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From electron paramagnetic resonance data of Fe>* and Mn?* ions in alkali lead tetraborate glasses, the thermodynamic
potentials such as Gibbs potential AG, entropy of activation AS, enthalpy of activation AH have been evaluated. The effect
of temperature, concentration and alkali ions on Gibbs potential is studied for Fe** and Mn?* ions in alkali lead tetraborate
glasses. It is observed that the Gibbs potential has increased with the increase of concentration and temperature. The Pauli
magnetic susceptibility is calculated at 296 K and different temperatures (123-393 K) for Fe** and Mn?* ions in alkali lead
tetraborate glasses. The pre-exponetial coefficient is calculated from the logarithmic of number of spins and the reciprocal
of absolute temperature graph of Fe3* and Mn?* ions in alkali lead tetraborate glasses. The pre-exponential coefficient
indicates the collision frequency between the transition metal ion and the glass host lattice. The phase memory relaxation
time T, (T,) and the spin-lattice relaxation time T, were calculated for the two ions. The temperature effect of the relaxation
times was studied for the two ions. The Gibbs potential, pre-exponential coefficient, Pauli magnetic susceptibility, relaxation
times were compared among Fe** and Mn?* ions in alkali lead tetraborate glasses. These values were compared among
alkali ions in alkali lead tetraborate glasses.
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1. Introduction

B,0, originated glasses have been extensively studied
over the years due to their interesting physical
properties, structural characteristics such as the
occurrence of boron anomaly [1]. They are an
important material for insulation and textile
fiberglass. The borate glasses with heavy metal oxides
like PbO as network modifiers have found great
significance and applications such as glass ceramics,
waveguides, layers for optical and electronic devices,
thermal and mechanical sensors, reflecting windows,
optical transmission devices etc. [2]. It has been
suggested that the addition of one or both of PbO
and Fe,O, results in the formation of P-O-Pb and
P-O-Fe bonds which improve the chemical

durability. B,O, is one of the most common glass
formers. The structure of vitreous B,O, consists of a
random network of boroxyl rings and BO, triangles
are connected by B-O-B linkages. It was reported
that addition of a network modifier like PbO in borate
glasses could produce the conversion of the triangular
BO; structural units to BO, tetrahedra with a
coordination number four [3]. The borate glasses were
studied by different investigators using different
analytical techniques for studying their properties and
microstructural information [4-9].

The main objectives of this study are to evaluate
the thermodynamic potentials such as Gibbs potential,
entropy of activation, enthalpy of activation from the
number of spins data [10, 11] of Fe** and Mn?* ions
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in alkali lead tetraborate glasses. The objectives
include the calculation of Pauli magnetic
susceptibility and the evaluation of Pauli temperature
and Pauli constant from the reciprocal of Pauli
magnetic susceptibility and absolute temperature
straight line graph. The objectives also include,
comparing these values between the two ions.
Sreekanth Chakradhar et al. [10, 11] studied on EPR
and optical absorption studies of Fe** and Mn?* ions
in alkali lead tetraborate glasses. They calculated
Curie magnetic susceptibility, Curie temperature,
Curie constant, activation energy from EPR data.
They have not reported the thermodynamic potentials,
Pauli magnetic susceptibility, Pauli temperature, Pauli
constant and relaxation times of Fe** and Mn?* ions
in alkali lead tetraborate glasses. The present paper
is a major theoretical work emphasized on transition
metal ions in glasses.

The thermodynamic potentials are useful for
better understanding of the stability of Fe** ions in
alkali lead tetraborate glasses. The author is interested
to calculate the phase memory (T, ) and the spin-
lattice relaxation (T,) times of Fe** and Mn?* ions in
alkali lead tetraborate glasses. The author is also
interested to know the effect of temperature on T
and T,. The Pauli magnetic susceptibility at room
and low temperatures is useful for better
understanding of magnetic transitions and
interactions of Fe** and Mn?* ions in alkali lead
tetraborate glasses. The relaxation times are useful
for knowing the detailed structural environment of
Fe* and Mn?* ions. These relaxation times are also
useful for knowing the exchange interactions,
motional dynamics, fast or slow relaxing centers. The
concept of relaxation times has been used in
Spintronics where the electron spin plays an
important role in the microstructural evaluations. It
is for the first time to report the thermodynamic
potentials from EPR data for transition metal ions in
glasses.

2. Results and discussion
2.1 Calculation of Gibbs Potential

The Gibbs potential AG can be calculated using the
expression

AG = 2.303 RT log,, (k,T/Ah) [12] ... (1)

where, AG is the Gibbs potential, 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 that can be equated
with the number of spins per 100 mg and h is the
Planck’s constant (6.63 x 1073* Js). The Gibbs
potential for the Fe3* center at g = 4.1 has been
calculated at different concentrations and
temperatures. The Gibbs potential for 1 mol % of
Fe** ions in lithium lead tetraborate (LP 1 Fe) glass
is =35 kJ/mol. The Gibbs potential for 1 mol % of
Fe** ions in sodium and potassium lead tetraborate
(NP 1 Fe, KP 1 Fe) glasses are —34, —36 kJ/mol
respectively. The Gibbs potential is the largest in KP
1 Fe glass than the remaining two (LP 1 Fe, NP 1 Fe)
glasses. The large Gibbs potential in this glass has
been attributed to the large number of spins in KP 1
Fe glass. The Gibbs potential is the largest in LP
0.75 Mn glass than NP 0.75 Mn and KP 0.75 Mn
glasses. The Gibbs potential is larger for the Fe3* ions
in alkali lead tetraborate glasses than Mn?* ions in
alkali lead tetraborate glasses. The calculated Gibbs
potential is of the same order as reported in literature
for natural amethyst by Siva Ramaiah er al. [12].

The Gibbs potential is temperature and
concentration dependant quantity. It is useful for
coupling the thermodynamic parameters with the
phase equilibrium calculations [13]. This potential
is also useful for predicting the stability of
thermochemical processes such as isothermal and
isobaric processes. The negative sign indicates that
there may be a strong attractive interaction among
Fe** and Mn?* ions and the glass host lattices in alkali
lead tetraborate glasses [12]. The negative sign also
indicates that the spontaneous strong dipolar
interactions are established among Fe3* and Mn%*
ions in alkali lead tetraborate glasses. The calculated
values of Gibbs potential support for the oxidation
states of Fe and Mn species in alkali lead tetraborate
glasses [12].

Fig. 1 shows the Gibbs potential of Fe** ions
at g = 4.1 and g = 2.0 for various concentrations of
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Fig. 1: Gibbs potential AG as a function of concentration (mol %)
of Fe3* ions in lithium lead tetraborate glasses for the
resonance signals at g = 4.1 and g = 2.0.

Fe?* ions in lithium lead tetraborate glasses for the
resonance signals at g=4.1 and g = 2.0. The graph is
fitted to a straight line by the method of least squares
for the resonance signals at g = 2. The graph is also
fitted to a curve for the resonance signals at g = 4.1.
From the above figure, it is evident that the Gibbs
potential increases from 0.5 to 3 mol % of Fe** ions
in lithium lead tetraborate glasses for the resonance
signals at g = 4.1. The Gibbs potential is constant in
the range 3-5 mol % of Fe** ions in lithium lead
tetraborate glasses for the resonance signals at g =
4.1 and later on decreases. This is due to variation of
spins with the concentration of Fe3* ions in lithium
lead tetraborate glasses. The Gibbs potential at g =
2.0 increases with the increase of concentration of
Fe** ions in lithium lead tetraborate glasses (Fig. 1).
This is due to increase of number of spins with the
concentration. The Gibbs potential variation with the
concentration of Mn?* ions in lithium lead tetraborate
glasses for the resonance signals at g = 2 is studied.
It is observed that the Gibbs potential increases with
the increase of concentration of Mn?* ions in lithium
lead tetraborate glasses for the resonance signals at g
= 2. The Gibbs potential variation with temperature
is studied for LP 1 Fe and LP 0.75 Mn glasses. It is
observed that the Gibbs potential increases with the
increase of temperature for LP 1 Fe and LP 0.75 Mn
glasses.

2.2 Calculation of Entropy of Activation, Enthalpy
of Activation and Pre-Exponential Coefficient

Fig. 2 shows the linear relationship between log,
(N/T) and the reciprocal of absolute temperature for
LP 1 Fe and LP 0.75 Mn glasses for the resonance
signals at g =4.1 and g = 2.0. Here, N is the number
of spins and T is the absolute temperature. The graph
is fitted to a straight line for LP 1 Fe glass for the
resonance signals at g = 4.1. The graph is also fitted
to a straight line for LP 0.75 Mn glass for the
resonance signals at g = 2. The entropy of activation
AS is calculated from the intercept of Y axis of the
linear graph. The enthalpy of activation AH is
calculated from the slope of the linear graph.
The calculated values of entropy of activation and
enthalpy of activation of LP 1 Fe glass for the reso-
nance signal at g = 4.1 are 0.6 meV (9.67 x 10723 J)
and 30 meV (48 x 1022 J). The calculated values of
entropy of activation and enthalpy of activation of
LP 0.75 Mn glass for the resonance signal at g = 2.0
are 1 meV (10.2 x 10723 J) and 32 meV (51.3 x 10722
J). These values are in good agreement with the values
reported in literature for quartz by Siva Ramaiah et
al. [12]. The entropy of activation and enthalpy of
activation represent total heat content in glasses.
These parameters show a path 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'® spins.
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Fig. 2. Log,,(N/T) as a function of (1/T) for LP 1 Fe glass at g = 4.1
and LP 0.75 Mn glass at g = 2.0
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The entropy of activation is greater in Mn>*
center than in Fe** center in lithium lead tetraborate
glass. The enthalpy of activation is smaller in Fe*
center than in Mn?* center in lithium lead tetraborate
glass. These results confirm that large strain and
exchange interactions are found in Mn?* center than
in Fe?* center in lithium lead tetraborate glass. The
pre-exponential coefficient is evaluated for Fe** and
Mn?* centers in lithium lead tetraborate glasses from
the intercept on Y axis of logarithmic of number of
spins and the reciprocal of absolute temperature
graph. The pre-exponential coefficient for Fe** center
at g =4.1 in lithium lead tetraborate glass is evaluated
as 43 per second. The pre-exponential coefficient for
Mn?* center at g = 2.0 in lithium lead tetraborate glass
is evaluated as 51 per second. The pre-exponential
coefficient indicates the collision frequency between
the transition metal ion and the glass host lattice. The
collision frequency is larger in Mn?* center than in
Fe* center in lithium lead tetraborate glass. The
obtained values of pre-exponential coefficient are
similar to the values reported in literature for Fe*
ions in natural amethyst reported by Siva Ramaiah et
al. [12].

2.3 Calculation of Phase Memory Relaxation Time

The phase memory relaxation time T _ can be
calculated using the expression [14]

T =93 hl4n’g’f°N " (2)

where, ii=h/2m, h = the Planck’s constant, g =
the g-factor; B = the Bohr magneton, N = the number
of spins per 100 mg of LP 1 Fe and LP 0.75 Mn
glasses. This formula yields T, at 14 ns at 296 K for
the Fe?* center at g = 4.1 in lithium lead tetraborate
glass. This value is one order smaller than the value
reported in literature [14] for glasses using the pulsed
EPR technique. The T value increases from 7 to 19
ns as the temperature increases from 123 to 393 K
for the Fe** center at g = 4.1 in lithium lead tetraborate
glass. Gubaidullin er al. [14] measured a T value of
200 ns at the temperature range 1.6-4.2 K in glasses.
This short T_ is independent of temperature. This
information suggests that the presence of strong
dipolar interactions among paramagnetic centers in
this sample [14].

T, or T, characterizes the rate at which the
transverse component of the magnetization vector
decays in the transverse magnetic plane. It is the time
it takes for the transverse signal to reach 37 % of its
initial value after flipping into the magnetic transverse
plane. A plot is drawn between the phase memory
relaxation time T_ and the absolute temperature T
for LP 1 Fe glass and is shown in Fig. 3. The graph is
fitted to a straight line by the method of least squares.
From the above plot, it is ascertained that the T
increases from 7 to 19 ns when the absolute
temperature increases from 123 to 393 K. This has
been attributed to the increase in spin density at the
Fe sites with the increase of temperature [15]. The
phase memory time T _ for heavily gamma-irradiated
E’ center in quartz is about 18-22 us [16]. This value
is three orders larger than the T value obtained for
Fe3* center in lithium lead tetraborate glass. This
confirms that the fast relaxing centers are present for
Fe** ions in lithium lead tetraborate glasses than in
heavily gamma-irradiated quartz for E’ center.

The T, value for LP 0.75 Mn glass at 296 K is
157 ns. Figure 3 also shows the linear relationship
between T and absolute temperature for LP 0.75
Mn glass. The graph is also fitted to a straight line by
the method of least squares. From the above figure,
it is observed that the T  increases from 89 to 176 ns
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Fig. 3: Phase memory relaxation time T, as a function of absolute
temperature T in LP 1 Fe and LP 0.75 Mn glasses
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when the temperature increases from 123 to 393 K.
The phase memory relaxation time T, is one order
larger in LP 1 Fe glass and two orders larger in NP 1
Fe and KP 1 Fe glasses than LP 0.75 Mn, NP 0.75
Mn, KP 0.75 Mn glasses. This confirms that the fast
relaxing Fe®* centers are observed in alkali lead
tetraborate glasses. In case of clustering, strong
dipoles coupling among Fe** ions belonging to the
same cluster may result in the fast relaxing centers
with unusually short T . The calculated value of T |
is supporting for the pairs of ions and the surface
Fe3* and Mn?* clusters with strong dipolar
interactions in alkali lead tetraborate glasses. The
short T supports for the structural complexes in
glasses [15] and also supports that the spins are
localized near the surface region with strong spin-
spin interactions [16]. The temperature dependence
of the phase memory times provides an experimental
evidence for the frequency dynamics of LP 1 Fe and
LP 0.75 Mn glasses. The motional dynamics of the
paramagnetic centers was addressed by analyzing the
temperature effect of the phase memory data [17].

2.4 Calculation of Spin-lattice Relaxation Time

The spin-lattice relaxation time T, can be calculated
using the expression [18]

T ~2h/~[3g PAB o)

where, AB is the signal linewidth, 7 =h/2m and h is
the Planck’s constant, g is the g-factor; [ is the Bohr
magneton. The spin-lattice relaxation time for LP 1
Fe glass at g =4.1 is estimated to be ~ 0.4 ns , which
is of the same order of magnitude as reported by
Maria Aldona Augustyniak-Jablokow et al. [18]. The
spin-lattice relaxation time is independent of alkali
ions and temperature variation. The spin-lattice
relaxation time for LP 0.75 Mn glass is found to be 1
ns. This value is independent of temperature variation.
The T, is also dependent on the gyro magnetic ratio
of the nucleus and the mobility of the lattice. The
measured T, value is supporting for the pairs or the
surface Fe** ions in clusters with strong spin-lattice
interactions [14].

The short spin-lattice relaxation time for Fe**

and Mn?* ions in LP 1 Fe and LP 0.75 Mn glasses
were interpreted in terms of increased energy
exchange between the spins and the lattice. This is
due to higher density of low vibrational states in the
glasses [17]. The spin-lattice relaxation time of Fe**
and Mn?* ions are nearly the same in LP 1 Fe and LP
0.75 Mn glasses. This confirms that the exchange
interaction between the spins and the lattice is similar
in both the samples. Since Fe** and Mn?* ions in alkali
lead tetraborate glasses are exhibiting two types of
spins viz., Pauli and Curie spins, therefore for
knowing the detailed magnetic interactions and
transitions, the Pauli magnetic susceptibility has been
discussed.

2.5 Calculation of Pauli Magnetic Susceptibility

The Pauli magnetic susceptibility can be calculated
using the expression [18]

Xpauti = SN P JU+1)/2 ky T (@)

where, N is the number of spins per m?, g is the g-
factor, B is the Bohr magneton, J is the total angular
momentum quantum number, k;; is the Boltzmann
constant and T is the absolute temperature. The Pauli
magnetic susceptibility at room temperature for LP 1
Fe and LP 0.75 Mn glasses are computed as 4 x 107
and 9 x 10~ m3kg respectively. These values are
larger than the Curie magnetic susceptibilities
reported by Sreekanth Chakradhar et al. [10, 11] in
glasses. The large values indicate that more number
of Pauli spins are observed than the Curie spins. The
Pauli magnetic susceptibility is two orders larger in
LP 1 Fe glass and one order larger in NP 1 Fe, KP 1
Fe glasses than LP 0.75 Mn, NP 0.75 Mn, KP 0.75
Mn glasses. This implies more paramagnetic nature
of Mn?* ions than Fe?* ions in alkali lead tetraborate
glasses.

The interaction of the * conduction electrons
with the localized non bonding 7 electrons at the
zigzag edges could only lead to Curie like Pauli
magnetic susceptibility at low temperatures [19]. The
conduction electrons yield Pauli paramagnetism and
the localized paramagnetic states correspond to the
structural defects such as the edge states yielding the
Curie contribution. It is observed that the Pauli
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magnetic susceptibility increases with the decrease
of temperature for both Fe3* and Mn?* ions in alkali
lead tetraborate glasses. This is attributed to the
increase in number of spins with the decrease of
temperature. The Pauli electrons are exhibiting
dominant role than Curie electrons in the
paramagnetism of glasses.

The linear relationship between the absolute
temperature and the reciprocal of Pauli magnetic
susceptibility of LP 1 Fe glass is studied (not shown
in figure). The intercept of this linear relationship
plot on X-axis yields the Pauli temperature at 107 K.
The reciprocal of the slope of this linear relationship
plot yields the Pauli constant at 16 emu/mol. The
values of Pauli temperature and Pauli constant are
larger than the values of Curie temperature and Curie
constant calculated for LP 1 Fe glass, as reported in
literature [10]. The high Pauli temperature indicates
that the ferromagnetic transitions are predominant in
LP 1 Fe glass. The ratio of the Pauli magnetic
temperature to the Pauli constant gives the molecular
field constant J . The molecular field constant J > is
calculated as +7 K/emu/mol for LP 1 Fe glass. This
positive value supports for the paramagnetic nature
of the substance.

The linear relationship between the absolute
temperature and the reciprocal of Pauli magnetic
susceptibility of LP 0.75 Mn glass is studied (not
shown in figure). From the intercept of this linear
relationship plot on X-axis, the Pauli temperature is
estimated as 103 K. From the reciprocal of slope of
this linear relationship plot, the Pauli constant is
calculated as 2 emu/mol. The Pauli temperature and
Pauli constant are larger in LP 1 Fe glass than LP
0.75 Mn glass. The large values of Pauli temperature
and Pauli constant reveal that the large ferromagnetic
interactions are found in LP 1 Fe glass than LP 0.75
Mn glass. The molecular field constant J, can be
calculated for LP 0.75 Mn glass as 52 K/emu/mol.
This positive value supports for the paramagnetic
nature of LP 0.75 Mn glass. This Jp value is larger
than the J » value (7 K/emu/mol) of LP 1 Fe glass.
Table 1 shows the various physical quantities
calculated for LP 1 Fe and LP 0.75 Mn glasses. Table
2 shows a comparison among the physical parameters
calculated for different alkali lead tetraborate glasses.

Table 1: A comparison of the evaluated physical parameters
for LP 1 Fe and LP 0.75 Mn glasses

Name of the physical LP1Fe LP 0.75 Mn
quantity glass glass

Gibbs potential AG =35 kJ/mol  —29 kJ/mol
Entropy of activation AS 0.6 meV 1 meV
Enthalpy of activation AH 30 meV 32 meV

Pre-exponential coefficient 43 per second 51 per second
Pauli magnetic susceptibility x,, 4x10°m’/kg  9x107 m/kg
Pauli temperature Gp 107 K 103 K

Pauli constant P, 16 emu/mol 2 emu/mol

Molecular field constant J 7 K/emu/mol 52 K/emu/mol

Phase memory relaxation time 14 ns 157 ns
T, (T,
Spin-lattice relaxation time T, 0.4 ns I ns

Table 2. A comparison of the evaluated physical quantities
for different alkali lead tetraborate glasses

Name of the Gibbs Pauli Phase- Spin-
alkali glass potential  magnetic memory lattice
—(kJ/mol)  suscepti- relaxation relaxation
bility time time
(m3/kg) T _(T,)ns time T ns
LP1Fe 35 4x10° 14 0.4
NP 1 Fe 34 3x 103 5 0.4
KP 1 Fe 36 6x 103 2.3 0.4
LP0.75Mn 29 9x 1073 157 1
NP 0.75Mn 27 36 x 1073 374 1
KP0.75 MN 27 44 x 1073 307 1

Sreekanth Chakradhar et al. [10] reported that
the resonance signal at g = 2.0 for Fe** ions in alkali
lead tetraborate glasses have been attributed to dipolar
interactions or super exchange interactions within the
pairs or Fe ions. The resonance signals at g =4.1, 6.0
have been attributed to the isolated Fe* ions in
rhombic and axial symmetry sites respectively. With
the increase of temperature, the population of clusters
of Fe** ions increases at g = 2.0 and the population
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of isolated Fe** ions decreases at g =4.1. The g =2.0
in Mn?* ions in alkali lead tetraborate glasses has
been attributed to the isolated Mn?* ions close to
octahedral symmetry. The g = 3.3 and 4.3 have been
attributed to rhombic environment of Mn2* ions [11].
The present investigation on Fe** and Mn?* ions in
alkali lead tetraborate glasses supports for the clusters
of Fe** and Mn?* ions with strong dipolar interactions.
The present investigation also supports for the
structural complexes of ions, localized spins near the
surface region in alkali lead tetraborate glasses.

3. Conclusions

The thermodynamic potentials such as Gibbs
potential, entropy of activation, enthalpy of activation
and pre-exponential coefficient, relaxations times,
Pauli magnetic susceptibility were evaluated from the
number of spins data of Fe3* and Mn?* ions in
different alkali lead tetraborate glasses. It is found
that the Gibbs potential increases with the increase
of concentration and temperature. The Gibbs potential
supports for the oxidation states of Fe and Mn species
in alkali lead tetraborate glasses. It is observed that
the entropy of activation and enthalpy of activation
indicate total heat content in glasses. These values
support for the oxidation states of Fe and Mn species
in alkali lead tetraborate glasses. These values are
greater in LP 0.75 Mn glass than LP 1 Fe glass. This
confirms that high field strain is observed in LP 0.75
Mn glass than LP 1 Fe glass. The pre-exponential
coefficient is calculated to be large in LP 0.75 Mn
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