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The first measurements, in the temperature range of 80-420 K, are reported for the dc and ac
conductivities and dielectric constant of the Bi,Sr;Ca;Cu,O, (4:3:3:4) oxide glass which, when prop-
erly annealed, becomes a superconductor with 7, ~80 K. The experimental electrical-conductivity
data have been analyzed with reference to various theoretical models based on a polaron-hopping
conduction mechanism. Hopping of the polaron seems to be adiabatic in nature. At low tempera-
ture the dc conductivity data for this glass qualitatively obey Mott’s T ~!/* law. The analysis shows
that the correlated-barrier-hopping model is the most appropriate one for explaining the ac conduc-
tivity of the (4:3:3:4) glass. This model quantitatively predicts the temperature dependence of both
the ac conductivity and its frequency exponent. The other models such as the quantum-mechanical
tunneling model appear to be consistent with the behavior of low-temperature ac conductivity, but
fail to interpret the observed temperature dependence of the frequency exponent. Similarly, the
overlapping-large-polaron tunneling model qualitatively explains the temperature dependence of ac
conductivity at low temperature, but fails in the high-temperature regime. This (4:3:3:4) glassy
semiconductor is also found to show Debye-type dielectric dispersion characterized by a relaxation
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frequency.

I. INTRODUCTION

The semiconducting glasses containing transition-
metal oxides (TMO) are very important because of their
interesting physical properties as well as for their applica-
tions in switching and memory devices,! ~* cathode-ray-
tube materials,’ ferrites,’ etc. Recently Y,Ba,Cu,0,
(1:2:3), Bi,Sr;Ca;Cu,O, (4:3:3:4) glasses have been
prepared containing the transition-metal ions.” " '® These
glasses are very interesting because they could be con-
verted into high-temperature oxide superconductors by
properly annealing in air or in oxygen atmosphere.” '
This is a new technique for making high-7, supercon-
ducting oxide materials from a ‘‘glass-ceramic route.”
These results prompted us to the detailed characteriza-
tions of the (4:3:3:4) glassy semiconductors.

It is well known that the transition-metal oxides, viz.,
V,0;s, Fe,03, CuO, etc., when heated with suitable glass
formers like Bi,0;, P,0s, GeO,, etc., form semiconduct-
ing oxide glasses.!' "2 The semiconducting properties of
the vanadate glasses have been most extensively stud-
ied'! "8 compared to other transition-metal oxide glasses
such as iron- and copper-containing glasses.'*~2!"23 The
electron-phonon interaction in these glassy semiconduc-
tors is strong enough to form small polarons'>!* and the
dc electrical conduction occurs by the hopping of small
polarons between the transition-metal ions of the two
different valence states.!' "8 The ac conductivity of these
glasses at low temperature and low frequency showed al-
most a linear frequency dependence.! 722

In the above-mentioned oxide glasses, low-valency
transition-metal ions (TMI) are created as a consequence
of the loss of oxygen from the melt. In these cases the
deficiency of the oxygen plays a dominant role in the con-
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duction mechanism of the TMO glasses. This is very
similar to the case of recently discovered high-
temperature oxide superconductors (like Y-Ba-Cu-O, Bi-
Sr-Ca-Cu-O, Tl-Ba-Ca-Cu-O, etc., systems),z“‘28 where
oxygen deficiency plays a vital role in making these
ceramic oxides superconductors, metallic, semiconduc-
tors, or insulators.?’

As mentioned, the glass sample Bi,Sr;Ca;Cu,O,
(4:3:3:4) prepared by a quick quenching technique’®'°
was found to be semiconducting and it could be made su-
perconducting by properly annealing the glass’ ' as ob-
served from the studies of electrical conductivity and
magnetic susceptibility’ of the corresponding annealed
sample.

In this paper the temperature-dependence electrical
(both ac and dc) and dielectric properties of the (4:3:3:4)
glassy semiconductor have been fitted with the existing
theoretical models'*!*3°733 to find the most suitable
model for this glass with the aim of understanding the
conduction mechanism in these interesting glass systems.
Our organization of the paper is as follows.

In Sec. II we have discussed in short the experimental
procedure and technique which have already been pub-
lished elsewhere!"!>!®1° while studying several other ox-
ide glasses. Section III deals with the experimental re-
sults and discussion. The various theoretical models used
to fit the experimental data for the ac and dc conductivi-
ties have also been shortly discussed in this section before
drawing the final conclusion in Sec. IV.

II. EXPERIMENT

The (4:3:3:4) glass has been prepared by a quick
quenching technique similar to our earlier work.”® Ap-
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propriate amounts of reagent-grade Bi,0,, CaCO;, CuO
(E. Merck, Germany), and SrCOj; (Aldrich, U.S.A)), all of
purity 299.99%, were well mixed in an agate morter.
The mixture was melted in a platinum crucible at a tem-
perature of 1200°C for 2 h in air with occasional stirring
to make the melt homogeneous. The melt was then
poured quickly onto an ice cooled stainless steel block
and immediately pressed by another similar block. The
amorphous nature of the glass was checked by x-ray
diffraction (Philips, PW-1050/51) and scanning electron
microscopic (Hitachi, Japan) studies.”® The x-ray
diffraction patterns of the (4:3:3:4) glass and the annealed
(4:3:3:4) sample are shown in Fig. 1. It is observed that
with the increase of annealing temperature above T, the
crystallinity and conductivity grows. Similar results have
also been reported by Chung and Mackenzie** for the
vanadate glasses. It should be mentioned here that the
(4:3:3:4) glass annealed at higher temperature (7> T,)
shows higher conductivity, and the sample annealed at
825°C for 24 h in air becomes superconducting.”~*
Differential-thermal-analysis (DTA) and thermo-
gravimetric (TGA) analysis were done with a Shimadzu
DT 30 (Japan) thermal analyzer with a heating rate of
20°C/min. Chemical analysis using atomic absorption
spectroscopy (Perkin Elmer, Model 2380) were done to
determine the copper concentration in the (4:3:3:4) glass.
The methods of measuring dc and frequency-
dependent ac conductivities, and dielectric constants of
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FIG. 1. X-ray diffractograms of (a) the (4:3:3:4) glass and (b)
superconductors.

the semiconducting glasses have already been discussed
earlier.!®?? The samples for the electrical measurements
were annealed at about 100°C below the glass transition
temperature T,. For electrical and dielectric studies
samples of the diameter =1 cm were cut and polished
properly. dc conductivity of the sample in the tempera-
ture range of 80-420 K was measured with a Keithley
614 electrometer. However, the limitation in the temper-
ature range utilized was the experimental difficulty of
measuring currents of less than 107 '* A with the equip-
ments available. The Ohmic contacts were checked by
drawing I-V characteristics. The dielectric constant and
ac conductivity measurements were carried out with a
General Radio (Model GR 1615A) capacitance bridge
which measures equivalent parallel capacitance and con-
ductance of the sample in a three terminal arrangement.
Gold was used as electrode material. An evacuated
chamber was employed as a sample cell which was insert-
ed in the cryogenic unit for low-temperature measure-
ments. Temperature measurements were made with an
accuracy of 0.5 K using copper-Constantan thermocou-
ple.

III. RESULTS AND DISCUSSION

A. DTA and chemical analysis

The DTA and TGA curves are shown in Fig. 2. An
endothermic peak due to glass transition temperature
(T,~415°C) and two sharp exothermic crystallization
peaks (T.,=490°C and T.,=510°C) are observed.
Several other small peaks are observed at higher tempera-
tures. The TGA curve also shows small weight gain by
the sample at around 500 °C which is due to absorption of
oxygen from the air. So DTA and TGA indicate the
growth of crystalline phase by absorption of oxygen by
the (4:3:3:4) sample at this temperature.

Chemical analysis by atomic absorption spectroscopy
indicates the presence of 15.9 wt. % of copper atoms in
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FIG. 2. DTA and TGA curves of the (4:3:3:4) glass.
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the glass sample which agrees reasonably well with the
theoretical value of 14.7%. The increase in copper ion
concentration from that of the starting composition is
due to loss of oxygen from the melt which is consequently
responsible for the coexistence of different valency states
of copper ion in the glass. Moreover, slight evaporation
loss of Bi,O; cannot be totally ruled out.

B. dc Conductivity

The logarithm of measured dc conductivity (o4, ) of the
(4:3:3:4) glass as a function of inverse temperature is
shown in Fig. 3. The slope of the curve changes with
temperature indicating temperature-dependent activation
energy (W). This is a characteristic feature of hopping
conduction as observed in many other transition-metal
oxide glasses.!!'!>1621:23 The activation energy of the
glass decreases slowly below =~300 K and at the lowest
temperature of our investigation (80 K) it becomes 0.05
eV. This behavior is consistent with the polaron model of
hopping conduction'>'* which predicts an appreciable
departure from a linear T ! versus the Ino . plot below a
temperature T, =@ /2 (O, is the Debye temperature
and is given by kp®p=hv,,, where kp is Boltzmann’s
constant, A is Planck’s constant, and Vph is the predom-
inant phonon frequency). The value of this temperature
(T,) is better detected from the In(o,.T) versus 1/T
curve as discussed below. For all vanadate glasses ®
was calculated to be ~600 K.** This is because of the
fact that in different vanadate glasses the infrared spectra
are nearly similar.’>3% In the present copper oxide con-
taining the (4:3:3:4) glass this type of hypothesis seems
not to be strictly valid due to the higher density of vibra-
tional modes appearing in the low-energy region of ir
spectra.’® For the (4:3:3:4) glass it is difficult to find aver-
age @, since the localized vibrational modes ascribed to
the copper structural unit were not detected. A compar-
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FIG. 3. Ino (both g4 and o,.) vs T~ ! curve for the (4:3:3:4)
glass; (0), 04, (@) 0, at f=1kHz, and (O) 0, at £ =10 kHz.
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ison with other transition-metal oxide glasses shows that
the room-temperature (300 K) dc conductivity of the
(4:3:3:4) glass is lower than those reported for the V,0;-
P,0,,"* V,04-Bi,0,,!' V,05Te0,? and Fe,0;-Bi,0,
(Ref. 19) glasses.

dc conductivity of the semiconducting TMO glasses is
considered to be due to hopping of polarons (or electrons)
between localized states and an expression for dc conduc-
tivity for the small-polaron hopping in the nonadiabatic

approximation'>!*37 is given by
vpnlVe R?
O4c= —kﬂfw—c( I1—c)exp(—2aR )exp(—W /kzT) ,

(1)

where N is the number of TMI sites per unit volume, e is
the electronic charge, R is the average TMI site spacing,
and ¢ and a are, respectively, the ratio of the TMI con-
centration in the low valency state to the total TMI con-
centration and the wave-function decay constant such
that exp( —2aR) represents an electron overlap integral
between nearest-neighbor sites. For many oxide glasses
with different concentrations of TMI, the average TMI
spacing (R) has a small distribution of values. A plot of
Ino,. versus W at a fixed temperature for the P,05-BaO-
CuO (Ref. 23) and other TMO glasses'""!>3 already
affirmed that exp(—2aR) is essentially constant for
different concentration of the glass.

Assuming a strong electron-lattice interaction, the ac-
tivation energy (W) in the high-temperature region
(T >0®p /2) where nearest-neighbor thermally activated
hopping predominates results from polaron-hopping en-
ergy (Wy) and the disorder energy (Wj,) which might
exist between the initial and the final sites due to varia-
tion in the local environment of the ions. In the low-
temperature region (T <®,/4) variable-range hopping
(VRH) takes over from the thermally activated nearest-
neighbor hopping and the activation energy is essentially
due to disorder energy. Mott'*%37 have suggested an ex-
pression for activation energy (W) in the small-polaron
model as,

W=Wy+iW, for T>0,/2, (2a)
W=W, for T<®p/4. (2b)

The lowest temperature activation energy can be taken as
a measure of disorder energy (W, ).

An estimate of the polaron radius (r,) can be made
from the relation,

r,=+(I1/6N)'", (3)

where N is the total copper ion concentration. The calcu-
lated value of N for the (4:3:3:4) glass is shown in Table I.
The polaron-hopping energy Wy can be calculated from
the Austin and Mott’s relation,'*

2
e
H ac, (1/r, /R) (
where €, is the effective dielectric constant. The value of

R (~N'7) is also given in Table I and should be con-
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TABLE 1. Different physical parameters for the (4:3:3:4) glass. Wy is calculated from Eq. (4).

AW =[Wiat 300 K)— W,].

Density N 102 p n
(gem™®) (ev'em™) (A) (A)

W (ev) .
80 K 300 K (eV) (eV) (Hz) (A

Wy AW Vo a T

5.93 8.53x10?" 4.89 197 2.5 0.05

0.30 0.18 0.12

1.18X10"°  0.67 415

sidered only as an estimated value. Since the r, values
are small, it suggests that the polaron is strongly local-
ized. Wy can be calculated from Eq. (4) under the ap-
proximation of €, ~€,, ~n? (n being the refractive index
of the glass as shown in Table I). All the calculated pa-
rameters 7, R, and W, are shown in Table I. From the
values of W and Wy the value of Wp;/2
(W—Wy=Wp/2) is calculated to be 0.12 eV. A
theoretical calculation of Wp /2 from Miller and Abra-
hams’ theory,*® however, gives W, /2=0.05 eV which is
lower than the corresponding calculated value (0.12 eV).
Similar low values have also been reported for the vana-
date glasses.’®* This discrepancy might be considered as
the effect of the partial charge of the cations of the glass
forming oxides (Bi,O5, CaO, etc.) on activation energy for
hopping conduction in the TMO glasses.*®

The presence of T~ ! in the preexponential factor of
the expression for o4 [Eq. (1)] suggests that a plot of
In(o 4. T) versus 1/T would be more appropriate to dis-
tinguish between the high- and low-temperature region of
dc conduction. In Fig. 4 we have plotted In(o4.T) as a
function of inverse temperature. It is observed from Fig.
4 that an appreciable deviation from linearity occurs at a
temperature T, =285 K. According to the small-polaron
model of hopping conduction'®'* this should happen at a
temperature 7, =®[ /2. Thus one has an estimate of
Debye temperature (@, =570 K) for the (4:3:3:4) glass.
The phonon frequency (v,,) is calculated to be
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FIG. 4. In(04.T) vs T ' curve for the (4:3:3:4) glass.

~1.18 X 10" Hz (using the relation k3@, =hv,).

The small-polaron coupling constant (y) which is a
measure of the electron-phonon interaction in the
(4:3:3:4) glass might also be estimated from the simple re-
lation, '

Yy=Wp/fiwy, , (5)

where Wp is the polaron binding energy and is approxi-
mately given by Wp=2Wy, i=h /211, and o, =21lvy,
Using the values of Wy and v, from Table I one gets
y~7.4. Austin and Mott'* have suggested that a value
of ¥ >4 usually indicates strong electron-phonon interac-
tion in the solid. This value of ¥ can be further used to
evaluate the effective mass of the polaron. The effective
polaron mass (m,) in the adiabatic approximation [the
reason for considering the hopping process in the (4:3:3:4)
glass in the adiabatic approximation will be discussed
later in this section] is given by'**’

m, =(#/20,R *exp(y) . (6)

Using ¥ =7.4, and the values of R and v, from Table I,
one finds m,/m,~5.35X 10° (m, is the electron rest
mass) which seems to be quite large. However, higher
values of y(=14) and hence very large values of m,
(=~10"m,) in the vanadium phosphate glass have been re-
ported*” earlier.

A check of the nature of hopping can, in principle, be
made using Holstein’s condition.*! The polaron band-
width J should satisfy the following relation:

J > (2kg TWy /TD *(Hiw,, /1)1 /2

for adiabatic hopping ,

J <(2kg TWy /TD *(fiw, /T2 @)
for nonadiabatic hopping .

The condition for the small-polaron formation is
J =Wy /3. An estimate of J can be made by the approxi-
mate relation.

J~e[N(Ep)]'? /e, (8)

where N(Ep) is the density of state at the Fermi level.
An estimate of N(Ey) was obtained from Mott’s T~ !/*
analysis (discussed later) of the low-temperature conduc-
tivity data of the (4:3:3:4) glass. The estimated value of
N(Ep) is of the order of 10*! eV " lcm 3. €, is calculated
from the relation €, =n 2 (the value of n is shown in Table
I). Equation (8) gives J~0.11 eV with these values of
N(Ep) and €,. The value of the right-hand side of Eq. (7)

(with Wy and v,;, from Table I) is ~0.028 eV. There-
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fore, the condition for adiabatic hopping appears to be
satisfied for the (4:3:3:4) glass. This also suggests that the
tunneling term exp(—2aR) in Eq. (1) may not be dom-
inant as has been suggested by Sayer and Mansingh'® for
transition-metal phosphate glasses.

Schnakenberg*? suggested that with the lowering of
temperature the multiphonon processes are replaced by a
single-phonon (optical-phonon) process and at the lowest
temperatures the polaron hops with one or more acoustic
phonons making up differences between sites. The ratio
of high- and low-temperature activation energies (W and
W', respectively) is expressed as,

w o tanh(ﬁa)phﬁ/4) ©)
w’ fiw,,B/4 ’
where B=1/kygT. In Fig. 5 the experimental as well as
the theoretical values of W /W' given by Eq. (9) are plot-
ted against 1/T for the (4:3:3:4) glass. From this figure
one finds that the experimental values of the activation
energy decrease with increasing temperature but that the
quantitative fit of the experimental values with the
theoretical curve is rather poor. This indicates that the
increase in the magnitude of conductivity with tempera-
ture cannot be attributed to the decrease in activation en-
ergy alone.
At low temperature where the polaron binding energy
is small and the static disorder energy of the glass plays a
dominant role in the conduction process, Mott’s T /4
analysis for the variable-range hopping can also be made.
So we have plotted T ~!”* versus Ino 4, (Fig. 6) to check
the applicability of Mott’s formula'>*" in the present
(4:3:3:4) glass. According to Mott’s formula the conduc-
tivity for the variable-range hopping at low temperatures
is given by

o4.=Aexp(—B/T"*) (10)
where

A=e’N(E;)R? .

----THEORETICAL
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FIG. 5. Plot of W/W’ vs 10°/T for the (4:3:3:4) glass;
(— — —) theoretical curves and (@) experimental points.
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FIG. 6. Plot of (a) Inoy. vs T~ '/* (@), and (b) In(c4.T'"*) vs
T "4 (0) for the (4:3:3:4) glass.

The slope of the T~ !/* versus in o4 curve gives the pa-
rameter B, where,

B=2.1[a’/kgN(E)]'/* . (1

Equation (10) suggests that the 7~ '/* versus Ino . plot

should be linear. The same plot for the (4:3:3:4) glass
(Fig. 6), however, indicates the presence of two linear re-
gions above and below T~=108 K with two different
slopes. From the slope of the curve below 108 K and us-
ing the value of a [obtained from the fitting of experimen-
tal data with Eq. (1) and shown in Table I] the value of
N(Eg) is calculated to be ~10*' eV~ 'cm ™3 which is
comparatively higher than the value obtained from ac
conductivity data (Table II, discussed below). The disor-
der energy (W) can also be estimated from the slope of
Fig. 6 by

B=2.4[Wy(aR ) /kz]"*. (12)

The calculated value of W, using the value of @ and R
from Table I, is found to be =1.5 eV. This value of W),
is much higher than the low-temperature activation ener-
gy (=0.05 eV) obtained theoretically.** This type of high
value of W/, was also reported by Dhawan et al.?! for the
V,05-TeO, glasses.

In an alternative way Greaves* suggested a variable-
range hopping conduction in the intermediate tempera-
ture range and derived the expression,

04 T"?=Cexp(—B/T"*), (13)

where B and C are constants, B is given by the same ex-
pression as given by Eq. (11). The plot of In(o4 T"'"?)
versus T~ !/* is shown in Fig. 6 for the (4:3:3:4) glass.
The straight line nature of this curve, as suggested by the
Greaves’ relation [Eq. (13)], is observed only over a small
range of temperature but the general behavior of the
curve appears to deviate from linearity with the increase
of temperature.

Considering the hopping within energy kT of the Fer-
mi level Austin and Mott'* obtained the expression for ac
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TABLE II. Different parameters obtained from ac conductivity and dielectric constant data. The

values of Wy, and a are obtained from the OLPT model using In(wr,)= —18.8.

To € R., © N s Who &
(sec) (1 kHz) (A) (ev 'em™?) 80 K 400 K (eV) (A )
10" 18 7.7 1.39X 10" 0.87 0.22 0.29 0.61

conductivity (o,.) as
0= 1e’kp TN (Ep)a ™ [In(v,, /0)]* . (14)

Substituting the values of v, and a (from Table I) we find
N(Ep)=1.17X10% eV_?cm 3 for 1 kHz and
N(Ep)=~4.17X10" eV~"'cm ™3 for 10 kHz from the ex-
perimental values of o,.(w) at low temperature (discussed
below). These values of N(Ey) for the (4:3:3:4) glass are
close to the values obtained from the correlated barrier
hopping (CBH) model of ac conductivity’' ™3? as dis-
cussed in the next section.

C. ac conductivity and dielectric constant

The ac conductivity o, (w) and dielectric constant (€’)
of the (4:3:3:4) glass have been measured between 80-420
K for two different frequencies (1 and 10 kHz). The ac
conductivity o,(w) as a function of temperature is
shown in Fig. 3. It is observed from this figure that, in
common with many other amorphous semiconductors,
the temperature dependence of o, (w) is much less than
0 4 at low temperatures and is not activated in behavior.
However, the temperature and its frequency dependences
become strong with the increase of temperature. Ulti-
mately the measured conductivities at all frequencies
coincide with o 4 at higher temperatures.

The ac conductivity as shown in Fig. 3 was calculated
by subtracting the measured dc conductivity from the
measured total frequency-dependent conductivity o,(w)
such that

o w)=0,(w)—0oy . (15)

When ac and dc conductivities are due to the same pro-
cess and o 4 is simply o,.(w) (in the limit w—0), the sep-
aration given in Eq. (15) is no longer useful.

Like many amorphous semiconductors and insulators,
the ac conductivity of the (4:3:3:4) glass was found to fol-
low the equation

o lw)=A40°, (16)

where A is a constant dependent on temperature and s is
the frequency exponent, generally less than unity. All
that is required to give this behavior is that the loss
mechanism should have a very wide range of possible re-
laxation times.

The estimated frequency exponent s is shown in Fig. 7
as a function of temperature. The variation of the ex-
ponent s at room temperature with different frequencies
is shown in Fig. 8. It is interesting to mention that such a
sharp frequency dependence of s has not been observed
for the vanadate or similar other oxide glasses.'"!% 1

Many different theoretical explanations®’'*? for the ac

conduction in amorphous semiconductors have been pro-
posed to account for the frequency and temperature
dependence of o,. and 5. It is commonly believed that
the pair approximation holds, namely, the dielectric loss
occurs because the carrier motion is considered to be lo-
calized within a pair of sites. In essence, two distinct
processes have been proposed for the relaxation mecha-
nism, namely, quantum-mechanical tunneling through
the barrier separating two equilibrium positions and clas-
sical hopping of a carrier over the barrier or some com-
bination or variant of the two, and it is variously assumed
that the electrons (or polarons) or atoms are the carriers
responsible for the conduction. In what follows, the ac
conductivity data for the (4:3:3:4) glassy semiconductor
are analyzed in the light of the existing theoretical mod-
els.

1. Quantum-mechanical tunneling (QMT) model

Several authors'®3%32% calculated with the pair ap-

proximation, the ac conductivity data for single-electron
motion undergoing QMT, and obtained the expression
for the ac conductivity as

0. (@)=Ce’kyTa '[N(Ep)PwR? , (17)

where C is a numerical constant which slightly varies ac-
cording to different authors, but may be taken as IT*/24
(Refs. 32 and 44], and R, is the hopping distance at fre-
quency w, given by

R,=(2a) 'In(1/w7,) , (18)

where 7, is a characteristic relaxation time. The frequen-
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FIG. 7. Temperature variation of s of the (4:3:3:4) glass at 1
kHz; (M) experimental points, and (— — —) theoretical curve
obeying Eq. (27).
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FIG. 8. Variation of s with frequency at room temperature
(300 K).

cy exponent s in this model is obtained from
s=1—4/[In(wry)] . (19)

Therefore, for the QMT model, o,.(w) is linearly depen-
dent on temperature T [Eq. (17)], but the exponent s is
temperature independent and frequency dependent [Eq.
(19)]. For typical values of the parameters 7,=10"" sec
and »/211=10* Hz, a value of s =0.81 is obtained from
Eq. (19). However, it is clearly observed for the (4:3:3:4)
glass that the exponent s decreases with increase of tem-
perature (Fig. 7) and increases with increase of frequency
at a fixed temperature (Fig. 8). Furthermore, the QMT
model predicts a linear temperature dependence of
o,(w). But our experimental results, as shown in Fig. 9,
indicate a much sharper increase of o,.(w) with the rise
of temperature particularly in the high-temperature re-
gime. A temperature-dependent frequency exponent can
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FIG. 9. Thermal variation of o,.(w) at 1 kHz; (@) experi-
mental, and (—.—.—. ) theoretical curve obeying the CBH
model.
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be obtained within the framework of the QMT model by
assuming that the carriers form nonoverlapping small po-
larons. In our case, however, the frequency exponent de-
creases with increase in temperature (Fig. 9). The simple
QMT model also predicts that s should decrease with in-
crease of frequency [Eq. (19)]. But in the (4:3:3:4) glassy
semiconductor s increases sharply in the range of our in-
vestigation, viz. (10*-10° Hz). Thus for the above
reasons the QMT model clearly fails to explain the exper-
imental ac conductivity data of the (4:3:3:4) glass.

2. Overlapping-large-polaron tunneling (OLPT) model

In this case, as suggested by Long,* the large-polaron
wells of the two sites overlap and thereby reduces the
polaron-hopping energy. In this case one has

Wy=Wyo(l—r,/R), (20)
where Wy, is defined as

Wyo=e’/4¢€,r, . (20a)
Assuming R as a random variable, o, () in this model*?
comes out to be of the form

4

0, 0)=——

5 e kyTY[N(ER) X Q2n

where
X=wR2/QakgT+Wyor,/R2) .

The hopping length R, is determined from the quadratic
equation

Here R, =2aR,, r,
ponent s in the OLPT model can be evaluated from
8aR ,+6BWyor, /R,

1—s= - (23)
(2aR ,+BWyor, /R )

(R.)?+[BWyo +In(wr)) IR, —BWporp=0.  (22)
r'=2arp, and B=1/kzT. The ex-

Thus the OLPT model predicts that s should be both
temperature and frequency dependent [cf. Eq. (23)] and
that the frequency exponent s decreases from unity with
the increase of temperature. For large values of 7,’s the
values of s continue to decrease with increasing tempera-
ture, eventually tending to the value of s predicted by the
simple QMT model, where for small values of r,’s the ex-
ponent s exhibits a minimum at a certain temperature
and subsequently increases in a similar fashion as in the
case of small-polaron QMT. Thus, it appears that the
OLPT model should better fit the experimental ac con-
ductivity data of the (4:3:3:4) glass, since the experimen-
tal values of s decrease with the increase of temperature
(Fig. 7). To verify this, the frequency exponent s is plot-
ted in Fig. 10 as a function of kz T /Wy, similar to our
earlier paper on the semiconducting oxide glasses.!®??
The value of Wy, (Table II) was calculated from Eq.
(20a) using the values of r, and €, from dc conductivity
data (shown in Table I). The theoretical curves given by
Eq. (23) are also drawn in Fig. 10 for various values of 7,.
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The best fit to the experimental data (in the low-
temperature region, for kzT /Wy, <0.6) has been ob-
served for the value of r[; =2.4 as shown in Fig. 10. The
decay constant a can be estimated from the relation
r, =2ar, using this value of r,. The estimated value of «
as shown in Table II agrees fairly well with the value ob-
tained from the dc conductivity data shown in Table I.
However, the values of r,, being smaller than R, appear
to be inconsistent with the basic premise of the OLPT
model (for the large-polaron case). At higher tempera-
tures, the experimental data for s neither lie between the
theoretical curves (Fig. 10), nor are they minimum ac-
cording to the requirement of the OLPT model. This is
also true for the V,05-Bi,0; (Ref. 22) and Fe,05-Bi,0;
(Ref. 19) glasses.

The OLPT model also predicts [cf. Eq. (21)] an appre-
ciably stronger temperature dependence of o,.(w) in the
temperature regime where the frequency exponent s is a
decreasing function of temperature. The functional form
of the temperature dependence of o, (w) shown by Eq.
(21) is a complicated one and cannot be expressed simply
as TV (with v constant over a wide range of temperature).
Nevertheless, at low temperatures (kzT /Wy, <0.04—
0.05) the hopping length R has an approximately con-
stant temperature dependence, R ~T'% (for r,=~2.5)
and insertion of this value in Eq. (21) yields o, .(0)~T°®
for the uncorrelated case. This is obviously at variance
with the much weaker temperature dependence exhibited
by the low-temperature data of the present work (Fig. 9)
and even if the correlated form®! of the OLPT model is
invoked, the said dependence is predicted to decrease
only to 0,.(w)~T* TIt, therefore, appears that the tem-
perature dependence of the ac conductivity is not really
met within the framework of the OLPT model developed
by Long.??

3. Correlated-barrier-hopping (CBH) model

Another model for ac conductivity which correlates
the relaxation variable W with the intersite separation R
was proposed by Pike® for single-electron hopping and
extended by Elliott®! for the two electrons hopping simul-
taneously. For the neighboring sites at a separation R,
the Coulomb wells overlap, resulting in a lowering of the
effective barrier height from W), to a value W, which for
the case of two electrons hopping is given by?!3?

W=W, —2e*/llee,R , (24)

where € and ¢ are, respectively, the dielectric constant of
the material and the permittivity of the free space. The
ac conductivity in this CBH model, in the narrow-band
limit, is given by’

0 l@)= 2—14113N2606wR o 25)

The hopping distance R , is given by
R,=(2e*/lle€y)[ Wy +kpTIn(1/07)] . (26)

The frequency exponent s with the CBH model is given
by

1—s= Ok T 27)
ST W, —kyTin(1/arg)

Therefore, according to the CBH model, a temperature-
dependent frequency exponent s is predicted, with s in-
creasing towards unity as 7—0, which is in marked con-
trast with the QMT or simple hopping over the barrier
model,** and therefore, it might be a possible contending
model for the explanation of the ac conductivity of the
(4:3:3:4) glass in its semiconducting phase.

A critical test of the CBH model comes from the tem-
perature dependence of the ac conductivity and its fre-
quency exponent. Our experimental results, as shown in
Figs. 7 and 9, exactly show similar nature as suggested by
the CBH model. In Fig. 7 the experimental values of s
are shown as a function of temperature along with the
theoretical curve obeying Eq. (27) (with «/2I1=1000 Hz
and W,,=0.88 eV). Here W,, is taken as twice the
high-temperature activation energy obtained from our dc
conductivity results as reported in Sec. III B and in Table
I. The best fit with the experimental curve is obtained
with 7,=10" !> sec which seems to be quite reasonable
and nearly equal to the values obtained for other semi-
conducting oxide glasses.’>*® The little discrepancy ex-
isting between the theoretical and the experimental
values as indicated by Fig. 7 might be due to some inac-
curacy in the determination of the barrier height (W,,).
At this point it would be worthwhile to mention that the
correlation between the barrier height and hopping dis-
tance might cause appreciable deviation of o ,.(w) as well
as of s from the corresponding theoretical values. Using
the same value of W, (=0.88 eV) and 7o( =10 % sec) we
have calculated the value of R, from Eq. (22) which was
found to be ~7.7X 108 cm. Putting this value of R,
and € from our experimental dielectric constant data in
Eq. (25), N was calculated to be =~1.39X10" eV ™' cm 3.
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The estimated value of N (Table II) seems to be rather
low which may be due to the fact, as suggested by Linsley
et al.,” that some of the sites may remain inactive due to
the glass structure resulting in a lower number of sites ac-
tually participating in the conduction process.

The temperature dependence of o,(w) in the CBH
model is given by

o, (0)xTY, (28)
where
v=(1—s)In(1/07y) .

In Fig. 9 we have plotted the experimental temperature
variation of o, (w) along with the theoretical tempera-
ture dependence obeying Eq. (28). A reasonably good fit
of the experimental values with the theoretical curve in-
dicates the applicability of the CBH model in explaining
the experimental ac conductivity data of the (4:3:3:4)
glass.

D. Dielectric constant

The dielectric constant (€¢') and the loss tangent tand
were also measured simultaneously along with the ac con-
ductivity measurement using the capacitance bridge tech-
nique as discussed earlier.

The temperature variation of €’ and tand for two fixed
frequencies 1 and 10 kHz are shown in Fig. 11. Both €'
and tand are found to increase with the increase of tem-
perature. The curve corresponding to 10 kHz (Fig. 11)
shows a peak at about 366 K in the € versus T curve
which is a common feature indicating the Debye-type
dielectric relaxation process*®*’ characterized by a relax-
ation frequency f, (where f,=1/2Il7, 7, being the
dielectric relaxation time). The loss peak occurs at a tem-
perature at which the measuring frequency equals the re-
laxation frequency. For this (4:3:3:4) glass the loss curve
corresponding to 1 kHz shows no such peak within the
range of our investigation. In Fig. 12 we have plotted €'
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FIG. 11. Temperature variation of € and tand for the
(4:3:3:4) glass at two fixed frequencies.
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FIG. 12. Frequency variation of (a) € (O) and (b), tand (O)
of the (4:3:3:4) glass at 300 K.

versus In(w) as well as tand versus In(w) at room temper-
ature (300 K). Both €' and tand are found to decrease
with increase of frequency which is consistent with the
behavior of ac conductivity discussed in Sec. III C.

E. Imaginary part of ac conductivity

Real [denoted by o(®w)] and the imaginary part
[denoted by o,(w)] of the ac conductivity are related via
Kramers-Kronig relation. The values of 0,(w) and o,(w)
are also related to the dielectric constant. The total mea-
sured capacitance C,, (w), like conductance, can also be
expressed into two parts, arising from different processes,
viz.,

Cio(@)=Cl0)+C,, , (29)

where the dispersive term C(w) is determined by the loss
measurements and the nondispersive term C_ is deter-
mined by the high-frequency atomic and dipolar vibra-
tional transitions. Several methods’? for determining
C(w) from the capacitance data have been proposed. In
the present work, C(w) was estimated from the numerical
differentiation of the capacitance whereupon the constant
term involving C drops out. The ratio of the imaginary
to the real part of the conductivity is then calculated
from the relation,

A=0,w)/0(0)=wClw)/G(o) , (30)

where G(w) is the conductance at frequency w. It has
been shown’’ that A have characteristically different
forms for the various mechanisms of dielectric relaxation.
Thus from the QMT model one finds

A=—(2/51DIn(wTy) (31

and the CBH model, on the otherhand, gives to a first ap-
proximation for small kT /W,,,

A=—(2/IDn(@T)[1+Bky T /Wy )n(wry)] .  (32)
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It might be noted that the CBH model predicts a tem-
perature dependence of A, whereas the QMT model does
not. For the OLPT model A behaves similar to the be-
havior of that exhibited by the QMT model at high tem-
peratures and at low temperatures the behavior is similar
to that exhibited by the CBH model.

Calculation of the ration A using our experimental data
indicates that A is temperature dependent which implies
inapplicability of the QMT model for the (4:3:3:4) glass.
However, for the CBH model [Eq. (32)] the fit between
theory and experiment is found to be reasonably good
which supports the applicability of the CBH model for
the ac conductivity data of the (4:3:3:4) glassy semicon-
ductor as discussed in Sec. III C. However, it should be
noted that Eq. (32) for the CBH model is also an approxi-
mate one; higher-order terms become important at higher
temperatures.

IV. CONCLUSION

From our experimental observation of electrical prop-
erties it appears that the electrical conduction in the
Bi,SryCa;Cu,O, glass containing the transition metal
copper ions, a polaron model is generally applicable.
There is some evidence that the hopping of polarons
occurs in the adiabatic regime similar to many vanadate
glasses.!"!>35  However, a conclusive decision as to
whether the polaron is actually in the adiabatic regime
requires an independent estimate of polaron bandwidth J
from other experimental observations. Measurement of
Hall mobility might be useful in finally resolving the con-
troversy. Furthermore, investigations with glasses con-
taining different concentrations of the transition metal
(Cu for the present Bi-Sr-Ca-Cu-O glass) would be very
helpful to enlighten the matter. However, it should be
noted here that for other concentrations of TMI the
glasses could not be made superconducting above 77 K
by annealing the glasses. Since the (4:3:3:4) glass becomes
superconducting by annealing we have concentrated our
attention on the characterization of this glass first.

The general feature of the temperature-dependent dc
conductivity of the (4:3:3:4) oxide glass were similar to
that of the other semiconducting oxide glasses like V,Os-
P,0s, V,04-Bi,0;, etc. In the high temperature (above
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~285 K) the conduction process is dominated by
thermally activated nearest-neighbor hopping of small
polaron. In the intermediate and low-temperature region
the VRH conduction appears to be more appropriate.
The fitting of the experimental conductivity data with
Greaves' and Mott’s!? relation for VRH at intermediate
and low temperature shows reasonably good qualitative
agreement although the quantitative fit appears not to be
very good. Moreover, the magnitudes of some of the
model parameters obtained for the (4:3:3:4) oxide glass
(Tables I and II) (viz., r,, r!;, a, and Wy,) are found to
differ appreciably from those of the other oxide glasses
mentioned above. The temperature and frequency depen-
dences of ac conductivity and the dielectric constant were
considered to be related to the Debye-type relaxation
process. The CBH model, when fitted with the experi-
mental ac conductivity data yielded reasonable values of
the barrier height and relaxation time agreeing with those
obtained from the dc conductivity data. The QMT model
is consistent with the temperature dependence of the ac
conductivity at low temperature. However, this model
completely fails to predict the temperature dependence of
the frequency exponent, even at low temperature. Simi-
larly, the overlapping large-polaron tunneling model pre-
dicts the temperature dependence of the ac conductivity
much higher than that shown by the experimental data,
although the temperature dependence of the frequency
exponent is in agreement with this model in the low-
temperature region.

Finally, since this (4:3:3:4) glass becomes supercon-
ducting with T, =80 K, when properly annealed, the re-
sults of the present investigations might help for an in-
depth understanding of the mechanism of high-
temperature superconductivity in oxides like Bi-Sr-Ca-
Cu-0, Y-Ba-Cu-O, etc. systems of current interest. It is
now well known*® 3 that the concept of polarons and bi-
polaron formalism are being invoked in many recent
theories of high-temperature superconductivity in oxides.
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