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Abstract Semiconducting oxide glasses of the system
(80 — x)Bi,03—20PbO-xFe,05, where x = 5, 10 and 15
mol.%, were prepared and investigated for dielectric
properties in the frequency range 120-100 KHz and tem-
perature range 300-550 K. Analysis of the electrical
properties has been made in the light of small polaron
hopping model. The parameters obtained from the fits of
the experimental data to this model are reasonable and
consistent with glass composition. The conduction is
attributed to non-adiabatic hopping of small polaron. The
ac conductivity results suggest that the correlated barrier
hopping (CBH) is dominant in ac conductivity.

Introduction

Iron bismuthate glasses are electronically conducting
glasses with polaronic conduction mechanism [1-6]. In
these glasses, iron ions exist in two valence states and the
electrical conduction occurs by hopping of polaron from
Fe* to Fe*™. In hopping process, the electron disorders its
surroundings, by moving its neighboring atoms from their
equilibrium positions causing structural defects in the glass
network named small polarons. Hence, small polarons are
charge carriers trapped by self-induced lattice distortions,
which transport consists of phonon-assisted hopping.

It was also reported that the glasses containing bismuth
oxide exhibit the high refractive index, IR transmission,
and nonlinear optical susceptibilities [7-10]. The large
polarizability of bismuth in oxide glasses makes them
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suitable for optical devices and environmental guidelines.
However, bismuth oxide is not a traditional glass former
and cannot form glass by itself. In the presence of strong
polarizing cations, Bi*" ions can reduce its coordination
number from six to three and the glass networks may
consist of both [BiOg] highly distorted octahedral and
[BiO3] pyramidal units [11, 12]. Due to its dual role, as
modifier with [BiOg] octahedral and as glass former with
[BiO3] pyramidal units, bismuth ions may influence the
electrical properties of glasses.

The aim of this work was, thus, to perform measure-
ments of dielectric constant of the glass system of the
composition (80 — x)Bi,03;—20PbO—-xFe,O3, where x = 5,
10 and 15 mol.%, at the temperature range 300-600 K and
in the frequency range from 120-100 KHz, in order to
investigate the response of the permanent dipoles as a
function of frequency, temperature, and glass composition.
The dc and ac electrical conductivity investigated of the
glass system to understand the mechanism of electrical
conduction. The density of these systems with different
molar percentages of Fe,O3; was also measured to under-
stand whether chemical reaction had taken place or not on
the introduction of Fe,Oj3 in the Bi,O3-PbO glass.

Experimental

Glass samples were prepared from the reagent grade
chemicals Bi,03, PbO, and Fe,O3 (99.9%). The chemicals
with appropriate properties (Table 1) were mixed uni-
formly. The homogeneous mixture was taken in a platinum
crucible and placed in a furnace. The mixture was melted
in the temperature range 1,100—1,150 °C depending on the
compositions for 1 h. The melt was then poured on a thick
copper block and immediately quenched by pressing with
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Table 1 Chemical composition and physical properties of Bi,O3;—PbO-Fe,O5 glasses

Glass no. Composition (mol.%) d(g cm ™) N x 10*' (cm™) R (A) 0p (K) W (eV)
Bi,O; PbO Fe,0;
75 20 5 4.96 2.674 7.204 729 0.950
70 20 10 4.87 5.252 5.752 716 0.895
65 20 15 4.78 7.732 5.056 711 0.821

another similar copper block. X-ray powder diffraction 108

(XRD) measurements have been carried out on Shimadzu aos |

XD-DI, X-ray Diffractometer VG 207RIl and CuK, = 3

1.54056 A for grounded powder of the as-quenched sam- )

ples as a necessary technique for proving the amorphous s

nature of the samples. The density of the samples was E 490 T

measured at room temperature by Archimedes principle 3: 4.88

using carbon tetrachloride as an immersion liquid. The ‘2 486 |

concentration of iron ion, N (cm ™), was estimated using R asa |

N = dPNA/(Ay x 100), where d is the density of the el

sample, P the weight percentage of atoms, N, the Avo- aso |

gadro constant, and A,, the atomic weight. -
. .. 478

The dc electrical conductivity was measured by means of :
two-probe method, which was appropriate for high resis- 46, sl ' gl ' 16 ' 1|2 ' 1:; T
tance materials. Silver painted electrodes were pasted on the Fe, O, (mol%)

polished surface of the samples, then were situated between
two polished and cleaned copper electrodes. The current is
monitored by means of an electrometer [model: 425A HP],
milivoltmeter for measuring the temperature over temper-
ature range 300-550 K with heating rate 2 K/min, constant
voltage source 24 V, and a home-made furnace. Isothermal
ac measurements were done using a computer controlled
CRL bridge (Stanford Res. Model SR-720), for measure-
ments in the frequency range 0.12-100 kHz and tempera-
ture range 300-550 K. The calculation of the conductivity
o(w) and relative permittivity &(w) were performed sepa-
rately using the experimental data and dimensions of the
samples. All experimental data at a given temperature is
contained in G(w) and C(w), where G is the conductance, C
the capacitance and w = 2xf the angular frequency. The
conductivity, ¢, and relative permittivity, ¢, were ¢ calcu-
lated from the impedance measurements using the equations
0 = Gl/A and ¢ = Cl/e, A, where A and [ are the sample area
and thickness, respectively, ¢, the permittivity of free space.

Results and discussion

The glassy state was confirmed by the absence of peaks in
XRD patterns. The XRD patterns exhibit a broad diffuse
scattering at low angles instead of crystalline peaks, con-
firming a long-range structural disorder characteristic of
amorphous network. The densities of the glasses are shown
in Fig. 1, which decreased with increasing Fe,O5 content.

Fig. 1 Effect of Fe,O; content on density (d) for different glass
compositions

These were found to be of the same order when compared
with those of bismuthate glasses [13, 14]. These trends can
be explained rather simply as to the replacement of a
lighter cation (Fe) by heavier one (Bi) [14].

Figure 2 shows the variation of logarithm of dc conduc-
tivity of Bi,O3;—PbO-Fe,O; glasses as a function of inverse
temperature (7). Itis observed that ¢ increases smoothly with
increasing temperature, indicating temperature-dependent
activation energy, W, characteristic of small polaron hop-
ping (SPH) conduction mechanism in TMO glasses [7, 9]. At
high temperature (T > 0p/2, where 0y is the Debye tem-
perature), the conductivity data of the Bi,O3—PbO-Fe,O;
glasses can be interpreted in terms of the phonon-assisted
hopping model given by Mott and Davis [15, 16] namely

Ne’R? 4
o= VOLC(I — C)exp(—2aR) exp (ﬁ)

0o -w
_ % " 1
T eXp( kT > ’ )
6o = ———C(1 — C) exp(—2aR), (2)
where o, is the pre-exponential factor depending on the
separation between the conduction -carriers, v, the

longitudinal optical phonon frequency (~ 10" Hz), « the
inverse localization length of the s-like wave function
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Fig. 2 Temperature dependence of dc conductivity (In o4.) for
different glass compositions

assumed to describe the localized state at each site,
(C = Fe”/ZFe) the ratio of concentration of TMI
(transition metal ions) in the low valence state to the
total concentration of the TMI, R the average hopping
distance (:1/N)” 3, W the activation energy, e the electronic
charge, K the Boltzmann constant, and 7 absolute
temperature. The experimental conductivity data above a
typical temperature (7T < Op/2), where nonlinearity is
observed in Fig. 2, are fitted with Eq. 1 by least-squares
method and the best fit parameters are shown in Table 2.
The small polaron hopping model predicts an appreciable
departure from the linear curve of log ¢ against 1/7T at a
temperature 0p/2, where 0y (Debye temperature) is defined
by the relation hv, = kfp. Assuming a strong electron—
phonon interaction, Austin and Mott [16] showed that the
activation energy W is the result of polaron formation of
binding energy W,, and an energy difference Wp, which
might exist between the initial and final sites due to
variation in the local arrangements of ions, i.e.

0
W = Wy + Wp/2 forT>7D, (3)

0
W =Wp forT<TD7 (4)
where Wy is the polaron hopping energy and Wp the
disorder energy arising from the energy difference of the
neighbors between two hopping sites. The nature of

polaron hopping mechanism (adiabatic or non-adiabatic)
can be estimated [17, 18] from a plot of logarithm of the
conductivity against activation energy at different
experimental temperatures (7) for all these glasses. It is
expected that the hopping will be in the adiabatic regime if
the temperature estimated (7,) from the slope of such a plot
is close to the experimental temperature, otherwise the
hopping will be in the non-adiabatic regime. In this way,
hopping at higher temperatures is inferred to be in the
adiabatic regime for the vanadate glasses with conventional
glass formers [19, 20]. From the plot of log ¢ against W at
different temperatures for Bi,O;—PbO-Fe,O; glasses
(Fig. 3), the estimated temperatures (shown within
parenthesis) obtained from the slopes are quite different
from the experimental temperature (shown outside the
parenthesis) suggesting non-adiabatic hopping conduction
mechanism for the Bi,O;-PbO-Fe,O5 glasses. This non-
adiabatic conduction mechanism is further confirmed from
the calculation of the polaron bandwidth (J) from the
following relation [21]:

2kTWir\ ' * v\ 2
- ( A H> (%) (Adiabatic hopping), (5)
2kTWir\ (o2
I ( H> <V> (Non—adiabatic hopping),
T Y
(6)

where J is the polaron bandwidth related to the electron
wave function overlap on the adjacent sites. The values of
(2kTWy /7)'* (hvo /7)"/? varies from 0.036 to 0.043 eV at
300 K for all the glass concentrations. The values of J
independently estimated from the relation [21], J =
e3[N(EF)/(808p)3]1/2, varied from 0.16 x 107 to 4.03 x
107% eV depending on the concentration. These values of J
are much smaller than those estimated from the right-hand
side of Eq. 6 confirming non-adiabatic hopping conduction
for these glasses. Holstein [21] has suggested a method for
calculating the polaron hopping energy Wy:

2 ~ Wp 62 1 1
WH:(1/4N)ZP 7)) hwq:7=4—%(g—ﬁ), (7)
where W, is the polaron binding energy and (1/e,) =
(1/exs) — (1 /&), and &, and ¢, are the static and high-
frequency dielectric constant of the glass, respectively.
Using Wy, rp, and R values, we estimated ¢, = 35.01-5.59

Table 2 Physical properties and polaron hopping parameters of Bi,O;—PbO-Fe,0; glasses

Glass no. v x 1013 (87 Wy (eV) Tp (A) &p N (Ep) x 10*' (eV'm™3) Vp
1.521 0.459 2.902 13.26 0.806 17.44
1.494 0.474 2.318 19.23 1.639 15.33

3 1.483 0.287 2.037 36.12 2.502 9.357
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Fig. 3 Effect of Fe,O; content on dc conductivity (In og.) at
T = 300 K and activation energy (W) for different glass compositions

(Table 2) for Fe,O3; = 5-15 mol.%, which were com-
parable to those for Fe,03;-Bi,03;-K,B40; glasses
(ep = 27.4-43.0) [22], y, is the electron—phonon coupling
constant and «, the frequency of the optical phonons of
wave number. Using the mean spacing between the
transition metal ions R calculated from the glass density
data, the polaron radius is estimated by Bogomolov et al.
[23], and they have calculated the polaron radius r, for a
non-dispersive system of frequency v, for the estimated
values of ry:

1/3
ry = 1/2(n/6N)"? = R(“) . (8)
2\ 6
The possible effect of disorder has been neglected in the
above calculation; the small values of polaron radii suggest
that the polarons are highly localized [23]. The density of
states at the Fermi level can be estimated from the
following expression [15]:

N(Eg) = 3/4nR°W. 9)

The results for the present glasses are listed in Table 2. The
values of N(Eg) are reasonable for localized states. We
estimate the optical phonon frequency, (v,) in Eq. 2 using
the experimental data from Table 1, according to
hv, = kOp (h is the Plank’s constant) [24]. To determine v,
for the different compositions, the Debye temperature 0p
was estimated by T > 0p/2 (Eq. 3). 0p of the present
glasses was obtained to be 711-729 K, which was nearly
the same as the values of V,0s—P,0s [25] Thus, these
estimated 6p values indicate to be physically reasonable.
Then, with the 60p values, v, was calculated using
Vo = kOp/h. The values of 0p and v, are summarized in
Tables 1 and 2. The values of small polaron coupling
constant y,, a measure of electron—phonon interaction,
given by the formula y, = 2Wy/hv, [16, 20] were also
evaluated for the present glasses. The estimated value of y,

is 9.35-17.44 (Table 2), which is larger than those for
V,05-Bi,05 glasses doped with BaTiO3 (7.05-7.60) [26]
and less than Fe,03;—Na,P,0q¢ glasses (66.74-97.60) [27].
The value of y, > 4 usually indicates a strong electron—
phonon interaction [15] (Figs. 4, 5).

The hopping carrier mobility p can be estimated for the
present glasses. For non-adiabatic hopping regime, p is
given by [28]:

n= ﬁ l —TE 1/2J2 exp ﬂ
kT ) \h) \4WyukT kT )

u values were estimated for 7 = 300 K with the data of R,
J, and Wy in Tables 1 and 2. The hopping carrier con-
centration N, is then obtained using the well-known for-
mula N, = ag/eu. Table 3 shows the results, indicating that

(10)

0.96
094 -
0.92 -—
0.90 -
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Fig. 4 Effect of the mean distance (R) on activation energy (W) for
different glass compositions
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Fig. 5 Effect of activation energy (W) on dc conductivity (In o) at
T = 300 K for different glass compositions (tanf = —1/2.303 kT)
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Table 3 Hopping carrier mobility and density of Bi,O;-PbO-Fe,05
glasses

Glass no. u (cm2 v! Sfl) N, x 10*! (c73)
8.128 x 10713 11.02
2569 x 107! 0.155

3 4963 x 107° 0.0028

the u increases with Fe,O5; content. u values were evalu-
ated tobe 8.12 x 10711496 x 1077 cm?> V- ! s™'and N,
values 11.02 x 10*'-0.28 x 1019 cm™>, being the same
order as those for NiO-V,05-TeO, glasses [29]. As the
localization condition for hopping electrons is
uw> 102em?> v st [28], the results mean that elec-
trons in the present glasses are localized mainly at iron site.
Therefore, conduction in the present glasses is due to
hopping [30].

Figure 6a, b, showed the variation of dielectric constant,
¢, and dielectric loss, &”, with temperature, for the sample
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Fig. 6 A representative example of the dielectric permittivity as a
function of temperature for a glass sample with x = 10 mol.% Fe,03

@ Springer

containing 10 mol.% Fe,O3, as a representing example of
the present glass system. It can be noticed that, the values
of ¢ and ¢’ decreases with increase in frequency and
increases with increase in temperature. Similar results were
observed in all samples. These measured & values of the
present glasses are in agreement with the reported & values
for similar glass systems containing transition metal oxides
[31].

The increase in dielectric constant of the sample with
increase in temperature is usually associated with the
decrease in bond energies [5]. That is, as the temperature
increases two effects on the dipolar polarization may occur;
(i) it weakens the intermolecular forces and hence enhances
the orientation vibration, (ii) it increases the thermal agi-
tation and hence strongly disturbs the orientation vibra-
tions. The dielectric constant becomes larger at lower
frequencies and at higher temperatures, which is normal in
oxide glasses and, is not an indication for spontaneous
polarization [2]. This may be due to the fact that as the
frequency increases, the polarizability contribution from
ionic and orientation sources decreases and finally disap-
pear due to the inertia of the ions.

In Fig. 6a, b, it can be seen that the ¢ increases with
increase in temperature and at high temperatures it
increases more rapidly. This behavior is typical to the polar
dielectrics in which the orientation of dipoles is facilitated
with rising temperature and thereby the dielectric constant
is increased. At low temperatures, the contribution of
electronic and ionic components to the total polarizability
will be small. As the temperature is increased, the elec-
tronic and ionic polarizability sources start to increase [8].

On the other hand, Fig. 7 shows the permittivity at room
temperature as a function of composition and frequency, it
can be noted that the dielectric constant, &', increases with

4 F

40

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Ln f (Hz)

Fig. 7 Dielectric permittivity as function of glass composition and
frequency at room temperature for the glass system (80 — x)Bi,O3—
20PbO-xFe,O3; where x = 5, 10, and 15 mol.%
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increase in Fe,O5 concentration in the glass system. It may
be attributed to the decrease in electronic contribution to
the total polarizability [3, 7].

The frequency dependent conductivity o,.(®) increases
approximately linearly with angular frequency w:

Oac(®) = ay(®) — 64 = Aw®,

(11)

where the frequency exponent S < 1, and o((w) is the total
conductivity, which is actually the measured factor in an ac
experiment. The experimental value of the measured ac
conductivity as a function of temperature and frequency are
shown in Fig. 8 for a glass of the composition containing
10 mol.% Fe,O3 as an example of the glass series, other
compositions of the series show similar behavior. The
phenomenon has previously been attributed to relaxation
caused by the motion of electrons, atoms, hopping or
tunneling between the equilibrium sites [15].

The frequency dependence of conductivity suggests the
hopping conductivity. The S values were calculated from
the slopes of Lno,. versus Lnf plots. The estimated fre-
quency exponent S is shown in Fig. 9 as a function of
temperature from room temperature onwards. The expo-
nent S decreases smoothly with increasing temperature.
The numerical values of S at room temperature are in the
range 0.85 < § < 0.98, which are closely associated with
proven carrier transport: hopping electrons. It has been
established that a value of S close to unity is to be asso-
ciated with the lattice responses [32]. The distinction
between lattice and carrier responses is that they corre-
spond to intrinsic and extrinsic processes, respectively, due
to some impurities or injected carriers as a result of the
existence of transition metal ions.

ac
'
=

Lno (Qm)']

0 0.12kHz

o 1 kHz
,16 -
10 kHz
v 100 kHz
18 N 1 N 1 N 1 N 1 N 1
0.0020 0.0022 0.0024 0.0026 0.0028 0.0030
UT (K™

Fig. 8 A representative example of ac electrical conductivity as a
function of temperature and frequency, for a glass with x = 10 mol.%
Fe,O5. All other samples show similar behavior in the frequency
range 0.12-100 kHz
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Fig. 9 Plot of the frequency exponent, S, as a function of temper-
ature, for the glass system (80 — x)Bi,O3;—20PbO-xFe,O; where
x =5, 10, and 15 mol.%

On the other hand, the complex dielectric constant is
represented by ¢* = ¢ + j&”, where &' is the real part and &’
the imaginary part of the dielectric permittivity, respec-
tively. And, the corresponding real part of the ac conduc-
tivity obeys the following relation:

Gac(®) = gowe tan d, (12)

where tan 6 = ¢"/¢/, defines the loss tangent, which is
independent of the sample geometry, &, is the free space
permittivity. According to Elliott [32], the correlated barrier
hopping (CBH) model was proposed and was applied to the
chalcogenide glassy semiconductors as well as to oxide
glasses. In this model, the bipolaron has been proposed to
interpret the frequency dependent conductivity. This model
was successful in explaining many temperature dependent
conductivity results at low temperature. However, it does
not explain the high temperature behavior particularly in the
low frequency range. This theory was extended to high
temperature by assuming a single polaron hopping [33],
where it produces more satisfactory results. In this respect,
the ac conductivity of Eq. 12 may be given for correlated
narrow-band limit for random sites and single polaron
hopping [34] as:

1 R,\°
O-ac(w) = ﬁn3808/w (RU> y

where R = (1/N)'?, as given above, while the hopping
distance R,, at frequency o is given by;

(13)

o2

Ry = )
“ " meee Wy — KT In(1/w1,)]

(14)

where e is the electronic charge, ¢ the dielectric constant,
&, the dielectric constant of free space, Wy, the maximum
barrier height, 7, the Debye relaxation time of the order

@ Springer
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Table 4 Electrical parameters of Bi;O;—PbO-Fe,0; glasses

Glass no. Wy (eV) W, (eV) % R, (A) S Ino,(Qm)™'
0.712 0.7891  1.11 179 098 5.17
0.558 0.760 121 3.00 092 4.89
0.446 0.735 138 471 085 472

1073 s [15, 31], and K the Boltzmann constant. On
applying Eq. 13 to the experimental ac conductivity data, it
was found that the factor (R,/R) is in the range
(1.11-1.38 A) as a function of composition and
frequency for the present system, see Table 4 These
results indicate a hopping distance R,, (1.79—4.71 A), up
to 300 K, using the permittivity data when the exponent S,
is active, i.e., for frequencies above 1.0 kHz, see Fig. 7.
Table 4 collects the obtained results. On the contrary, the
frequency dependent conductivity in the CBH model can
be expressed in terms of the frequency exponent S, of
Eq. 11 as:

6KT

S: 1 — .
Wwm — KT In(1/w,)

(15)

On the other hand, in the CBH model, electrons in charged
defect states would hop over the coulombic barrier of
height W, given as;

, (16)

where y is the number of electrons to hop (y = 1 for single
polaron case and y = 2 for the bipolaron case), and e the
electronic charge. In this respect, we may use the familiar
notation for the relaxation time as given by [34, 35]:

W = KT In(1/w1,). (17)

The experimental data of the frequency exponent S, as a
function of temperature, shown in Fig. 9 of the glass sys-
tem (80 — x)Bi,03;—20PbO-xFe,03, where x = 5, 10 and
15 mol.%, it is noted that the S values decrease with
temperature. This suggests that the CBH conductivity is
dominant in ac conductivity mechanism of the present
glass system.

Conclusion

Semiconducting (80 — x)Bi,03;—20PbO-xFe,03, where
x =15, 10 and 15 mol.%, glasses were prepared by the
press-quenching technique from the melts. The XRD
curves confirm the amorphous nature of the present sam-
ples. The dc conduction mechanics was investigated in
terms of different physical models. The inverse tempera-
ture dependence of log(o) in the range 300-550 K gave

@ Springer

linearity but deviated from linearity for temperatures less
than about 400 K. The conduction of the present glasses
was confirmed to be due to primarily non-adiabatic hop-
ping of small polaron between Fe*" and Fe’" ions in the
glass network, this corresponded to relatively small polaron
coupling constants (y, = 2.45-3.52). The dielectric con-
stant, ¢, increases with increase in Fe,Os concentration in
the glass system. It may be attributed to the decrease in
electronic contribution to the total polarizability. The fre-
quency exponent S decreases as the temperature increases,
which suggests that the CBH conductivity is dominant in
ac conductivity mechanism of the present glass system.
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