’s (NBOs) [19].

Intensity (AU)

2 Theta (deg)

Fig. (1): X-ray diffraction patterns of Co2+ doped and undoped ZLB glasses.

Table [1]. Some physical properties of the glass system.

C0,0; mol%
0 0.1 0.3 0.5 1
Density, p(g/cm”) 384 378 373 373  3.68

Physical quantities

Molar volume, V(cm*/mol) 30.37 30.84 31.32 3141 31.86

Cobalt ion concentration

23 0 1.85 5.65 9.46 19.19
N(x10% ions/cm’)

Polaron radius, ry(A") 0 1.52 105 0.88  0.69
Interionic distance, rj(A”) 0 378 201 22 1.74
E,, (eV) 37 31 306 29 2.8

AE (eV) 047 054 057 084 0.82
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Fig. (2): Variation of the density and molar volume with Co203 concentration.

3. 2. FT-IR Spectra:

Infrared spectroscopy is usually used to obtain the essential
information concerning the arrangement of the structural units of the studied
glasses. It is assumed that the vibrations of structural units of the glass network
are independent on the vibration of the other neighboring units [23]. The
infrared absorption spectra of the ZLB glass system doped with Co,03 are
shown in
Fig. (3). The band positions along with their assignments are given in Table

(2).
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Fig. (3): IR spectra of ZLB glasses doped with different concentrations of Co203.
Table (2): Assignment of absorption bands in the infrared spectra of the glassy

system
Peak position (cm ')
Assignment
0Co 0.1 Co 0.3 Co 0.5 Co 1 Co
615 597 580 583 591
B-O-B bending vibrations [27]
686 684 686 685 685
872 892 817 939 864 Vibrations of NBOs in BO, units [30]
B-O bond stretching of BO, units with
998 1042 944 1017 977 Pb-O bonds overlapping (950 cm ')
[36,30]
1087 1089 1085 1087 1081 Vibrations of BO, units [30]
B-O sym stretch in BO3 units from pyro
1222 1235 1221 1226 1220 2 :
and orthoborate groups [27.35]
1375 1398 1352 1386 1376 B0 sym stretch in BO; units from varied
1519 1528 1505 1525 1523 types of borate groups[35.36]
1652 1650 1654 1653 1652 H-O-H bending vibrations [30]

The vibrational modes of the borate network are seen to be mainly
active in the three infrared spectral regions, which are similar to those reported
by several workers [24, 25]. The first group of bands, which occur at 1200-
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1600 cm™, are due to the asymmetric stretching vibration of the B-O band of
trigonal BOs units. The second group lies between 800 and 1200 cm™ and is
usually assigned as B—O bond stretching of the tetrahedral BO, units. The third
group is usually observed around 680 cm™ and is due to the bending vibrations
of B-O-B in [BO3] trigonal [26,27]. Three broad bands are observed around
680, 900 and 1300cm™ for all investigated samples. The spectra show little
changes in the center of the bands around 690, 900 and 1300 cm™ and their
width become broader as the Co203 content increased. The obtained broad

band’s may confirm the amorphous nature of the studied samples and are in
agreement with X-ray measurements [28, 29]. The strongest absorption bands
of the borate glass located in the range of 1230 to 1520 cm™ are usually
attributed to B-O symmetric stretching of [BO3] units. The absorption bands
that lie in the range from 944 to 1080 cm? are assigned to B-O stretching of
[BOg4] units, with Pb-O bonds overlapping (950cm™). The bands observed at
1650 cm? are attributed to H-O-H bending vibrations, which indicate that the
compound contains water [30]. To get quantitative information about the
structural groups in glass, the spectra have been deconvoluted. This was made
by using the Spectra Manager program assuming Gaussian type function that
allowed us a better identification of the absorption bands which appear in these
spectra in order to perform their assignment [23]. Fig. (4), illustrated the results
of the deconvolution for pure and 1 mol% Co203 doped ZLB glasses as a

representatives. The obtained broad bands are a result of the overlapping of
some individual bands. Each individual band has its characteristic parameters
such as its center, which is related to some type of vibrations of a specific
structural group, and its relative area, which is proportional to the
concentration of this structural group [22]. These characteristic parameters can
be used to calculate the fraction N4 of BO4 units in the borate matrix for each
composition. N4 can be defined as the ratio of the total of BO4 units to the of
(BO3+BOg4) units [22, 31]. From Fig. (5), it is clear that N4 increases up to 0.3
of Co203 content, and then it decreases with increasing of Co203 content.
This means that, the intensity of BO3 units is observed to decrease, where the
band due to BO4 units is increased as cobalt oxide increases up to 0.3 mol%.
Tetragonally positioned Co®" ions do not induce any dangling bands but to
octahedral positioned Co?* ions may do so [18,32], then it decreases beyond
0.3 cobalt oxide. In compliance with the structural changes inferred from IR
studies, the observed decrease in the band gap induced by the doping of C0,03
concentrations, can be accounted for the changes in BO4 and BOs structural
units along with the increase of NBOs (with an increase of
B-O- bonds). It is well known that borate glass network mixed with modifier
oxides like ZnO consists of sp? planar BO3, sp® tetrahedral BO4 structural
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units along with non-bridging oxygen ions. Each BO4 unit is linked to two
such other units by oxygen, and the structure leads to the formation of long
chain tetrahedrons. Cobalt ions are expected to exist mainly in Co?" state in a
glass network. However, it is quite possible for a small fraction of cobalt ions
to oxidize from Co?" state to Co®" state during melting and annealing processes
of the glasses. Co?" ions occupy both octahedral and tetrahedral positions,
whereas Co®* ions occupy mainly octahedral positions in the glass network [18,
33].

3. 3. Optical Absorption Studies:

The optical absorption spectra of Co-doped ZLB glass systems are
shown in Fig. (6). The glass samples exhibit three broad bands around 510, 570
and 630 nm in the visible region. In addition, the UV cut-off shows tendency to
shift towards longer wavelengths (red shift) as the amount of Co203 content

increases. The obtained broad bands are a result of the overlapping of some
individual bands as shown in Fig. (7). Each individual band has its own
characteristic parameters, such as its center, area and the band height; the peak
positions and their corresponding assignments are given in Table (3). The
occurrence of Co?* in both octahedral and tetrahedral symmetry finds an
explanation of the small difference between the octahedral and tetrahedral field
stabilization energies. The absorption bands can be interpreted in terms of
equilibrium between 6-and4-coordination Co?* ions [34]. The cobalt ions are
expected to exist in two viable valence states:(i) primarily Co?*, which occupy
both the tetrahedral and octahedral coordination’s with oxygen ions; (ii) Co%*
state with octahedral occupancy. The energy terms structure of the Co?* (3d")
ion in tetrahedral site is similar to the energy level structure of d*® ions in
octahedral site. The tetrahedral field splits the ground state into three states:
“T1g (F) »*T1g (P), “A2g (F) and *T1g (D). Using Tanabe-Sugano diagrams
for the d® configuration, which is conjugate to (d’) ion, the absorption peak
observed near to 570 nm is assigned to *A2(4F)— “T1(4P) [35, 36].
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Fig. (4): Deconvoluted infrared bands for undoped ZLB glasses and doped of 1 Co?*.
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Fig. (5): The relation between N4 and Co,03 content.
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Fig. 6. Optical absorption spectra of Co®* ion doped ZLB glasses.
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Fig. (7): Deconvoluted optical absorption bands due to “T1g(F) transition of Co?* ions
in ZLB glasses.
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From the Table. (3) as the concentration of cobalt oxide is increased,
tetrahedral positions shifted towards the shorter wavelength; such shift
indicates the increase in the average distance of Co-O, whereas the octahedral
band positions are shifted towards the longer wavelength with increasing
intensity. The changes in the intensities of co-bands can be attributed to the
changes of CoOg units into CoO4 units [34]. This means that, the Co?* ions are
predominantly octahedrally coordinated at low Co203 content glasses, whereas
in higher Co203 content glasses the Co?* ions are located in tetrahedral sites.
The optical absorption at the fundamental edge in terms of the theory given by
Mott and Davis [37], related the absorption coefficient to the electronic energy
band gap through the following relation:

alw) = B[hm - Eg)n/hco 4)

where B is a constant, Egpt is the optical band gap energy, and n may have the
following values 2, 3, 1/2 and 1/3 depending on the inter band electronic
transition.

Table (3):Peak positions, Area and Peak height of the ZLB glasses doped with Co203.

Co,0; mol% Assignment from
Physical parameters
0 0.1 0.3 0.5 I *T1(F) —
Peak position (nm) - 511 507 508 498
4
Area (arb. units) - 357.62 572.88 1228.2 14694
Co™ ions
Peak height (arb. units) 2 439 8.13 14.83 19.50
Peak position (nm) S 570 571 571 576
4
Area (arb. units) - 253.97 743.60 826.41 2612.7
Co™" ions
Peak height (arb. units) - 4.70 11.32 13.85 26.54
Peak position (nm) & 621 628 624 639
_Tlg( D)
Area (arb. units) - 398.69 701.18 1271.0 962.99
Co™ ions

Peak height (arb. units) 5.59 9.89 16.14 14.882
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These values of n can be understood in the framework of the ligand
field theory. The data reveal that in the present case n=2, indicating indirect
transition. This is expected since the lave of translation symmetry in non-
crystalline system leads to the fact that the wave vector (momentum) is not
good guantum number.

From the plot of (ahw)'" versus he (Tauc’s plot), we obtain a straight
line in the neighborhood of optical absorption edge. The extrapolation of the
line to the energy axis with (ahw)*? =0, yields the values of the optical band
gap (Eopt), which for cobalt oxide, ZLB glasses in Fig. (8). The width of the
tail of the absorption spectra can also be used to analyze possible changes in
the glass structure [37]. Following the Urbach’s rule [38], the optical
absorption coefficient o (w) = 10%-10* cm™?, exhibits an exponential increase
and is given by:

ki
alw) = o explE (5)

where o is a constant, hm is the photon energy, and AE is the Urbach’s energy
accounting for the width of the tail of localized states. The Urbach energy (AE)
values of the present samples were determined by taking the reciprocals of the
slopes of the linear portion of the In(a) versus ho plots as shown in Fig. (9).
The obtained values of Egpt and AE are listed in Table 1 and plotted in Fig.
(10). We observe that Eopt decreases with increasing the Co0203
concentration. This is likely to be related to the increase in the number of
NBOs in the glass matrix, which means enhancement of the degree of
disorder [35].
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Fig. (9): Urbach plot for Co?* ions doped ZLB glasses.
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Fig. (10): Dependence of optical band gap (Eopt) and the Urbach’s Energy (AE) with
the Co203 concentration.

3. 4. ESR Studies:

No ESR signal is detected in the spectrum of un-doped glass. When Co?*
ions are introduced into the ZLB glasses, the spectra exhibit ESR signals as
shown at Fig. (11). This indicates that the host glass is free from any
paramagnetic centers, which means that, the observed signals are only due to
Co?* ions (d” configuration). The intensity of signals is found to increase with
increasing of Co203 content. The ESR spectrum consists of a width intensity
line at 3200 G, and six lines centered at 3400 G. These signals are attributed to
Co?* ions, which have electronic configuration 3d’. Therefore, Co?* has S=3/2
and 1=7/2. However, the observed six lines in the spectra belong to Mn?*,
which has the electronic configuration 3d® and a total spin S=5/2 and 1=5/2,
This is related to the number of orientations of | with respect to external
magnetic field (m=2I+1). That gives the usual sextet of lines in the ESR spectra
in room temperature [39]. Each fine structure transition split into six hyperfine
components due to the interaction of electron spin with the nucleus, having
spin, 1 = 7/2. A well resolved intense signal around g = 2.01, characterized by
weakly deformed cubic sites are observed to vary non-linearly with the
concentration of Co203, which can be attributed to near octahedral symmetry

of Co?* ions. The ESR parameters (the isotropic factor, g and the hyperfine
splitting, A) are listed in Table (4). The increase of C0203, up to 0.3 mol. %,
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caused a decrease followed by increase of the g- and the hyperfine splitting, A,
values of the glass system, respectively. Beyond this concentration, the value
of g is found to increase gradually, while the value of the hyperfine splitting,
A, decreases as shown in Fig. (12). The g-value for the hyperfine splitting is an
indication of the nature of the bonding. If g-value shows a negative shift with
respect to the free electron value (2.0023), the bonding is ionic, and if the shift
is positive, the bonding is more covalent in nature. The negative value of Ag
confirms the ionic bonding of glass samples, and it is observed to vary non-
linearly with the increase in Co203 content [40].

1700 -
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-1800 .
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Fig. (11): ESR spectra of Co?* doped zinc lead borate glass system at room
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temperature.

Table (4): The spin-Hamiltonian parameters g and A for Co?" ions in ZLB
glasses at room temperature.

C0-05; mol% g A (10%em™) Ag
0 - 2 =
0.1 2.0104 82.67 -0.01413
0.3 2.0155 89.03 -0.01319
0.5 2.0164 90.62 -0.01405

1 2.0107 92.21 -0.01438
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Fig. (12): Variation of g and A parameters of Co?* ion doped ZLB glasses
Conclusions

The effect of Co203 concentration on structural, optical properties and

ESR of ZLB glasses of composition xC0203-(40-x) ZnO-10Pb0O-50B203
are obtained spectra. Itis observed that:

1-
2-

The glasses were prepared through melt quenching method.

The amorphous nature of the samples was confirmed through XRD analysis
and the optical absorption spectra of the glasses also assure the same.

The results show that, the density and molar volume clearly depend on
C0203 concentration. The molar volumes are increased with increasing of
Co0203 concentration, due to increase of NBOs.

The FT-IR spectra show that; all the glass samples have the BO3 and
BO4 units and the weak band of O—H vibrations in the glassy system.

Absorption spectra of ZLB: Co?* have exhibited tetrahedral and an
octahedral bands.

The optical band gap decreases with increasing of Co203. This leads to an
increase in the degree of localization of electrons.
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7-

ESR spectra of all the glass samples showed resonance signals characteristic
of Co?* ions. The spin Hamiltonian parameters, g and A are found to be
depended on the Co203 content. The negative value of Ag confirms the
ionic bonding of glass samples, and it is varies non-linearly with the
increase in Co203 content. The values of the spin Hamiltonian parameters
indicate that the Co*" ions in ZLB glasses present in octahedral sit with
tetragonal sites.
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