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Using the electron paramagnetic resonance data of VO>* and Cr** centers in alkali lead borotellurite glasses, the
thermodynamic properties such as Gibbs free energy AG, entropy AS and enthalpy AH have been evaluated. The effect of
temperature, concentration and alkali ions on Gibbs free energy is studied for VO?* and Cr3* centers in alkali lead borotellurite
glasses. It is observed that the Gibbs free energy has increased with the increase of concentration and temperature. The
Pauli magnetic susceptibility is calculated at different temperatures (123-433 K) for VO?* center in lithium lead borotellurite
glass. The Pauli magnetic susceptibility is also calculated for Cr3* center in potassium lead borotellurite glass at different
temperatures (123-313 K). The pre-exponential coefficient (PEC) is calculated from the logarithmic of number of spins
and the reciprocal of absolute temperature graph of VO** and Cr3* centers in alkali lead borotellurite glasses. The pre-
exponential coefficient indicates the collision frequency between the transition metal ion and the glass lattice. The relaxation
time T or T,, is determined from the number of spins and the temperature effect on relaxation time has been studied for
the two ions. The Gibbs free energy, pre-exponential coefficient, Pauli magnetic susceptibility, relaxation time are compared
between VO?* and Cr* centers in alkali lead borotellurite glasses. These values are also compared between alkali ions in

alkali lead borotellutite glasses.
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1. Introduction

The oxide glasses attracted the scientific community
due to their important applications in the field of
glass-ceramics, thermal and mechanical sensors,
reflecting windows. Tellurite glasses have received
much attention as promising candidates for new glass
because of their special properties, high nonlinear
refractive indices, large nonlinear optical sensibility,
relatively low phonon energy in the blue and green
band emission, wide transmission window and good
stability and durability. In addition, these glasses are
well known to be good hosts for some rare earth and
heavy metal ions with small multi-phonon decay rate,
and they are potential materials for up-conversion

lasers, optical fiber amplifiers, such as nonlinear
optical devices, optical switching, optical memory,
etc. [1-2].

Tellurite glasses are of high optical index
glasses possessing high levels of infrared
transmission and having potential applications as
acoustic and optical materials used in laser technology
or as photochromic glasses [3]. Glasses formed with
heavy metal oxides such as PbO have received
significant attention because of their increasing
optical applications. Transition metal ions doped
tellurite, oxide glasses are mainly devoted for optical
applications. Due to the above significant
applications, the authors studied the thermal and
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magnetic properties of VO?* and Cr3* centers in alkali
lead borotellurite glasses.

The objectives of this detailed study are
described as follows:

1. To study the thermal properties such as Gibbs
free energy, activation energy, entropy and enthalpy
of VO and Cr** ions in alkali lead borotellurite
glasses from the population difference between the
Zeeman levels. 2. To study the magnetic properties
such as Pauli magnetic susceptibility, Pauli
temperature, Pauli constant, molecular field constant
for VO?* and Cr** ions in alkali lead borotellurite
glasses. 3. It is proposed to study the relaxation time
such as phase memory time (spin-spin relaxation) T,
or T for VO?* and Cr* ions in alkali lead
borotellurite glasses. 4. It is proposed to study the
exchange-field, exchange integral and exchange
interaction energy for VO** and Cr3* centers in alkali
lead borotellurite glasses. 5. It is also proposed to
compare the above results between VO?** and Cr3*
centers in alkali lead borotellurite glasses.

Sreekanth Chakradhar er al. [4,5] studied
electron paramagnetic resonance and optical
absorption studies of VO?* and Cr** ions in alkali
lead borotellurite glasses. To the best of our
knowledge there are no previous reports on the
thermal and magnetic properties of VO** and Cr**
centers in alkali lead borotellurite glasses. The
thermal and magnetic properties are useful for
knowing the oxidation states of transition metal ions,
stability of the magnetic system, magnetic and
exchange interactions. Therefore, the authors have
undertaken the investigation of detailed thermal and
magnetic properties of VO** and Cr?* centers in alkali
lead borotellurite glasses.

2. Experimental Procedure

The experimental procedure involves two important
steps viz., sample preparation and EPR
measurements.

2.1. Sample Preparation

The glasses were prepared using melt quenching
procedure. The starting materials used for the
preparation of glasses were good quality analar

Li,B,0,, Na,B,0,.10H,0, K,B,0,.5H,0, PbO,
TeO,, V,0, and (NH,), Cr,O,. The chemicals were
weighed accurately according to their molecular
weights in an electrical balance. These are mixed
thoroughly and ground to fine powder with an agate
mortar for nearly 20 minutes. The batches were taken
in porcelain crucibles and melted in an electric
furnace at 1223 K (lithium glasses) and 1126 K
(sodium and potassium glasses) for 2.5 hours. The
melts were then poured on a brass plate and pressed
quickly with another brass plate. The glasses thus
obtained were transparent brown and greenish in
colour. The glasses were annealed at 330 K for
several hours to remove the thermal strains.

2.2. EPR Measurements

The EPR spectra were recorded at room temperature
R, for all glasses and at different temperatures for
two glasses (LPT 9V and KPT 8 Cr) onaJEOLFE1X
EPR spectrometer. The EPR spectrometer was
operated at the X-band frequency with a modulation
frequency of 100 kHz. The microwave frequency was
kept at 9.205 GHz. The magnetic field was scanned
from 0 to 500mT with a scan speed of 25mT/min.
Powdered glass specimen of 100 mg was taken in a
quartz tube for EPR measurements. The EPR
spectrum of the CuSO,,. 5SH,O powdered material was
also recorded at 9.205GHz as a reference to calculate
the absolute number of spins. The detailed
experimental procedure has been explained in the
literature [4,5].

3. Results
3.1. Calculation of Gibbs Free Energy

The Gibbs free energy AG can be calculated using
the expression

AG = 2.303 RT log, , (k, T/Ah) (1)

where, AG is the Gibbs free energy, R is the Universal
gas constant (8.31 J/K/mol), k; is the Boltzmann
constant (1.38 x 10723 J/K), T is the absolute
temperature, A is the rate constant and is equal to the
number of spins per 100 mg and h is the Planck’s
constant (6.63 x 1073* Js). The Gibbs free energy for
the VO** and Cr?** centers have been calculated at
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different concentrations and temperatures. The Gibbs
free energy for 9 mol % of VO?* ions in lithium lead
borotellurite (LPT 9 V) glass is 27.62 kJ/mol. The
Gibbs free energy for 8 mol % of Cr3* center in
potassium lead borotellurite (KPT 8 Cr) glass is 14.35
kJ/mol.

3.2. Calculation of Activation Energy, Entropy,
Enthalpy and Pre-exponential Coefficient

Fig. 1 shows a graph between log,, N and the
reciprocal of absolute temperature (1/T) for VO?*ions
in lithium lead borotellurite glass (LPT 9 V). Fig. 2
shows a linear relationship between log,, (N/T) and
the reciprocal of temperature for VO?* ions in lithium
lead borotellurite glass (LPT 9 V). The activation
energy, entropy, enthalpy and PEC were calculated
from the slopes and intercepts of the graphs. The
detailed procedure is explained in the discussion
section. Fig. 3 shows a linear relationship between
log,, (N/T) as a function of reciprocal of absolute
temperature for KPT 8 Cr glass.

Fig. 1: Logarithmic of number of spins as a function of reciprocal
of temperature for LPT 9 V glass

3.3. Calculation of Phase Memory Time

The phase memory relaxation time T _ can be
determined using the expression

SNEY)

m = 47[2g2,82N (2)

Fig. 2: Log,, (N/T) as a function of reciprocal of absolute
temperature for LPT 9 V glass

Fig. 3: Log,, (N/T) as a function of reciprocal of absolute
temperature for KPT 8 Cr glass

where ; =h/2 @, h = Planck’s constant, g = the g-
factor, B = Bohr magneton, N = the number of spins
per 100 mg of LPT 9 V and KPT 8 Cr glasses. This
formula yields T _at4 s at 123 K for the VO center
in LPT glass. The T value for Cr>* ions in KPT glass
at 123 K is 2.17 ms. The T, value is three orders
smaller in VO?* center in LPT 9 V glass than in Cr3*
center in KPT 8 Cr glass. This confirms that the fast
relaxing VO?* centers are found in LPT glass than
Cr3* centers in KPT glass. A plot is drawn between
T, and absolute temperature for VO?* center in LPT
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glass and is shown in Fig. 4. Figure 5 shows a linear
relationship between T, and absolute temperature T
for KPT 8 Cr glass.

Fig. 4: The phase memory time T, or T, as a function of absolute
temperature for VO?* center in LPT glass

Fig. 5: The phase memory time T, or T, as a function of absolute
temperature for Cr** center in KPT glass

3.4. Calculation of Pauli Magnetic Susceptibility

The Pauli magnetic susceptibility can be calculated
using the expression

_3Ng’BJ(J +1)

zPauli - 2kBT (3)

where, N is the number of spins per m?, g is the g-
factor, [ is the Bohr magneton, J is the total angular
momentum quantum number, k; is the Boltzmann
constant and T is the absolute temperature. The linear
relationship between the absolute temperature and
the reciprocal of Pauli susceptibility for LPT 9 V glass
is shown in Fig. 6.

Fig. 6. The plot between the absolute temperature and the
reciprocal of Pauli magnetic susceptibility for LPT 9 V glass

3.5. Calculation of the Exchange Field

The exchange field B, can be calculated using the
expression

B, = (4)

where, kj is the Boltzmann constant, 0 is the Curie
temperature and Mg is the Bohr magneton. The
exchange field is also called as internal molecular
field and is proportional to the magnetization. The
magnitude of the exchange field may be of the order
of 1000 T [6].

3.6. Calculation of Exchange Integral

The exchange integral J can be calculated using the
expression

k.0
J=§ (5)
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where, kB is Boltzmann constant, 0 is the Curie
temperature.

3.7. Calculation Interaction

Energy E

of Exchange

The exchange interaction energy can be determined
using the expression

E=-2JY5,.S, (6)

where, J is the exchange integral S. and Sj are the
nearest neighbour spins.

4. Discussions

The Gibbs free energy is the largest in LPT 9 V glass
than KPT 8 Cr glass. This is due to more number of
spins in LPT 9 V glass. The calculated Gibbs free
energy is of the same order as reported in literature
for natural amethyst and glasses by SivaRamaiah et
al. [7] and SivaRamaiah [8]. The Gibbs free energy
is a temperature and concentration dependant
quantity. It is useful for coupling the thermodynamic
parameters with the phase equilibrium calculations
[9]. It is useful to know the stability of chemical
process such as the isothermal and isobaric processes.
It is observed that the Gibbs free energy increases
with the increase of concentration and temperature
for both the VO** and Cr** ions.

The data of the graph (log N versus 1/T) is fit
to a straight line (Fig. 1). The slope of the graph gives
the activation energy E, at 0.014 eV (23.18 x 102
J). The molecular force of attraction can be predicted
from the value of activation energy. The intercept on
Y axis of this graph gives the pre-exponential
coefficient (PEC) as 38 per second. The PEC for Cr3*
ions in alkali lead borotellurite glass (KPT 8 Cr) is
found to be 36 per second.

The PECs are nearly equal for both the ions.
This indicates that the collision frequency between
the TM (transition metal) ion and the glass lattice is
equal in both the glasses. The PEC is useful for
determining the spin orientation, spin density and spin
concentration. The calculated value of activation
energy and PECs are of the same order as obtained
in the literature [8].

The entropy AS is calculated from the intercept
of the linear graph. The enthalpy AH is calculated
from the slope of the linear graph. The calculated
values of entropy and enthalpy of the VO** center
are 0.78 meV (12.61 x 10723 J) and 23 meV (368.15
x 1072 J). From the graph of log,, (N/T) and 1/T
[Fig. 3], the calculated values of entropy and enthalpy
for the Cr3* center are 1 meV (16.41 x 102 J) and
0.034 eV (544 x 10723 J). These values are in good
agreement with the values reported in literature for
glasses by SivaRamaiah [8] and quartz by
SivaRamaiah et al. [7].

The entropy and enthalpy of activation represent
total heat content in glasses. These parameters are
useful for measuring the thermal conductivity of
glasses. They also represent strain and exchange
interaction at the field boundaries of the domains in
glasses. The domains are small regions in the
magnetic substance which accommodate spins of the
order of 10'8 spins per/g.

The entropy and enthalpy are greater in Cr**
center in KPT 8 Cr glass than in VO?* center in LPT
9 V glass. This information suggests that the large
strain and exchange interactions are found in KPT 8
Cr glass than in LPT 9 V glass. From the graph of T |
versus T (Fig. 4), it is ascertained that the T
increases from 3.6 to 5.5 pus when the temperature
increases from 153 to 433 K. This has been attributed
to the increase in spin density at the Fe sites with the
increase of temperature [10].

The T value for KPT 8 Cr glass at 123 K is
2.2 ms. From the Fig. 5, it is observed that the T
increases from 2.2 to 5.8 ms when the temperature
increases from 123 to 313 K. The short T supports
for the structural complexes in glasses and also
supports that the spins are localized near the surface
region with strong spin-spin interactions. The
structural complexes and spin-spin interactions are
larger in LPT 9 V glass than KPT 8 Cr glass.

The Pauli magnetic susceptibility at 123 K for
LPT 9 V and KPT 8 Cr glasses are computed as 8 x
10*and 42 x 107 m’/kg. These values are larger
than the Curie magnetic susceptibilities reported by
Sreekanth Chakradhar er al. [4,5] in the glasses. The
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large values indicate that more number of Pauli spins
are observed than the Curie spins. The Pauli magnetic
susceptibility is two orders larger in LPT 9 V glass
than KPT 8 Cr glass. This implies more paramagnetic
nature of VO?>* ions than Cr* ions in alkali lead
borotellurite glasses.

It is observed that the Pauli magnetic
susceptibility increases with the decrease of
temperature for both VO**and Cr** ions in alkali lead
borotellurite glasses. This is attributed to the increase
in number of spins with the decrease of temperature.
The Pauli electrons are exhibiting significant role than
Curie electrons in the paramagnetism of glasses. The
intercept of this linear relationship graph [Fig. 6]
gives the Pauli temperature at 78 K. The reciprocal
of the slope of this linear relationship graph gives
the Pauli constant at 680 emu/mol.

The values of Pauli temperature and Pauli
constant are larger than the values of Curie
temperature and Curie constant determined in LPT 9
V glass as reported in literature [4]. The high Pauli
temperature indicates that the ferromagnetic
transitions are predominant in LPT 9 V glass. The
ratio of the Pauli magnetic temperature to the Pauli
constant gives the molecular field constant Jp. The
molecular field constant I is found as 0.11 K/emu/
mol. This positive value supports for the paramagnetic
nature of the substance.

A linear relationship between the absolute
temperature and the reciprocal of Pauli magnetic
susceptibility of KPT 8 Cr glass is shown in Fig. 7.
From the intercept of this linear relationship graph,
the Pauli temperature is estimated as 116 K. From
the reciprocal of slope of this linear relationship, the
Pauli constant is determined as 1397 emu/mol. The
Pauli temperature and Pauli constant are larger in LPT

Fig. 7: The plot between the absolute temperature and the
reciprocal of Pauli magnetic susceptibility for KPT 8 Cr
glass

9 V glass than KPT 8 Cr glass. The large values of
Pauli temperature and Pauli constant reveal that the
large ferromagnetic interactions are found in LPT 9
V glass than KPT 8 Cr glass. The molecular field
constant Jp can be determined as 0.08 K/emu/mol.
This positive value supports for the paramagnetic
nature of KPT 8 Cr glass.

The evaluated exchange field for the LPT 9 V
glass for the Curie spins is 124 T. The exchange
integral for the Pauli spins for LPT 9 V glass is 117
T. The exchange field is slightly more for Curie spins
than Pauli spins. The exchange field for KPT 8 Cr
glass is 172 T and is equal for Pauli spins. The large
exchange field in KPT 8 Cr glass indicates large
magnetic interactions and internal molecular field in
this glass.

The exchange integral J explains the nature of
magnetic state and the stability of magnetic state. If

Table 1: Gibbs free energy AG, entopy AS, enthalpy AH, pre-exponential coefficient (PEC), exchange field B, exchange integral
(J), exchange interaction energy (E) for LPT 9 V and KPT 8 Cr glasses

Name of the glass AG AS AH PEC B, J E
(kJ/mol) (V) (meV) (s (T) (meV) (meV)

LPT9V 27.62 0.78 38 124 2.4 1.21

KPT 8 Cr 14.35 1 36 172 3.33 15
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the exchange integral is positive, the magnetic state
is stable. If the exchange integral is negative, the
magnetic state is unstable [11]. The evaluated
exchange integral for LPT 9 V glass is 2.4 meV
(38.2 x 107237J). The exchange integral in the present
case is positive and supports for the stability of the
magnetic system. The exchange integral is equal for
Curie spins and Pauli spins. The exchange integral
for KPT 8 Cr glass is found to be 3.33 meV
(53.36 x 10-2%). The exchange integral is slightly more
for KPT 8 Cr glass.

The exchange interaction energy E for LPT
9V glass can be evaluated as 1.21 meV (2.44 x
1022J). The exchange energy appears in the total
energy as if there exists a direct coupling between
the two spins. It must be emphasized, however, that
the exchange interaction is fundamentally
electrostatic and that the spin enters into the energy
expression as a consequence of the Pauli Exclusion
Principle [11]. The exchange interaction energy is
equal for Curie and Pauli spins. The exchange
interaction energy is found to be 15 meV (24 x 10~
22y for KPT 8 Cr glass and is equal for Pauli spins.
The large exchange interaction energy in KPT 8 Cr
glass indicates large magnetic interactions in this
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