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Glass sample of the composition 31.4 Bi;03-2.33 Pb304-64.53 Cu0-1.74 K,0 in mol% was prepared
by the conventional quenching melt technique. The as-quenched single phase glass shows interesting
ferroelectric properties which is not known in the field of glass science. If the as-quenched glass is heat

Accepted 24 June 2010 treated above the glass transition temperature all signs of ferroelectricity disappears completely. X-ray

diffraction and transmission electron microscopy as well as differential thermal analysis were used to

e ’ recognize the glassy nature of the as-quenched sample. Ac dielectric measurements were performed as
eywordas:

a function of temperature and frequency and showing ferroelectric to paraelectric phase transition at
Curie’s temperature of 540 K. Non-linear polarization as a function of temperature and applied electric
field as well as pyroelectricity were also studied. The conduction mechanism was confirmed to obey the
adiabatic small polaron hopping (SPH) and was mainly due to electronic transport between Cu ions. The
dominant factor determining conductivity was the hopping carrier mobility in this glass. From the best
fits, reasonable values of various SPH and VRH parameters are obtained.

Bi-Pb-Cu glass
Ferroelectricity
Pyroelectricity
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Dc conductivity
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1. Introduction

Since the development made by Duwez [1] and the following
success on magnetic metallic [2] and oxide glasses [3], it was a
challenge to the scientific community to achieve an equivalent
achievement in the field of ferroelectric glassy material. This is due
to, on one hand, to the novelty of the problem and the opportu-
nity of manufacturing new materials with unusual properties. On
the other hand, by the potentiality of their application in science
and engineering. However, basically in ferromagnetic glassy mate-
rial the magnetic moments can interact within a short range to
develop spontaneous alignment and the overall interaction shows
ferromagnetic properties. On the other hand, this criterion does
not apply to ferroelectric interaction, where a long-range electri-
cal dipoles interaction is necessary; such condition is not fulfilled
in a glassy network. Along the years major questions stimulating
the study of this type of material were considered, firstly: Does the
spontaneous ferroelectric state in homogeneous glass materials is
possible? Secondly: How disturbance of the long-range, average-
range and short-range order in the arrangement of atoms have an
influence on the physical properties of this class of materials? It is
necessary to emphasize on that; glassy materials are those amor-
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phous materials showing a glass transition temperature Tg with
random distribution of atomic arrangement and short-range order,
SRO [4].

Lines [5,6] put forward the first microscopic model, describing
the possible occurrence of a ferroelectric instability in an insu-
lating glassy matrix. Using the effective-field theory of statistical
mechanics which describe the physical mechanism whereby a
dielectric instability might be produced in a glass. This possibil-
ity of spontaneous dipolar ordering in bulk amorphous materials
prepared on the bases of polar dielectrics was theoretically pre-
dicted. According to his model, with great probability one could
expect a transition to the macroscopic polar state in those amor-
phous materials that were prepared by rapid melt quenching of
many-axes ferroelectrics, having a high value of spontaneous polar-
ization, for example in PbTiOs. Finally it was noted that in view
of the presence of the frozen-in dipoles, these dielectrically soft
glasses, whether ferroelectric or not, will show a strong dielec-
tric anomaly at the crystallization temperature. This is due to the
decreasingly “frozen” character of the local dipoles as the crystal-
lization instability is approached from below. However, till recently
there were no experimental works, in which Lines theory would be
reliably enough and explicitly confirmed [5-7].

In a more recent papers, Zhang and Widom [8,9] proposed a
mean-field theory that predicts ferroelectric phases in dipolar sys-
tems that lacked any specific spatial correlations, provided that the
density of the particles was above a critical value. They considered
an amorphous solid of dipolar hard spheres where the particles
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were free to rotate, but were frozen at random sites. Their predic-
tion of ferroelectric phases in dipolar systems that lack any specific
spatial correlations suggests that well-tuned short-range structure
may not be necessary for ferroelectric phase formation. However,
Ayton et al. [10,11] applied molecular dynamics and Monte Carlo
computer simulations predicted that it is possible to have ferro-
electric states without fine-tuned positional correlations. It was
predicted also that if a ferroelectric phase is to exist in a positionally
random system, the long-range spatially independent correlations
arising through the reaction field must dominate the short-range
position sensitive correlations, which generally act to frustrate fer-
roelectric order.

Recently in our series of publications [12-14] it was possible
for the first time to demonstrate ferroelectricity in a single phase
metastable glassy material namely BijgPbg3SryCa,Cus_xKyO;
(x=0.1-0.4) having spontaneous polarized state. In these publica-
tions we put forward another hypothesis [12-14]. According to our
original assumptions a ferroelectric state in the investigated glassy
materials arises during the manufacture of the bulk glassy samples
by ultrarapid melt quenching. Therefore, a polar texture is under
anisotropic mechanical stresses induced by melt quenching. This
stress induced poling process ought to strain which aligns the inter-
nal dipoles within the glass network in a long-range interacting
manner and causes it to act very similar as in a crystal, even so the
atomic arrangement in the glass structure remains random. This
stress-strain induced poling cease completely if the glass sample
was annealed at or above the glass transition temperature [12-14]
where the glass network is completely relaxed and all microstresses
are released. As a result of the ultrarapid quenching a displace-
ment of alkaline cations due to induced strain, e.g., K* and probably
CaZ*, to off center positions within the glassy network would takes
place. This behavior will lead to the ferroelectric performance of
the studied material. On the basis of the above and according to
the microscopic theory of glasses the quenched state of the glass
structure cannot be regarded simply as an arbitrary relaxed glassy
random state. This state has very special properties because it is
produced by a glass forming quench. The state of the glass is in
a metastable phase of equilibrium that is produced by the rapid
quenching of a liquid, which suppresses single particle rearrange-
ments. We may therefore state that the main restructuring process
which creates this state of the glass is a hierarchy of solid-like struc-
tural buckling processes controlled by the internal stress fields in
the glass [15].

Verification of these results of ferroelectricity in glasses of
the same composition were published recently [16-20]. However,
according to transmission electrons micrographs, TEM, Mukher-
jee et al. [16-18] interpreted the confirmed ferroelectricity as due
to nanocrystalline clusters 10-50nm in size [16-18] containing
particles of size less than 10 nm precipitated in their own sam-
ples. This interpretation was put forward without any definite
theoretical or experimental prove that these nanocrystals are the
origin of the observed ferroelectricity. According to these stud-
ies [16-18] it is interesting to note that the obtained devitrified
state do not show any sign of ferroelectricity or superconduc-
tivity. However, it may show superconducting properties under
special conditions of crystallization [21,22]. Furthermore, by apply-
ing Maxwell-Wagner polarization of heterogeneous components
[14] on Mukherjee et al. micrograph results [16-18], it was pre-
dicted that the observed ferroelectricity is duo to the glassy part of
their sample [14]. In other publications by Geridnev and Repnikov
[19,20] ferroelectricity was confirmed further in a similar set of
samples, Bi; gPbg 3Sr,CayCuz_yKxO, (x=0.1-0.4), by applying non-
linear dielectric measurements. It was revealed that the value of the
dielectric constant decreased by a quadratic law as biased dc field
strength is increased. Such behavior of the dielectric permittivity
under external bias electric field speaks in favor of a dielectric non-

linearity, which can be described in frames of a thermodynamic
theory of ferroelectricity [19,20].

On the other hand, the hypothesis put forward by us [12-14]
concerning the effect of the residual microstresses as due thermal
quashing on the local dipolar ordering was examined and explicitly
confirmed on thin Quasi-amorphous films of BaTiO3 [23,24]. Nev-
ertheless, the generation of electric polarization in an insulating
crystalline solid by an elastic strain gradient is referred to as the
flexoelectric effect [25].

Alternatively, the dc conductivity of transition metal oxide
(TMO) glasses has been targeted for extensive studies [18,26-32]
because of their interesting semiconducting properties as well
as for their probable technological applications. The conduction
mechanism in these glasses was understood by the small polaron
hopping (SPH) model [33-35] based on strong electron-lattice
interaction. The experimental results of conductivity and other
transport properties of many borate glasses containing transi-
tion metal ions supported the SPH model [31-36]. At low or
intermediate temperatures (below 6p/2, 6p: the Debye temper-
ature) where polaron binding energy is less than kT (k is the
Boltzmann constant and T is the absolute temperature), the three-
dimensional (3D) variable-range hopping (VRH) [33,36] with T/
dependence of conductivity o takes place. The VRH was reported for
V,05-NiO-TeO, [25] and V,05-Ba0-B,05 glasses [30]. VRH was
reported in BaO-CaO-Fe,;03-P,05 glasses [31] as well. However,
we reported recently the nature of polaron hopping mechanism
(adiabatic or non-adiabatic) in a series of glasses and glass—ceramic
nanocrystals of V,05-BaTiO3 series [37]. It should be mentioned
that the above two models were based, in common, on a single
phonon approach.

In the present work the electrical and ferroelectric properties of
a single phase glass sample with the composition 31.4 Bi;03-2.33
Pb304-64.53 Cu0-1.74K,0 in mol% is examined with the least
number of chemical components and showing the ferroelectric
properties.

2. Experimental

In the present work a glass sample of the compositions 31.4 Bi,03-2.33
Pb304-64.53 Cu0-1.74K;0 in mol.% was prepared by the quenched melt tech-
nique from reagent grade Bi, 03, Pb304, CuO and K, COs, respectively. The batch was
mixed and melted in a platinum crucible at 1000-1050°C for 30 min during which
the melt was stirred to improve the homogeneity. Further increase of the melting
temperature above 1050°C may cause a loss of Bi; O3 as due to volatilization. The
melt was then poured and rapidly quenched between two copper plates; hammer
and anvil. Sheets of opaque black glass samples of 0.5 mm thick were obtained. X-
ray diffraction, transmission electron microscopy (TEM) and differential thermal
analysis (DTA) were applied to identify the glassy nature of the sample. Dielectric
constant, dc and ac electrical conductivity, polarization (P), hysteresis loops (E — P)
and pyroelectricity measurements were used to identify the electrical properties of
the sample as a function of frequency and temperature.

Grounded powder of the as-quenched glass sample was examined by X-ray
powder diffraction (XRD) using Cu Ko radiation. Optical microscopy of the pol-
ished surface of the sample as well as TEM, using a JOEL-JEM-1010 transmission
electron microscope (600,000 x ) were used to examine the glass sample for possible
crystallization. Dc electrical conductivity, o4, was measured by the two probe tech-
nique as well. Silver painted electrodes were pasted on the two faces of a polished
sample. On the other hand, real ¢ and imaginary ¢” components of the dielectric
constant were performed in the frequency range 0.12-100kHz and in the tem-
perature range 300-700 K. The ac measurements were obtained using CRL Bridge,
Stanford Res. Model SR-720 which is computer controlled. On the other hand the dc
conductivity was measured with the aid of HP-425A electrometer. The sample tem-
perature was measured by a chromal-alumal type K thermocouple which is placed
as close as possible to the sample. Ferroelectric hysteresis loops were observed
using a Sawyer-Tower circuit at temperatures up to 600K and at a frequency of
70 Hz. The same circuit was used as well for the measurement of the temperature
dependence of the polarization over the temperature range 300-600K. In all these
experiments the heating rate was 2 K/min. The polarization as a function of elec-
tric field (E — P) characteristic was measured at room temperature under ac electric
field of frequency 70 Hz with amplitude reaching 15 kV/cm. Pyroelectric current was
measured on a previously poled sample (24 V) which was cooled from 570 K to room
temperature. The specimen was heated again from room temperature up to 570K
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Fig. 1. X-ray diffraction pattern of the glassy material of the compositions 31.4
Bi,03-2.33 Pb304-64.53 CuO-1.74K,0 in mol%.

and the pyro-current was monitored by means of a sensitive spot galvanometer,
102 Amp sensitivity.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the X-ray diffraction of the as-quenched glass sam-
ple. It can be seen that there are only the broad diffraction peak
characteristic of glassy structure. Similar patterns were obtained for
glasses of comparable constituents [12,22,38]. On the other hand,
a TEM micrograph is shown in Fig. 2a and b. It is seen that there is
no crystalline precipitation and shows a homogenous glassy state
indicating the glassy nature of the samples. In particular Fig. 2b
with 500 nm scale a rough surface morphology is observed. Also, by
means of the electron diffraction pattern of Fig. 3 the glassy nature
of the sample is confirmed, where only a hollow diffraction pattern
is observed. These results are in agreement with those obtained
by Bahgat and Kamel [12,13] and Bahgat [14] and in disagreement
to that obtained afterward by Mukherjee et al. [16-18] concerning
nanocrystalline precipitation.

The glassy state of the as-quenched sample was monitored also
on the other hand by DTA as shown in Fig. 4. The sample was heated
from room temperature up to 850 °K with a rate of 20°C/min.
The DTA thermogram shows two different endothermic and three
exothermic transitions. These endothermic peaks were identified
as a glass transition temperature, Tg, and the first peak which is

Fig. 3. Electron diffraction micrograph obtained for the as-quenched glass of the
compositions 31.4 Bi;03-2.33 Pb304-64.53 Cu0-1.74K;0 in mol%.

Fig. 4. Differential thermal analysis pattern of the as-quenched glass of the
compositions 31.4 Bi;03-2.33 Pb304-64.53 Cu0O-1.74K;0 in mol%, showing the
characteristics temperatures; Tc Curie’s temperature, Tg glass transition temper-
ature and Ty crystallization temperatures.

Fig. 2. Typical TEM of the glassy material with the compositions 31.4 Bi;03-2.33 Pb304-64.53 Cu0-1.74K;0 in mol%.
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Table 1

Thermal properties in K.
TC Tg Txl TxZ Tx3 Txl - Tg
540 638 690 725 775 84

usually not seen in conventional glasses. This endothermic peak is
at a temperature lower than Tg and is designated from the results
of the present work as due to a ferroelectric <> paraelectric phase
transition, i.e. Curie’s point T¢. This transition was observed previ-
ously for glasses of comparable composition with the addition of
CaO and SrO [12-14] and was confirmed by others [16-20] as well.
The three exothermic peaks, T,5, however, indicate three different
crystallization stages of the glass. Table 1 summarizes the results
of the DTA measurement. The DTA thermogram shown in Fig. 4
indicate that the endothermic peak at T, is due to a first-order
phase transition while the sample is remained in its glassy state,
where T¢ < Tg < Ty, as shown. Typically in the field of glass—ceramic
ferroelectrics the endothermic peak due to the Curie’s tempera-
ture is observed in DTA thermograms only after devitrifying the
amorphous samples [37,39].

3.2. Ferroelectric properties

3.2.1. Dielectric measurements

Fig. 5 shows the variation of the dielectric constant as a func-
tion of temperature at a selected frequency of 0.12 kHz. It can be
seen that there are mainly three different maximums. The maxi-
mum at 540K is evidently an indication that the sample is not only
in a polar phase but actually it is in a polar glassy phase transition.
The fact that DTA data shows an endothermic peak at this same
temperature could support the conclusion that our glass sample is
actually ferroelectrically ordered below 540K, namely, the Curie’s
temperature Tc. While the maximum at 630 K coincide almost with
the inflection point of the DTA thermogram (Fig. 4) indicating a
glass transition temperature Tg. However, the maximum observed
above 670K is considered as the first crystallization temperature in
agreement with the present DTA results shown in Fig. 4. These two
successive high temperature peaks, at 630 and 670K, respectively,
may be explained by the two abnormalities predicted by Lines the-
ory [5]. Commonly, at the crystallization temperature (Ty; = 690 K)
the ions take part in rapid movements to change from a random
or glassy to ordered crystalline conditions and hence the higher
dielectric constant via higher conduction-related polarization. Fur-

Fig.5. Dielectric permittivity scan as a function of temperature at applied frequency
of 0.12 kHz. The insert shows an enlarged portion of the scan showing the behavior
at the Curie’s temperature together with the trend as the temperature is lowered
from above T, — open circles “o0”.

Fig. 6. Representative dielectric permittivity as a function of temperature with dif-
ferent applied frequency of the heat treated glass above Tg, showing no sign of
ferroelectric transition at 540 K.

ther, the dielectric anomaly around the crystallization temperature
in glass of the present kind would arise from the anomalies that are
likely to take place in the thermodynamic parameters such as spe-
cific heat (Cp) and entropy [40]. In addition, the high value of the
dielectric constant, 15,000, at the Curie’s temperature is common
at the transition [41].

In addition, it is also shown in the insert of Fig. 5 (open cir-
cles) that while cooling the glass sample from or above Tg to room
temperature the peak at 540 K connected to the Curie’s tempera-
ture Tc vanishes completely. Whereas if the sample was detached
from the oven at a temperature in between T¢ and Tg, while a sec-
ond set of dielectric measurements is done the peak observed at
540K continue to be present with almost the same high values
of permittivity, similar results was reported in our earlier work
[14]. This observation may be explained by the knowledge that on
annealing a glass at the glass transition temperature all residual
microstresses developed in the glass as due to fast quenching are
vanished. This test Indicate that the observed ferroelectric instabil-
ity should have an origin due to the residual microstresses and the
associated microstrains developed in the as-cast glass during fast
quenching of the melt. In addition, it should be mentioned that if the
glass sample was heat treated at or above the crystallization tem-
peratures Tx no indication of ferroelectricity is observed as shown
in Fig. 6. During this set of measurements the usual Debye’s dielec-
tric behavior is seen [38], together with a tremendous drop in the
values of the permittivity are detected.

On the other hand, the dielectric constant data could be treated
according to the Curie-Weiss relation [42], the results are pre-
sented in Fig. 7 and Table 2:

, C

E=71_T7,

(1)

here Cis the Curie constant indicating a displacive phase transi-
tion [42]. While T, =517K is the extrapolated intersection of the
high temperature part of the plot with the temperature axis as
shown in Fig. 7. However, to identify the order of this transition
it is usually a general practice to find out the ratio, n, of the slopes,
0(1/¢)/0T, below and above Tc, which is (n=—3.43), see Fig. 7. This
value indicates according to the theory of Devonshire [42] that the
observed transition is of first-order type in agreement with the
above DTA results and is due to metastability at the transition. It is
observed that the Curie constant is in the same order of magnitude
of crystalline materials, e.g., C=1.8 x 10° K for BaTiO5 [42].

On the other hand, Fig. 8 shows the variation of the loss in terms
of, tan(8). It is seen that there are two independent loss peaks of the
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Fig. 7. Application of the Curie-Weiss law of ferroelectricity (1/¢’) as a function of
temperature at 0.12 Hz.

Fig. 8. Representation of the dielectric loss in terms of tan(d) at two different fre-
quencies (0.12 and 1.0 kHz, respectively), showing the Debye relaxation peak (in
blue) and the ferroelectric transition peak (in violet), respectively. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

same order of magnitude. It is clear that the low temperature peak, I,
is shifted to higher temperature as the applied frequency increases
indicating a Debye type relaxation [38,43]. Nevertheless, the tem-
perature position of the second high temperature peak, II, was not

Table 2
Ferroelectric parameters and spontaneous polarization at room temperature.

Plate 1. 70Hz and 12 kV/cm electric field hysteresis loop recorded at room temper-
ature of the as-quenched glass of the compositions 31.4 Bi;03-2.33 Pb304-64.53
Cu0-1.74K;,0 in mol%.

Fig. 9. Representation of the electric polarization as a function of temperature at
70 Hz excitation showing the Curie’s temperature Tc.

affected by altering the applied frequency indicating a ferroelec-
tric transition [13] as shown in Fig. 8b. Generally, the dielectric loss
factor tan(§) follows temperature behavior similar to that of the
dielectric constant g, [42]. If the phase transition is sharp, & and
tan(§) peaks at the same temperatures and both follow Curie-Wiess
law as expected from Kramrs-Kroning relations [42]. However, if
the phase transition is not well defined, then &, and tan(8) peaks
at different temperatures with T¢(tan (8)) < Te(ér), as in the present
work. Commonly the temperature separation of the two maxima
depends on the degree of disordering of the material structure and
on the temperature dependence of the dielectric relaxation.

3.2.2. Non-linear polarization and hysteresis loop

Generally, ferroelectricity is a spontaneous electric polarization
of a material that can be reversed by the application of an external
electric field. In addition a common requirement of ferroelectricity
is the non-linear rise of polarization, P, as a function of applied elec-
tric field, E, and which can be reversed as well. This to gather with
the ability of the ferroelectric material to show a permanent polar-
ization. Such properties may be easily recognized by studding the
hysteresis loop. Plate 1 shows arepresenting example of room tem-
perature hysteresis loop (E-P). The loop proves the ferroelectricity
nature of the present as-quenched amorphous sample. On the other
hand, Fig. 9 describes the non-linear behavior of polarization as a
function of temperature as extracted from the E-P hysteresis loops

To (K) Te (K) C(K) n Tc (tan(8)) (K)

&rat RT0.12kHz &r at RT 100 kHz Polarization (uC/cm?)

517 541 4.27 x 10" -3.43 512

560 120 0.107
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Fig. 10. 70 Hz electric field effect on the polarization of the as-quenched glass of the
compositions 31.4 Bi;03-2.33 Pb304-64.53 CuO-1.74 K, 0 in mol%. The solid curve
is an application of the Langevin’s function Eq. (3).

according to the relation [5]:

(2)

% - [TCT;T]UZ

Further verification of the non-linear behavior of the reduced polar-
ization as a function of the applied electric field may be examined
by applying the Langevin’s function [44]:

L(a) = coth(a) — é (3)

where « = pE, [T, E; is the local electric field, p is the electric dipole
moment, k is the Boltzmann constant and L(«) = P(E)/Pmax at a spe-
cific temperature T. It is seen from Fig. 10 that the continuous curve
described by Eq. (3) illustrate very well the experimental data. This
result shows that this glass sample is a polar material with all the
properties of a ferroelectric material unless the temperature did
not reach the glass transition temperature Tg. According to the
obtained results one may address the studied glass sample as soft
ferroelectric.

3.2.3. Pyroelectricity

Generally, it is recognized that all ferroelectric materials should
posses both the properties of piezoelectricity as well as pyroelec-
tricity, however the reverse is not essentially applies. Accordingly,
the observation of pyroelectricity is necessary but not sufficient to
prove the existence of ferroelectricity in a material. Where pyro-
electricity is defined as the change of polarization of a dielectric
with temperature after eliminating polarization effects produced
by thermal strains which accompany the temperature changes,
i.e. temperature dependence of the spontaneous polarization in
certain anisotropic solids [45]. If such a material is heated the
resulting dimensional changes will cause a change in its dipole
moment (other factors, such as change of dielectric constant
with temperature, may also contribute to this change of dipole
moment). Therefore, whenever there is a change of tempera-
ture the magnitude of surface charge requires modification to
restore electrical equilibrium with the ambient. This adjustment
is not immediate, and until it is complete there is an electric
potential difference between the ends of the material. Thus an
effect of a temperature change upon this type of material is to
produce a transient electric potential difference known as “pyro-
electric”.

The variation of pyroelectric coefficient as a function of temper-
ature for the as-quenched glass is shown in Fig. 11. The results of
the measurements of the pyroelectric current and coefficients obey
the equation given by [42]:

=4(ar) (&)

where dP/dT is the pyroelectric coefficient evaluated at tempera-
ture T and A is the surface area normal to the polar axis. The glass
was heated inside the furnace and the pyroelectric current was
measured in the temperature range 300-570K as explained above.
The heating rate (dT/dt) was fixed at 2 K/min. Indeed the pyroelec-
tric behavior of the glass is analogous to that of thermal behavior
observed in DTA. However, the difference in the temperature of the
incidence of this peak at 475 K from that of DTA study is attributed
to different time scales. Non-ferroelectric dielectric glasses with
pyroelectric properties are familiar in this field [46].

Fig. 11. Pyroelectric coefficient as a function of temperature for the as-quenched glass of the compositions 31.4 Bi;03-2.33 Pb304-64.53 Cu0-1.74K, 0 in mol%.
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Fig. 12. Proposed two-dimensional simple glass structure during the process of
quenching (a) and (b) the detestable frustrated glass structure below the glass
transition temperature Tg, showing the off center positions of the alkaline metal
[14].

3.3. Structure model

In a glass which has been cooled from the melt without any spe-
cial treatment the individual dipoles will be randomly oriented and
there will in consequence be no total dipole moment. At room tem-
perature the dipoles are not rotatable by an applied electric field
because they lie in potential wells having activation energies much
larger than kT (the product of Boltzmann’s constant with absolute
temperature) of room temperature. All glasses show a Ty above
which they behave like very viscous liquids. Structural reorienta-
tions become possible at or above this temperature. On the other
hand, if the glass melt was quenched vigorously, e.g., between two
metal blocks, the melt will be frozen rapidly in to a solid glass. This
glass would have a very special structure of quite different overall
random atomic arrangements with modified potential well differ-
ent from that which is left to freeze without any special treatment.

Fig. 12a and b, show a two-dimensional simple model scheme
predicts a very special state for the glass in which the internal
stresses are correlated with the local structure in an important way.
This state may create some sort of molecular order along the stress
axis, i.e. quenching direction. This also predicts that the quenched
state of the glass which creates instabilities is very different from
the random medium and in which one can neglect the effect of
internal stresses. Further theoretical development of this model

Fig.13. Direct currentelectrical conductivity as a function of reciprocal temperature
according to Eq. (4), of the as-quenched glass of the compositions 31.4 Bi;03-2.33
Pb304-64.53 Cu0-1.74K,0 in mol%.

is to be published elsewhere. Accordingly, one may assume that
the ferroelectricity that was observed in the present work have an
origin as due to the residual microstresses developed during the
quenching of the glass melt. If the glass transition temperature Tg
is reached, those residual microstresses will vanish due to anneal-
ing, hence the ferroelectric instability disappears, i.e. in the present
case K* ions are at center positions and instability is removed, and
the ferroelectricity disappears as shown in Figs. 5 and 6.

3.4. Dc electrical conductivity

Fig. 13 shows the relation between the dc conductivity o of the
glass and inverse temperature. This glass has o from 4.14 x 108 to
9.59 x 10-3Sm~! at temperatures from 295 to 600 K. Fig. 13 clearly
gives the linear relationship between Ino and T-!. The slope of
the curve which gives the activation energy, W, for conduction,
however, has two different values and increase towards higher
temperatures. For this linear curve with different slopes in the
two-temperature regions (295-350 and 350-600K), o is expressed
as:

o (5)on ()

where 0, is a re-exponential factor, W is the activation energy and
k is the Boltzmann constant.

The logarithm of conductivity (Fig. 13) shows linear - tem-
perature — dependence up to critical temperature 6p/2 and then
the slope changes with deviation from linearity and the activa-
tion energy is temperature dependent. Such a behavior was found
in SrTiO3-V,03-Pb0, [26] and V,05-Ba0-B,03 glasses [27]. This
phenomenon is attributed to the change of conduction mode from
SPH to VRH with decrease in temperature [28,29]. We then assumed
that changes in the slopes were caused by a transition from SPH to
intermediate VRH in the present case [30,31].

Austin and Mott [32] have proposed a model for conduction pro-
cesses in the transition metal oxide (TMO) glasses. In this model,
the conduction process is considered in terms of phonon assisted
hopping of small polarons between localized states. The dc con-
ductivity in the Mott model for the nearest neighbor hopping in
non-adiabatic regime at high temperatures (T>60p/2) is given by
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Table 3

Transport properties of Bi;03-Pb3;04-Cu0O-K;O glass.
Activation energy, W, above 385K 0.71 (eV)
Density, d 7.08 (gcm—3)
Transition metal ion sites per unit volume, 1.98 x 1022 (cm—3)

N
Hopping distance, R 0.369 (nm)
Polaron radius, rp 0.148 (nm)
Debye temperature, fp 700 (K), 486 (cm™1)
Disorder energy, Wp 0.025 (eV)
Polaron hopping energy, Wy 0.135 (eV)
AW=W-Wy 0.575 (eV)
Fraction of reduced transition metal ion, 0.81
C=Cu"/Curoral

Pre-exponential factor, Ino, (Sm~1) 7.85
Density of state at Fermi level, N(Fg) 6.69 x 102! (eV-1 cm—3)
Small polaron coupling constant, y, 4.4
Effective dielectric constant, &, 152
High frequency ¢, (100 kHz) 120
Static dielectric constant, &5 (0.12 kHz) 560
Optical phonon frequency, v, 1.48 x 1013 (s71)
Polaron band width, J 0.14 (eV)
Decay constant, o 1.46 (nm~1)
Parameter, A 36.95 (Sm~'K'/2)
Parameter, B 208.72 (K'/4)

1.63x 106 (cm2V-1s1)
8.10 x 10 (cm~3)

Hopping carrier mobility (400 K),
Hopping carrier density (400K), N.

Eq. (4) while the pre-exponential factor, o, is given by

voNe2R2C(1 — C) exp(—2aR)

0o =
k

where vy is the optical phonon frequency, C the fraction of reduced
transition metal ion (C=Cu*/Cuy,), @ the tunneling factor [31], N
the transition metal ion sites per unit volume and R the hopping
distance. The relationship between N and R is generally described
as follows:

13173
R= () ©
The calculated values of R and N are summarized in Table 3.
In the adiabatic hopping regime, however «R in Eq. (5) becomes
negligible [33,34], then the conductivity, o, and the pre-exponential
factor o, in Eq. (5) is expressed by the following equation [28,29]:

2p2 _
5, = LoNe RkC(l ) )

Assuming a strong electron phonon interaction, Austin and Mott
[32] have shown that the activation energy, W, is the result of
polaron formation of binding energy, W), and an disorder energy,
Wop, which might exist between the initial and final sites due to
variation in the local arrangements of ions, i.e.:

Wy + Wp 91)
2 7 f T i
3 or > 5

(5)

W=
(8)

=Wp for T<‘9ZD

where Wy (=W, /2) is the polaron hopping energy.
Holstein [35] has suggested a method for calculating the polaron
hopping energy Wy:

where [yp]? is the electron-phonon coupling constant and wq is the
frequency of the optical phonons. Bogomolov etal.[36] on the other
hand have calculated the polaron radius, rp, for a non-dispersive
system of frequency v, in Eq. (7):

= (g)“; (10)

The value of the polaron radii as calculated from Eq. (10), using R
from Table 3 is shown in Table 3 for the present glass. Although the
possible effect of disorder has been neglected in the above calcula-
tion, the small value of polaron radii suggests that the polarons are
highly localized [28,38]. The polaron hopping energy Wy is given
by [36]:

e2 /1 1
Wi =3 (5 %) oy
where
11 (12)

& Exo &

&s and &, are the static and high frequencies dielectric constants of
the glass, respectively. An estimate of Wy can be made fromEq.(11)
from the known values of R and rp, while &, was taken at 100 kHz.
The values of Wy and &p are given in Table 3.

According to Miller and Abrahams [47] the disorder energy
defined as the difference of electronic energies between two hop-
ping sites [28,29] and is given by

2
Wp = (:SR) I (13)

lis a constant of the order 0.3.

The difference existing between W and Wy arises from the disor-
dering term Wp/2 and can be calculated from Eq. (8). An evaluation
of Wp from Eq. (17) gave Wp =0.025 eV. It is seen from Table 3 that
AW=W — Wy (0.575eV) is higher than the calculated value. Simi-
lar results have been reported for other borate and vanadate glasses
[29,37,44]. This discrepancy had been explained as the effect of the
partial charge of the cations of the glass forming oxides on activa-
tion energy for hopping conduction in TMO glasses [29,37,48].

The density of state at Fermi level can be estimated from the
following expression [28]:

3
4A7R3W
The results for the present glass are listed in Table 3. The value of
N(EE) is reasonable for localized states.

A polaron hopping model has been investigated by Friedman
and Holstein [48] considering zero disorder energy and covering
both the adiabatic and non-adiabatic hopping processes. On the
basis of molecular crystal model, Friedman and Holstein [49] have
derived an expression for the dc conductivity of the form:

o= (36221;?;2]2> (ijx:vH) (=2aR)exp (7/3/'{) (15)

for the case of non-adiabatic hopping, while Emin and Holestein
[50] have shown that for the case of adiabatic hopping:

N(Eg) = (14)

—(WH™)

o = (8v,me*NR? /3kT)exp T

(16)

where J is a polaron band width related to electron wave function
overlap on the adjacent sites. This model provides an independent
way of ascertaining the nature of hopping mechanism at high tem-
peratures. The condition for the nature of hopping can be expressed
by [50]:

RTWig\ 4 /Rug \ 1/2 o
J> ( ~ ) (7> (adiabatic) (17)
and
1/4 1/2
J< <2k$> (%) (non — adiabatic) (18)

The condition for formation of small polaron is, however, given by
J<Wy/3[37]. The limiting value of ] calculated from the right-hand
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side of expression (17) or (18) at 400K is of the order of 0.013 eV,
and therefore the condition for the existence of small polaron is
satisfied. An unambiguous decision as to whether the polaron is
actually in the adiabatic or in the non-adiabatic regime requires an
estimate of the value of J, which can be obtained from [28]:

1/2
]~e3{ N(EF)] (19)

(Eosp)3

Using the values of N(Ef) and &, from Table 3, Eq. (19) gives
J~0.14eV and thus the adiabatic hopping theory is most appro-
priate to describe the polaronic conduction at high temperatures
in the present glass. Here ¢, is the free space permittivity.

Next, we estimate the optical phonon frequency (v,) in Eq. (7)
using the experimental data from Table 3, according to kfp =hv,
(h is the Plank’s constant) [37]. To determine v, for the present
composition, the Debye temperature 0p of the present glass was
obtained to be 700K at the inflection point of Fig. 13, which is
nearly the same as that of V,05-P,05 [51], alkaline silicate glasses
[52] and V,05-BaTiO3 glass [37]. Thus, this estimated 6p value
is physically reasonable. Then, with the 6p value, v, was calcu-
lated using v, = kfp/h. The values of 6p and v, are summarized in
Table 3. Nevertheless, the value of the fraction of reduced transi-
tion metal ion (C=Cu*/Cuyy,) as calculated from Eq. (10), using
R, N, vo and o, from Table 3 is shown in Table 3 for the present
glass.

The value of small polaron coupling constant yp, which is a mea-
sure of electron-phonon interaction, and is given by the formula
yp=2Wy/hv, [53] was also evaluated for the present glass. The
estimated value of y}, is 4.4 accordingly see Table 3. This value is
found smaller than those for V,05-Bi, 03 glasses doped with BaTiO3
(7.05-7.60) [54] and larger than those for W0O3-Na;B407 glasses
(0.190-0.359) [55]. The value of yp >4 usually indicates a strong
electron phonon interaction [56].

The hopping of carriers mobility, , and their density, N. were
estimated for the present glass. For adiabatic hopping regime, u is
given by [28]:

_ @ —WH/kT
,u_< kT ) ¢ (20)

then, © value was calculated at T=400K using the experimental
data of vy, R and Wy evaluated for present glass. Also N¢ value
was evaluated using the conductivity formula o =eNcu. The val-
ues of u and N of the present glass composition are given in
Table 3. The mobility at 400K for present glass is very small
(1.63 x 10~ cm? V-1 s-1), suggesting that electrons are localized at
Cu ions [28,49]. Since the conduction of localization for conductive
electrons is generally <102cm2V-1s-1 [57], the result indi-
cates that electrons in the present glass are localized mainly at Cu
ions sites. Further, Nc ~ 10'9 cm~3 indicates that the conductivity
of the glass is primarily determined by the hopping mobil-
ity [32,58]. Similar results were obtained for SrTiO3-V,03-PbO,
andV,05-NiO-TeO, glasses [26,59].

In Fig. 12 we notice that the temperature dependence of
dc conductivity deviated from the linearity at temperature less
than 350K (above which the SPH law is valid). Therefore, we
attempted to apply the variable-range hopping (VRH) models
[28,49] to the present glass as reported for V,05-NiO-TeO, [58]
and V,05-Ba0-B,03 [27] glasses. However, the validity of such a
high temperature range is not beyond question. But it has been
pointed out that depending on the strength of coulomb interaction
the expression for the density of states at the Fermi level is modi-
fied and the VRH [28,49] may be applied even at high temperatures
~300K and above, though the VRH should actually be applicable in
the low temperature regime (below 0p/4), normally below 100K.
For this glass we, therefore, attempted to apply the VRH model pro-

Fig.14. Direct current electrical conductivity as a function of reciprocal temperature
according to Eq. (21), of the as-quenched glass of the compositions 31.4 Bi03-2.33
Pb304-64.53 Cu0-1.74K,0 in mol%.

posed by Greave’s [29] which is valid for the intermediate range of
temperature.

In the investigated temperature range (below 6p/2), no
Ino ~T-1/* dependence for VRH, proposed by Mott [28] has been
observed. However, the procedure suggested by Greave’s [29] as
a modification of Mott’s model of VRH [28] could be applied at
intermediate temperature (below 6p/2) and proposed the following
expression for the dc conductivity:

-B
1/2 _
oT _Aexp(T1/4) (21)
where A and B are constants and B is given by
3 q1/4
B=2.1|-2 __ (22)
" | kN(EF)

Fig. 14 shows the relationship log(oT!/2) against T-1/4 drawn by
rearranging the data from Fig. 13. A good fit to the experimen-
tal data to expression (21) in the intermediate temperature range
(295-350K), suggesting that Greave’s VRH may be valid in this
glass over the entire temperature range. The values of parame-
ters A and B obtained from this curve are given in Table 3. Using
the slope obtained from this linear relation and the value of N(Eg)
given in Table 3 we can apply expression (22) to calculate the
factor «. These values of o and N(Eg) are reasonable for the local-
ized states and consistent with those of the usual semiconducting
oxide glasses [26,30]. Also, this VRH model is found suitable to
explain the intermediate temperature (below 6p/2) conductivity
data of this glass. Thus we conclude that appearance of the inter-
mediate VRH at T=295-350K is reasonable for the present glass
[26,30].

4. Conclusion

The present work is an extension to our previous inspec-
tion concerning the observation of ferroelectricity in a single
phase glass [12-14]. Glass sample of the composition 31.4
Bi»03-2.33 Pb304-64.53 Cu0-1.74K,0 in mol% was prepared by
the conventional quenching melt technique. X-ray diffraction and
transmission electron microscopy as well as differential thermal
analysis were used to recognize the glassy nature of the as-
quenched sample. Ac dielectric measurements were performed at
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different applied frequencies as a function of temperature. The as-
quenched glass shows attractive ferroelectric properties which is
not familiar in the field of glass science. If the as-quenched glass is
heat treated at or above the glass transition temperature all signs
of ferroelectricity disappears completely. Furthermore, non-linear
behavior of the polarization as a function of applied electric field
and temperature was studied. In addition pyroelectric property
was monitored and studied. On the other hand the dc electrical
conductivity of the present glass can be fitted with Mott’s model
of nearest neighbor hopping at high temperature, while at inter-
mediate temperature the Greaves VRH (variable-range hopping)
model was found to be appropriate. The conduction was confirmed
to obey the adiabatic small polaron hopping (SPH) and was mainly
due to electronic transport between Cu ions. The dominant factor
determining conductivity was the hopping carrier mobility in this
glass. From the best fits, reasonable values of various SPH and VRH
parameters are obtained.
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