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Abstract : The transition metal oxide (TMO) glasses are highly interesting

because of their applications in switching and memory devices, batteries, storage of
nitrogen for agricultural uses etc. Recently it has been discovered that many of these
oxide glasses like Bi-Sr-Ca-Cu-0, Y-Ba-Cu-O, Bi-Pb-Sr-Ca-Cu-O ctc. can be directly
converted to the corresponding high temperature superconducting phases by properly

anncaling the respective glasses. In this review article we have attempted to summarize
the very recent developments m this field of immense technological importance. The
structural, electrical, dielectric, magnetic, optical, and other properties of these new
type of (TMO) glass systems have been clucidaled comparing them with the
corresponding results of alrecady known (TMO) glasses which do not become

superconductors upon annealing above their glass transition temperatures (7). The

electrical properties of this novel glass system cf our present discussion have been
analysed with reference to the various existing theoretical models based on polaron
hopping conduction mechanism. The electrical, magnetic, and other properties of the
respective superconductors obtained from their corresponding glass phases by annealing
above (7, ) havc also been discussed. Finally, the possibility of drawing wires, ribbons
etc. from these glass matrices and then converting them to their high T

superconducting phases have been discussed for encouraging further developments in
this direction.
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1. Introduction

The transition metal oxidc glasses (TMOG) have been widely studied because of their
interesting physical properties as well as for their applications in switching and memory
devices [1-2], cathode-ray tube materials [3], (crrites (4], etc. These glasscs have also
important semiconducting propertics which arise duc (o the presence of transition metal
ions (TMI) in more than one valence states in the glass materials {S-10]. In these glasses
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the electron-phonon interaction is strong enough to form small'polarons and the electrical
conduction occurs by the hopping of small polarons from the ion of low Yalency state to
the ions of high valency statc of the TMI’s [6]. It is also observed from the lm'arature survey
that vanadium and iron oxidc glasses [1-12] have been studied more extensively than the
other TMI glasses, such as copper oxide glasses [7, 13-17]. Drake and co-?vorkers [13] first
reported the DC conductivity and switching in the P,Os - CaO — CuO and in 8203.— CaO -
CuO glasses. The conduction process in these copper oxide glasscs arc characterized by a
high activation encrgy (~1 ¢V) |7, 13, 15, 16] which is mainly governed by an electron
hopping mechanism between non-identical Cu-sites. The activation encrgy was t90 largeT to
be explained by polaronic hopping conduction as observed in vanadium and iron oxide
glasses [1-12]. It was ponted out by Austin and Mot [6) that the ligand ficld environment
is different for Cu’ and Cu® jons and thus part of the activation energy can be a carrier
cxcuauon energy from one site 1o another. In addion, these glasses can be switched to a
higher conduction state with a lower activation encrgy (~0.015 ¢V). In this state the site
environments are not wdentical. Moreover, it scems that polaron cnergy docs not exist due to
large radial extension of the copper ion wavefuncuon. Drake and Scanlan |14] proposed that
Cu® and Cu®* ions exist in different coordination spheres in copper glasses. They also
proposed that the energy level exension of these states is cnough 10 produce some
overlapping, which provides polaron hopping conduction in those overlapped levels. Some
authors [17] also postulated a mixed clectronic and 1onic conductivity in copper-phosphate
glasses and this behaviour is interpreted by assuming that the Cu® ion cxists in sites with
different bonding forces.

Recently copper containing semiconducting oxide glasses like Y Ba,Cu40, (12:3)
[18-20], BiySryCayCu 0, (4:3:3:4) [21-26], c1c. have been discovered. These glasses arc
very interesting because they could be converted into high iempcrature supcrconducting
oxude (HITSO) phascs by properly anncaling them 1n air or in flowing oxygen atmosphere
(hereafter referred 10 as “galss o ceramic route”, GCR). This is a new technique for making
(HITSO) with the following advantages .

@  The HITSO obuained by GCR is extremely dense compared to those obtained
by the usual ceramic sintening or chennical methods,

(®)  Since the glass samples arce thoroughly mixed and mclied, one might get
hughly homogencous (HITSO) matcrials.

©  Iis well known that the Superconducting critical current density (/,), depends
on the proper oricniations of the crystallites. Using the (GCR) tcchnique the

microstructures of the crystalline (HITSO) materials could be highly
controlled and hence the J. values could be increascd,

(d  The nuclgznion and growth processes of both the 85K and 110K (HITSO)
phas:cs of the Bi-Sr-Ca-Cy-0O System, for instance, have not yet been
studied. The complicated intergrowth of the 110K phase is difficult 10 study
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with ceramic sintered sample, since the microstructures are not easily
controlled in this process. In the liquid quenched oxide glasses, on the other
hand, the starting material has a highly uniform and densc amorphous
structure, and the crystallization can be carefully controlled by adjusting the
annealing parameters. The complete phase change process can, therefore, be
clearly observed by various characterization techniques [27, 28].

()  The glass transition temperature (T,), crystallization temperature (7,) and
hence the superconducting transition temperature (T,) of a sample could be
changed, if required, by adding.diffcrent atoms in the glass compositions.

) The prepared superconductors posses properties such as phase purity, absence
of defects, high density, chemical stability, and oriented microstructures.

(h)  The glass to ceramic technique has also grcat significance becausc it might be
possible to make (HITSO) wires, tapes or fibers and films using this
technique [23, 29-31].

Table 1A. Some charactenstic parameters of (Y,Ba,Cu,0,) glass and superconductor (B : Bulk,
W : Wire or Tape, F : Film)

Samples T, T,7, TIT, J. Properues Reference
c K A/cm2 studied
(1:2:3) B) — — Annealing around [19]

850°C, XRD, DTA,
SEM, X (susceptibility)

(1:2:3) (B) — 7,=90 — Annealing around
with MgO (70-75) 900°C, X, SEM 991
with Mg0O) R (resistivity)
(1:2:3) () —_ T.=805 — R, X, XRD {100)
with B,O,
(1:2:3) B) —_ — > 10° SEM 198}
(1:2:3) (b) —_ 93/88 — R, AC Josephson [18]
effect at 77K
1:2:3) (F) — T,=95 — SEM, XRD [30)
on MgO
(100) plane
(1:2:3) (F) — 95/87 — XRD, R {14]
50 pm
(1:2:3) B) —_ 92/89 — R. XRD, [18}
glass density =
5.41 g/em’
annealed density
=5.17 glem’

Quite high value of T, was obtained by this GCR process. Ibara et al [32] and Komatsu
et al [24, 33-35] prepared (HITSO) with critical temperature 7, above 110K from the Bi—
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Pb-Sr-Ca-Cu-O glass sysiem. Recently Shi et al
and Bi,S1,Ca,CusO, glasses exhibit su
870°C for scveral days n air. In Table 1
glasses and ceramics having therr different g

perconduct
we have listed the different Bi and Y-based oxide

lassy and superconducting properties.

[26] also reported that Bi,Sr,C23Cu 0,
ivity with 7, > 100K when annealed at

B. Somc characienstc parameters of (By,S1,Ca,Cu,0,) type glasses an

d superconductors

Table 1
(B * Bulk, F Films or ‘Tapes, W Wires or Rods)
Samples 11, T.MT, J. Properties Reference
(uv:w:r) ‘c K AJem stdied
(1.23)(B) T,=435 98/93 35 XRD, X, R (65, 24, 50,
a 77K DTA 103, 73]
221:2)(F) T,= 486 ~ 88
2.21.2) () T,=733K 86.8, 98/ — R, XRD, {31, 65]
T,= 700K 66.7, 93 DTA, TGA
(1.1'1:2) (B) T, =3%, 102-110/ 102 XRD, SEM, 127, 46, 47,
680K 80-91 at 77K TGA, DTA, X, 35, 53, 61,
T, =444 220 Hall, C,, 103, 49)
at4.2K Sp. heat
(4:3:3 4) (B.F) T.-T, 85/80, 101 15 XRD, R, X, 52, 23, 48,
43:3-y)(B) at 77K SEM 22, 67, 51}
(y:3:3:4) (B)
y=25-5.5
(1.3.1.1.2) T, =680K - — Sp heat, 149]
T,=T725K electron micrograph
(2.2:23) — 110/80 — SEM, DTA, R [54]
(1:1:1:2) 1,=3% T, =88 — XRD, DTA, {24,22)
TGA,R
(2:0.6.1.4:2) — 115/80 — XRD, EDX 73]
(2.21.2) SEM, R
(1.5:1:1.5:2) T, =425 95-80/ — XRD, R (35, 28)
(B) T,=670K 78-63 DTA, DSC 1104}
T,=725K
21:1:1:12) T,~720K — — DSC, R (50, 55]
®) dielectnic const.

:All thesc findings definitely drew attention of many scientific workers to the glass—
ceramic route for obtaining (HITSO) materials in different forms. In this review we have
therefore, made a thorough analysis of the method of preparation of dif;ercnt Y- and Bi-’
based (TMI) glasses, their characterizations investigating the electrical, magnetic, dielectric,
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infrared, and other propertics in onc hand, and the process of converting these glasses in the
corresporiding (HITSO) analoguc and the studics of their superconducting properties, on the
other hand. Detailed studies of the electrical and magnctic propertics of the glass phases
would help to understand why these types of glasscs become superconductor when annealed.
Finally, the possibility of making (HITSO) wircs, tapes, and films using the GCR
technique have also been cnlightened.

Table 1C. Some characteristic parameiers of (B, Pb Sr,Ca Cu O,) glass and superconductor (B :
Bulk, W : Wire or Tape, F : Film)

Samples T, 1.7, TIT,, J, Properties Reference
(u:viwtir) ‘c K Alom’ stuched
(0.96:0.24:1:1:1.8) — T.=110 — R, X7, x7°, |68]
(B) vanauon of T
with quenching
lemperature
(0.8:0.2:1:1:2) — T,=100 120 R, X, XRD, DTA [34)
(B) al 77K
(0.7:0.3:1:1:1.8) T,=1200 115/ — SEM, x, R [69]
(B) 105
(1:y1:1:2) (B) 7,=480 T, =120-115 — R, XRD, DTA [32]
(y=0,1-0,4) T =92-82
(0.8:0.2:1:1:2) — T, =100 35-36 XRD, R, {101]
(B) at 77K
(1.5:0.5:2.2:3) 7, =383 109/ —_ Anncaling ume [64)
(B) T, = 446 107 and temperuture
T, ~ 855 dependence of 7,
(1.6:0.4.2:2:3) T, = 620K - — DTA, DSC [55]
(B) T,=720K

2. Preparation of glasses

Amorphous solids are prepared, in general, by two ways : (1) by condensation from the
vapour phase as in thermal evaporation, sputtering, glow discharge dccomposition of a gas
or other methods of deposition [36-37], and (2) by cooling from a melt [38-40]. The first
method produces thin films and the second bulk materials. If a matcrial can be prepared in
the amorphons phase from a melt, it is generally also possiblc (o prepare it.by deposition.
However, there will inevitably be some structural differences between the samples of same
material prepared by different methods, which must be taken into consideration in any
comparative study of physical propertics. Other methods include electrplytic deposition
from solution, and prolonged irradiation of crystalline materials with high energy particles
such as neutrons or ions. A gencral review describing these methods of preparing
amorphous solids has been reported by Owen [41].
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Several transition metal oxide glasses when heated with glass formil'lg oxides like
P,0s, TeO, , GeO, , Bi,O3 eic. form semiconducting glasses on quenching the mel[.
[5-10] below the glass transition lemperature T,. Trfe‘ second order ther.mody'namxc
quantities such as the thermal expansion coefficient, spe'mfnc heat eic. show a dlsconun.ufms
change at T, (Figure 1). It is also observed from Flgurt", 1b L.hal the glass transition
temperature is not particularly well defined, unlike the melting point T,, of the crystal. The
transition temperature is not sharp but occurs over a range of tcmperature.s. For the glasses
of our present interest, this behaviour of the glass transition is also recognized.

Supercooled
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Figure 1.(a) Schemauc vanauon of volume versus temperature of a glass forming material.

The method of obtaining amorphous solid by cooling the melt can yield

homogeneous amorphous solids only when the melt is cooled above a certain critical
cooling rate 7, [42] given by

re=20x10%T2RVn M

where R” is the gas constant, V is the volume, and 7 is the viscosity of the material in the
melt. The glass will be in the metastable equilibrium if it is brought to that temperature
instantancously. Furthemore, T, depends on the cooling rate and subsequent thermal history
(Figure 1b). If the glass is kept at temperature much lower than T, , it will be stable for all
practical purposes. For this, to study the properties of the glasses, one should anneal the
glass samples well below the glass transition tlemperature (properties of the new type of
glasses of our interest are discussed in Sec. 4). Heat treatment near T, may change the
physical properties of glasses due to crystallization and hence superconducting phase might
appear along with the glass samples. Several model-based theoretical approaches such as

free volume theory [43], entropy theory [44], bond lattice model theory [45] etc. have been
developed to understand the glass transition phenomenon.
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The preparation techniques and behaviour of the oxide glasses (as shown in Table 1)
of our present interest are also found to follow the general behaviour of the (TMI) oxide
glasses discussed above. For instance, the glasscs like BiySr3CasCu,O, (4:3:3:4) [23] are

nd

Thermal Expansion Coefficient

Figure 1.(b) Vanauon of thermal expansion coefficient with temperature of a glass.

prepared by mixing appropriatc amount of BiyO; , SrCO; , CaCO; , and CuO and then
melting the mixture in air in an alumina (or platinum) crucible. The melt is then quenched
by pressing the castliquid between two polished copper or stainless steel blocks kept at
room temperature. For making homogencous glass it is necessary to stir the melt
occasionally with a platinum rod. Moreover, before melting the oxide mixtures (SrCOs,
CaCOj, Biy05 and CuO) it is also neccssary to sinter them in air at about 800°C for 8-10
hours and then to cool the mass slowly to room tcmperature. This is also necessary to
minimise the evaporation loss during melting. This powder is regrinded and melted at
1000-1100°C for two to three hours for making homogencous glass which is dark red with
metallic lusture.

Skumryev ez al [46) used oxy-acctylene flame for making the glasses. Some other
similar methods like laser melting, Xe-arc imaging furnacc [31] etc. have also been used for

the purpose of making homogeneous glasses. The quenching ratc of the glass is about
10°K/s.

Murakami et al [20], and Komatsu ef al [18, 33-35] also reportcd similar preparation
technique for making YBa,Cu,0, glasses which could also be tramsformed to (HITSO)
phase by properly annealing its glass phasc. The starting matcrials for the YBa;Cu;0,
(1:2:3) glasses being Y,0;, BaCO;, and CuO. The purity of the starting materials being
99.99% or better. It has already becn pointed out that in this melt quenching process
homogeneous mixture of the melt is very important to gct a homgeneous glass
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composition. The melt of these glasses arc just like liquiq water. This is way it is rather
difficult to make wires or tapes directly from their melts unlike the vanadate pre of glassefs.
However, addition of some amount of B,0;, increase of Bi;O, content, melting the glass in
presence of inert atmosphere ctc. might make it possible to draw wires or tapes fl‘Ol’l:l these
glasses. We shall discuss this point at the end of this review. One should also notice the
loss of weight of the sample during melting. For a typical cxample, the weight loss of lfle
Bi,Sr,CaCu,0, (2:2:1:2) galss film [31] during mcling is about 0.2 wi%. However, this
weight loss also depends to some extent on the method of preparation. Proper care should,
therefore, be taken while preparing the glass. The weight loss is mainly duc to chemical
changes as well as evaporation loss. All the oxide glasses thus prepared by different authors
are semiconductors (Sec. 6.2) like other TMI oxide glasses [7].

The prepared glasses are characterized by differcntial thermal analysis (DTA),
thermogravimetric analysis (TGA), differcntial scanning calorimetry (DSC), X-ray
diffracuion (XRD), scanning (SEM) and transmission (TEM) clectron microscopy, atomic
absorption, energy dispersive X-ray analysis (EDXA) etc. as discussed below.

3. Characterizations of the glasses

It proper care, as menuoned in Sce. 2, is taken, the glasses prepared by melt quenching
would be homogencous and mostly of smgle phasc in character. In some cascs formation of
a BiSryCa,, |Cu,O, mtermetallic compound with high melung point (7,, = 1200°C)
creates problem 1o get single phase compound [21]. Some additional XRD peaks of the
CaO, CaCus, BiyCa,,, Cu, Bi cic. are also sometimes detected by several authors in the
glassy as well as in the corresponding superconducting phases with different
superconducting trasition tcmperature (T2) [21, 47). However, homogencous single glass
samples have also been prepared by several authors [22-25, 48, 491 for which proper mixing
of the melt consutuents, control of mclung emperature, and high quenching rate of the
melt arc necessary.

3.1, X-ray diffraction and SEM Studies :

The XRD patterns with CuKa radiation of some of the Bi-based glasses are shown in
Figure 2. These diffraction patterns of the rapidly quenched glasscs show only broad diffuse
peaks without showing any crysualline Structure. This indicates that the glasses are
homogeneous and are of single phascs. However, depending on the quenching rate, heating
iemperature cie. as mentioned n Section 2, some crystalline pcaks might also be observed
[18, S0). This lype of samples showing a few crystalline peaks would also be
superconducting upon anncaling having a litle lower 1, value (or indicating the presence of
both hugh T, and low 1 phases in the anncaled samples). For these samples anomalies in
the elecirical resistivity and magneuc susceptibility are also cxpected. However, large
differences i the clectrical and other properties of this glass from those of the single, phase
pure oxide glass of same composition are always envisaged for obvious rcasons:
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The magnitudes of the scattering vector defined by S; = 4 sin 6/A at the peaks of the

X-ray diffractograms were found to vary slightly between 20.6 to 21.0 nm" ' for the Bi-
based oxide glasses. The glassy nature of the samples was also confirmed from the SEM
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Figure 2. X-ray diffraction pattems of some (B1,Sr,Ca,Cu,0,) type glasses (a: y =3, b:y=
35,c:y=4,d:y=45,e:y=5).

and TEM studies [23, 49]). Some of the SEM pictures for the (4:3:3:4) glasses are shown in
Figure 3 which clearly indicate the glassy behaviour of the samples. For most of Bi-based
glasses a broad hump extending between 26 = 20 — 40 degrees are observed for different
compositions of the glasses [22, 23, 32, 50). From X-ray analysis no evidence of the
superconducting phase in the glass sample is observed. However, some indication of the
presence of the high T, superconducting phase in the glass sample has been reported from
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microwave absorption study [50]. It would be interesting to observe this superconducting

phase in the glass from other expeimental studies.

(a)

Figure 3. Scanning clectron micrographs of a (B1,5r,Ca,Cu,0,) glass showing phase separation
for low temperature which disappears for high temperature long time annealing. (a : original
quenched glass,

Figure 3. Scanning electron micro i .

graphs of a (Bi,Sr,Ca,Cu,0, ) glass sh i
for low tem ey . T308,00,0,) 8 owing phase separation
200°C for 2'}: rature which disappears for high temperature long time annealing. b : annealed at
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Figure 3. Scanmng electron micrographs of a (B1,Sr,Ca,Cu,0,) glass showing phase separation
for low temperature which disappears for high temperature long time annealing.
( ¢ : annealed at 400°c for 10 h).

32. Density of glasses :

It is to be noted that the initial glass phase is about 100% dense with no noticeable voids
present as observed from SEM studies [51, 52]. It has also been observed that the densities
(p) of the annealed glasses (i.e. superconducting phases) is much higher than those of
similar samples obtained by usual solid state reaction (SSR) routes. This is one of the
important features of the (GCR) tcchnique of making (HITSO) from oxides as mentioned
above. Some interesting variations of the density of these glasses with the variations of
CuO and Bi,05 concentrations have been shown in Figure 4. This figure shows that the
density of the Bi,Sr;Ca;Cu,O, (y = 5, 4.5, 4, 3.5, and 3) glasses first increases with the

increase of Bi,O, concentrations and then it decreases for more than 15 mol % of BiyO,.

This behaviour of density is similar to the variation of density of the CuO-BaO-P,0s glass
[13) with CuO concentration. For Bi,SryCa;Cu,O, glass, on the other hand, the density of

the glasses decreases with the increase of CuO concentrations which is similar to the
behavior of density of the Bi,O;-Fe,04 glasses [12].

The apparent molar volume of oxygen (V") of the (4:3:3:y) glasses, for example can
be calculated approximaltely using standard relation

V' = molecular wt./density x W, Q)

where W, is the number of oxygen atoms in the formula unit. The variation of Vv’ with

CuO concentration is also shown in Figure 4 for the (4:3:3:y) glasses. The quasi linear
variation of V" with CuO concentrations suggests that the gcometry and topology of
the random network is not changing largely with compositions in these glasses. This is also
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supported from the fact that the superconducting transition temperatures T, for these
(4-p3'3'4'y) glasses do not change drastically with CuO concentrations (51]. The change of
sl(;p;: ;>f.V° with CuO concentrations (or the occurrence of an extremum in the curve) might
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Figure 4. Variations of densities of the (Bi,SryCa;Cu,0,) and (Bi,Sr,Ca,Cu,0,) type glasses as

a function of CuO (A) and B1,0, (B) mo1%. Variation ot apparent molar volume (V*) of oxygen of

(Bi,Sr,Ca; (i, 0,) glass (C).
also indicate the existence of either composition depcndent structural changes or phase
separation in the glass. The phase separation in the (4-3:3:4) glass has really been observed
by us as shown from the SEM pictures taken at different annealing temperatures [51]. The
different phases arc obscrved for low temperaturc annealing. These phases however,
disappear when the samples are annealed for a long time at a higher temperatures above the
glass transition temperatures (Figure 3).

33. DTA, TGA, and DSC studies on glasses :

The glass transition temperature (T,) as well as crystallization temperature (T,) of several
glasses as studied by DTA are shown in Table 1. The DTA curves for some Bi-based
glasses with heating rate of 10°C/min are shown in Figure 5 for comparison. The T, values
of the present glass system (Table 1) arc relatively higher than the other Bi,O; containing
glasses which do not become superconductor upon annealing above the glass transition
lemperature (2, 11, 12). The T, values, however, decreases with the addition of Pb in the
Bi-Sr-Ca-Cu-O systems (Table 1C). The T, value of a typical Bi-Pb-Sr-Ca-Cu-O glass is
about 395°C, while that for the Pb free Bi-Sr-Ca-Cu-O glass is about 480°C. However, the
T, and crystallization temperature T, depend on the composition of the glasses (Table 1).
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The oxygen released during melting of the glass sample is also indicatd from the TG
analysis [27, 31, 48, 53). The oxygen released seems 10 be recovered during annealing
above 550°C. However, it might be pointcd out that although the details of the structure in
the DTA scan are differcnt for different compositions of the glasses and also for the glass
environment, most of the samples used for high temperature DTA study have some
superconducting fraction present upon annealing at or around 830°C (even for a short time).
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Figure 5. (A) DTA and TGA curves of some Bi-based oxide glasses (Bi, ,SrCaCuO,) and
(B1,Sr,CaCu,0,) [24], (B) DTA and TGA curves of BiSrCaCu,0, glass {27).

Heating to higher temperature results in melting as observed by the large endotherm near
900°C. The DTA cooling curve after melting shows that these materials undergo
incongruent melting as several exotherms are noted [54] in the tcmperature range where the
initial melting takes place. However, the X-ray analyses show no evidence of the
superconducting phase remaining in resolidified samples. This behaviour also appears to be
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i s systems. As pointed out by Kanai et al {53), fn the
dm:emr\f:i':c l:cci:;l:z::fol;n;d;ill::c g:adually increases from. 500°C and has a n;a::m:‘me
T(; curb nd 750-850°C. Since the weight change is considered to.be ca_usef y »
V: o :onuand desorption of oxygen, the above increasc mean that while going from the
:lassosrzhasc to the crystal phase more oxygen is needed. | N

Several reports of the differential scanning calorimet'n.c (DSC) sw(:;::a a\:n is;: o
made [28, 46, 49, 55). Varma ct al [55] showed from spfaleﬁc heat f.C,)th ;Ca Sgrcﬁo -
transition at 7, ~ 650K with crystallization temperature T, = 720K for Te (_ 16287K P
glasses. The DSC thermogram for the (Bi,SrlCa,Cuzo,) gli.)SS showed ’ l;l = oK fora
10K/min warming ratc [46]). Thrce overlapping exothermic peaks with a
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Figure 6. Speciic heat of ome Bi-based oxide glasses |49,
transformation of 13.6 cal/g arc also obsery
respectively, indicating crystallization stages of the maierials,

ed for this glass at 734K, 745K, and 758K,

The specific heat (C,) associated with slructural relaxation, glass transition, and
crystallization of a Bi-bage

d glass was measured by Inoue ef af 149] with a scanning
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calorimeter. The thermogram of a Bi; 3SrCaCuj0, glass is shown in Figure 6. The
quenched sample has C,=0.38 Jg"k"' near room temperature. The C, values increase with

the rise of temperature and then begin to decrease indicating an irreversible structural
relaxation at about 460K for the above glass. At the glass transition region (7, ~ 680K) C,
increases rapidly and rcaches an cquilibrium liquid value of about 0.63 Jg 'k ' around 718K
(for Bi;,gSrCaCuZO,) glasses. With further increase of temperature the supercooled liquid
crystallizes around 725K for the (BiSrCaCu,0,) glass. For higher values of Bi in the glass,
the T, and the temperature of the supercooled liquid region decreases whereas T, increases,
indicating a clear tendency for the thermal stability of the glasses with higher concentration
of Bi. The difference in C, values between glassy solid and sypercooled liquid reaches 0.283

J g"'k'l for (BiSrCaCu,0,) glass [49]. Thercfore, the glassy structure in the Bi-Sr-Ca-Cu-O
oxides is more stable than that of the heat treated crystallized smaples.

Exo —»

Heat flow (arbitrary units)

~=— Endo

680 690 700 710 720 730 1740
T/K
l-‘lgnre 7. DSC curves of some Bi-based oxide glass [28]. Heating rates of (a) 1, (b) 2.5, (c) §,
(d) 10, (e) 20 and (f) 40 K/mun.

The existence of the supercooled liquid over a relatively wide temperature range for
the Bi-Sr-Ca-Cu-O type glasses might have important role for the development of (HITSO)
wire from the glassy oxides. The equilibrium specific heat of the supercooled liquid C,, can
be appoximately calculated from

Cp=A+B(T,-1 gk €))
For a typical (Bi; 5SrCaCu,0,) glass A = 0.673, B = 10.7 x 10 and T, = 730K.

Tatsumisago and Angell [28] studied the crystallization Kinetics for quenched
(Biy;,Ca,; Sr,Cu,0,) glass using a DSC. Figure 7 shows the DSC crystallization peaks at
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different heating rates of the glass and the powder glasses. Here it is ob;crved that for both
the samples the cxothermic peak shifted 1o higher tempceratpres with the increase of heating

rates. Tatsumisago and Angell [28] also suggested surface crystallization as the dominant

mechanism. The activation energy E, for crystal growth may be calculated from the

following relation [56] viz.

o ) _mE 4

P

where o is th heating rate, T, is the peak temperature (Figure 7), R is the gas constant, m
and n are numerical factors depending on crystallization mechanisms. This calculation
showed that the surface nucleation decreascd with an increase in the Bi-content in the glass.
Such a composition dependence is consistent with that of the activation energy for viscous
flow in the glass transforming range and also influences the properties of the glasses and
superconductors obtained from these glasses by annealing. Lowering of the Bi—content
actually favours the glass formation but it lowers the T values of the superconductor.

In the Biy(Ca, Sr), . 1 Cu,O,, . 4 series the formation of glasses with lower value of
T, and T, corresponds, in general, to those glasses with lower n vaue (n = 1). The reaction
mechanism for the formation of the glass from melt may also be written as

2 Biy(Ca, Sr);Cu,0g  (melt)

quenched
—— Biy(Cay, Sr;)Cu0Oq (mclt) (A)
+ Biy(Cay, Srg)Cu30y0 (glass) ®B)

where Biy(Cay, Sry)CuOg is a semicoductor and Bi,(Ca, Sr)4Cu;0,, phase is stable in a
restricted temperature rang 800-840°C. Above this limit it decomposes into other non-
superconducting phases.

34 Infrared studies of glasses :

Infrared (IR) studies of a very few glass samples have been made [52, 57]. The general
behaviour of IR absorption spectra of the (4:3:3:4) type glasses, for example, are the same
as shown in Figure 8. Zheng e al [52] observed that there are four fundamental vibrational
bands inlthe BiO, 5-Cu0-Sry5Caq s corresponding to the frequencies = 840, 620, 500 and
300 cm™. The IR spectra of crystalline Bi,05 [12] showed absorption bands at 360, 395,
430.525, 610, 8700, 1400, 1480 and 1600 cm™. I, therefore, appears that there s a drastic
change in the IR spectra of the Bi;0; crystalline sample when it makes glass with CuO

Sn(?, and CaO. Zheng et al [52] concluded from the IR spectra that the glasses consist o;
131203] units in their glass network systems. Morc claborate IR studies both at low and
high temperature might be very interesting for these glasses.
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4. Preparation of superconductor from glasses

The transformation of the glassy phase to the corresponding supcrconducting phase is a
slow annealing process. The glasses (as shown in Table 1) are annealed in air or in oxygen
atmosphere above the glass transition or the crystallization temperature (in the range of
800-830°C for the Bi-based glasses). The X-ray diffraction patterns of some annealed
glasses are shown in Figure 9 indicating the presence of perfect crystallization peaks in their

superconducting phases.

TRANSMITTANCEard umits )

4000 3500 3000 2500 2000 18OO 1600 1400 IZ(X)' 1000 800 600 400 200
WAVENUMBER (cm™")

Figure 8. IR spectra of (Bi Sr;Ca,Cu,0,) glasses (A :y=3,B:y=4,C:y=5)

It is well known {58] that the B1-Ca-Sr-Cu-O oxide systems contains a number of
superconducting phases in the series [Bi,Ca, _;Sr,Cu,0,, , 4]. Three well known
superconducting phases viz. [Bi,Ca, SroCu,Ogl, [Bi;Ca, Sr,Cu,03), and [BixCazSroCu;0, )
have T, value between 84-110K. The superconducting phases obtained by annealing a glass
phase contains, in most cases, both high T, and 10w T, -phases. It is rather difficult to
obtain a single phase superconductor unless prolonged annealing of the glass sample is
carried out. The gradual appearence of cystalline phases and hence superconducting peaks
with the increase of annealing time is shown in the X-ray diffraction pattera (Figure 9) and
also in the SEM photos (Figure 10). Elaborate microstructural studies of the Y,;Ba;Cu;0,
(1:2:3) glasses have been carried out by Murakami et al [20]. They showed the possibility
of increasing J, value of the corresponding superconducting phase.

8A(1&2)
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Though the actual crystallization processes in these Bi or Y-based glas.ses are yet to be
understood, it appears that the low T, phase or impurity phases nucleate fu'.st and gradually
grow depending on the annealing time and temperature. Recently Shi et al [26, 59]
attempted to study the crystallization of glassy oxides (2:2:2:3), (2:2:3:4), and (2:2:4:5) on
the basis of nucleation theory. The presence of impurity phase like CuCa,04, CaO etc.

appearing during low temperature annealing (500°C) gradually disappears or greatly reduced
during high temperature (~800°C) long time annealing [26, 27, 59-61].

Intensity

Anneal at sod’c
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Figure 9. Changes in the X -ray diffraction pattems depending on annealing time [60).

An estimate of the absolute theorctical volume

sample can be calculated from [53] as

V =

v .
7<= 2 100 (@)
san W/pd

of a superconducting phase in the

&)

where E is an inductance change (dB), C is an cquipment constant (21 dB/cm?), W is the

sam

plc weight (g), and p, is a theoretical density of the sample (g/cm3). Figure 11 shows
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the volume ratio of superconducting phase calculated from eq. (5) in the glass samples
(BiSrCaCu,0, [53]) annealed at various temperatures. The volume ratio shows a maximum

Figure 10. Scanning clectron micrographs of the same sample shown in Figure 3, after

annealing at 700°C for 3 h (a), and at 820°C for 28 hours (b). This sample (b) is superconducting

with T, ~85K |23).
value of 70-75% (BiSrCaCu,0O, glass), 85-90% (for Bi,Ca;Sr,Cu, glass) for annealing the
samples between 800-850°C. Therefore, it appears that there is a “critical’ annealing time
and temperature for all these Bi- or Y- based oxide glasses for obtaining maximum volume
% of superconducting phases. Above and below this critical annealing temperature this
volume ratio decreases. The X-ray diffraction studies [49] also supports this contention that
the impurity phases are reduced if the sample is heated at a proper annealing temperature for
an appropriate time. Annealing above 850°C, the glasses melt and superconducting volumes
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position: of superconducting phases into the corresponding

decrease duc 10 decom hases are obtained only in a limited

semiconducting phases. Stable superconducting p
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Figure 11. Volume rauo of superconducting phase of BiSrCaCu,0, {53} and B1,8r,Ca,Cu 0,
glasses.
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Figure, 12.  Schemauc behaviour of the glasses and ceramic superconductors depending on
anncaling tme and temperaturc.

temperature range. In Figure 12 we have summarized the X-ray, DTA, and some other
behaviour of the glasscs, in general, depending on the anncaling temperature. The reason
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why the total superconducting volume ratio decreases above a critical temperature of
annealing (say 840°C for the (1:1:1:2) system) might be, as suggested by Kanai et al [53],
due to the decomposition of the low T, superconducting phase into two components, one
superconductor and the other non-superconductor.

The chemical changes occurring dué to low temperature annealing can be expressed

12h

[Bix(Sr, Ca),CuO\Jguss 550 200°C

— [Biy(Sr, Ca),Cu0,],.

[Bis(Sr, Ca),CuO,Jyu + (51, Ca)Cu0; goolibos > [Big(Sr, Ca)sCusOy )

and [Biy(St, Ca);CuO,,. + (St, Ca)CuO; 600}§(')IO°C © [Biy(Sr, Ca);Cus0, ),
Takei et al [60] showed from XRD and SEM and SEM-EPMA data that a glass specimen
annealed at 500°C is in an intermediate state between glassy -and crystalline phases.
Diffraction peaks appear sharper with an increase in the annealing time. The XRD patterns
[60] of the glass powder annealed at 500°C for 120h are much broader than those of the
samples annealed at 600°C for 12 hours. Therefore proper choice of the annealing time and
temperature depending on the glass compositions are very important for crystallization of
the glasses to their corresponding superconducting phases. It is however, noticed that
prolonged annealing of the glass samples (below the corresponding melting point by about
50°C) give better quality superconducting materials from the glasses. In Table 2 we have
shown the variations of superconducting transition temperatures with annealing time and
temperatures for some glasses of our interest.

Table 2. Anncaling temperature, time of some glass smaples and the corresponding
superconducting transition temperatures (all the samples are air annealed and slowly cooled).

Glass Annealing Annealing T,,
Samples temperatures (C) time )
Y,Bs,C,0, 900 15 min —
950 30 min 4513
930 24 h 9045
Bi,Sr,Ca,(00,0, 850 15 min 5042
850 2 h 60£2
850 2 days 8542
865 12 h 95410
Biy Pby,Sr,Ca,Cu,0, 500 12 h -
720 24 h 7545
800 24 h 7045
840 10 days 1045
850 3 days 9845
days

850 6815
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The crystallization processes of many of these glasses are, however, very
complicated. From classical nucleation theory the nucleation rate N, is given [62]

=AG,
N, anv exp [-I-‘-;-T‘ exp [i‘f% ©6)

where n is the number of atoms per unit volume, v = oscillating frequency of the atoms, G,
is the free energy required to form a nucleus of a critical size r, and E, is the activation

energy for a crystal growth.
5.  Properties of some ceramics and glasses

5.1.  Superconducting ceramics (annealed glasses) :

It should be mentioned at this point that the superconducting behaviour of the ceramics
obtained from their corresponding glass phases are almost similar {63] to those
superconducting oxides obtained from (SSR) technique. So elaborate discussion on the
properties of the superconductors obtained from the (GCR) technique has not been made
which may, however, be obtained from the standard published literature [63). Some of the
chatracterstic parameters of these superconductors have already been shown in Table 1 (A,
B, and C). There are mainly three types of superconducting oxide glasses from which
HITSO materials have been prepared by annealing viz. (Y-Ba-Cu-0), (Bi-Sr—Ca-Cu-0),
and (Bi-Pb-Sr-Ca-Cu-0) systems. The superconducting properties (like thermal variations
of electrical resistiv'ity. magnetic susceptibility (both ac and dc), critical current density (J.)
etc. of these superconductors largely depend on the composition of the glasses, armealing
time and annealing process, cooling rate of the sample etc. For the Bi— based glasses T,
values do not depend appreciably on the atomspheric conditions of the furnace where the
glass samples are annealed: The general behaviour of the superconductors obtained from the
glass phase and those obtained by usual (SSR) technique (i.e. by heating the powders) are
almost the same. We are discussing below some of the properties of the different
superconductors obtaincd from the glasses.

() Y-Ba—Cu-O system :

The YBa,Cu,0, (1:2:3) glasses were first obtined by Komatsu e al [18). Though (1:2:3)

glasses are rather difficult to make requiring higher quenching rate than that required for the
Bi-based glasses, very high quality (high Jc and T, values {20]) superconducting films and
bulk materials can be prepared from this glass [20]. Some resistivity and ac magnetic
susceptibility curves of this superconductors as a function of temperature are shown in
Figure 13. Very good quality films having high J, value (J, = 7400 A/cm? at 77K) have

also been prepared from this glass [20].

(G) Bi-Sr-Ca~Cu~0 system :

This system l.nas been vastly studied both in the glassy as well as in their corresponding
superconducting phases (see Table 1B). In the Bi,Sr,Ca, _,Cu,O, (n=1,2,3) series,
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BipSr,Cu0O;, (with T, = 10K), Bi,Sr,CaCuyO, (with T, =80K) and the B1,Sr,Ca;Cu;0,
(with T, £105K) systems have been well studied. Another very interesting glass of this series
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Figure 13. Electrical resistivity (B), and ac susceptibility (A) of a typical Y,Ba,Cu 0,

superconductor obtamned from the glass phase.
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Figure 14. Variation of T, with quenching temperature of a typical Big oPb, 4, SrCaCu, O,

glass system [68].

viz, BisSryCa;Cu 0, with relatively low T, ( = 85K) is found to be very suitable for
making superconductor from the glassy phase. Shi et al [26, 59] reported T, above 100K for



60 B K Chaudhuri and K K Som

the (2:2:3:4) and (2:2:4:5) systems. Although some authors reported T, < 70K for the
(2:2:1:2) system obtained from the corresponding glass phase (T abl? 1B), the Tc \.'alues of
the (2:2:2:3) superconductor was reported to be between 80-86K. This large vanation of.T,_.
with small change of Cu concentration is interesting. The dependence of T, on the annealing
conditions of the (1.2:1:1:2) and (2:2:1:2) systems have also been repf)nec? by Komatsu
et al [24). The variation of T, with quenching temperature is shown in Figure lf. The
corresponding variation of resistivity of the same ceramic superconductor depending on
quenching temperture is shown in Figure 15. The dependence of T, on the oxygen content
of the Bi-based superconductor obtaincd by GCR method has not yet been reported.
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Figure 15. The vanation of resistivity of the By, 4Pby ,,SrCaCu, (O, glass with quenching
temperature [68].

Many Bi-based low T, (75-85K) prolonged annealed superconductors indicate small
anomalies at about 105K due to the presence of higher 7, phase in those systems [24].
However, it should be pointed out that appropriate choice of the glass composition is
necessary for obtaining this high T, phase from its glass phase. In general, for all low
temperature (bclow 700°C) and long time anncaled samples, the room temperature
resistivities are higher than thosc of the high temperature long time annealed samples. The

long time and high temperature (above 800°C and below melting) annealed samples are very
good superconductors obtained by (GCR) method.

The temperature variation of ac magnctic susceptibility of some Bi-based
superconductors annealed at different temperatures are shown in Figure 16. It is observed
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from this figure that the onset temperature decreases with decrease of annealing temperature
for the (2:2:1:2) superconductor. This behaviour is consistent with behaviour of resistivity
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Figure 16. Temperawre dependent ac magnetic susceptibility of a furnace cooled Bi-based
superconductor obtained from 1ts glass phase (A - 760°C, 20h ; B : 800°C, 20h ; C : 850°C, 20h)

{24].
(Figure 15) and is associated with the degree of crystallinity, purity of the superconducting
phase (single or multiphase) which increases with the increase of annealing time and
temperature (below melting) etc. Compared to the (1.2:1:1:2) glass the (2:2:1:2) glass
produces better superconductor. The J,. values of the different Bi-based oxide superconductors
obtained from the glassy phases arc found to vary between 30-50 A/cm? at 77K [24] which
is comparable to those of the superconductors obtained from the pure ceramic or chemical
routes. Actually the presence of non-superconducting phases like CuO, and some ions like
Cu?*, Bi®*, Ca®* etc. at the grain boundaries as well as random orientation of the
superconducting crystallites which enhances weak coupling at the grain boundaries reduce
both T, and J. values and also broadens the (T, - T,,) region. This is also responsible for
showing anomalies or kink in the resistivity and magnetic susceptibility curves as a
function of temperature {24, 64]. In many cases such anomalies in the superonductors
obtained from the glass phases could be removed by making homogeneous glass and by
controlling the annealing time and temperature.

Heat treatment of the different glasses in oxygen, nitrogen, argon or air did not
affect very much the superconducting behaviour of the systems. One interesting behaviour
is, however, observed by us that the superconductors obtained by annealing the glass in
oxygen atmosphere gives better electrical resistivity versus temperature curve whereas the
same glass annealed in air gives better magnetic susceptibility versus temperature curve (i.e.
T.=T,). Another intersting behaviour is that the same glass annealed at different
temperatures for different times might behave as semiconductor or superconductor [27, 65).

SA(1&2)
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5:1:1:2) sample was found to be highest (104'1() with T, = 100K. For
'(I;";Z'clf;’; st::\:):esl(omat)su et Zl [24] obtained T, = 75K. Thls.mlghtut:: dfl;e TOT;:f:::I :i
increase of Bi,O; concentration. However, elab.orate mvesugauo:lh of ot ; : :)c o
of Bi in the glass on T, has not yet been invesugale(.l ?)fc'ept for‘ X f :3: ) 3(4.3.3. )’typé
The electrical resistivities and dc magnetic susceptibilities [52; 65'] ol some (4;3:3:y
superconductors and glasses are shown in Figures 17 and 18 respectively.

5 ™

Resistivity (man-cm)

0 \ 1 | 1
0 50 50 250 300
TK)

Figure 17. Variauons of the electrical resistivities of the (Bi,SryCa,Cu,Ox) type
superconductors on the CuO concentrations.

Hinks et al [54] reported the presence of two superconducting phase in the (2:2:2:3)
composition with 7, = 110K and T, = 85K (low T, phase). The (1:1:1:2) glass prepared by
Komatsu et al [34] with low Bi concentration was, however, found to have high 7, = 102K
(Te, = 92K) value with high J, = 102 Afem® at 77K and zero field. This sample was
annealed at 800°C for 24 hours in O, . They also obtained superconductivity in this sample
annealed at 300°C for 28 hours in presence of oxygen. The rapidly cooled glass samples, in

general, show high T, and sharp superconducting transition. However, slow furnace cooled
sample after annealing might show low T.and broad transition with a tail.
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The (2:2:1:2) superconducting film produced by GCR [31] was found to have T, =
86.8K. Thin film of 20 um thick was made by twin roller technique at a cooling rate of
10°K/Sec. Thick films and wires with (4:3:3:4) glass were also prepared [23, 66] and found
10 have T, = 84K with J, = 200 A/cm®.,
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Figure 18. Temperature dependence of dc magnetic susceptibilities of a typical (4 : 3 : 3 : 4)
glass and superconductor.

(iii) Bi-Pb-Sr-Ca-Cu~O systems :

Another very interesting oxide superconductor viz. Bi~Pb-Sr-Ca-Cu-O system has also
been prepared from its glass phase [32, 64, 68, 69]. The addition of PbO appears to produce
mostly single phase Bi-Sr—Ca-Cu-O glass. This glass with different concentrations of Pb
or Bi were prepared from Bi,O;, SrCO;, CaCO;, CuO and PbO. Ibara et al [32] prepared
BiPb,SrCaCu,0, (y=0.1,0.2,0.3 and 0.4) having T, = 120K and T, = 102K (for the y =
0.1 sample). Ishida [68] also reported T, = 110K in the Big g4Pbg2,SrCaCu, (O, system.
Komatsu et al [34] studied BiggPbg,SrCaCu; sO, showing T, = 100K in the
superconducting phase obtained by prolonged annealing in air for 250h at 840°C. The
critical current density J, at 77K and zero magnetic field was reported to be 120 Alem?. Ttis
observed for the Pb containing glasses that for the higher values of the glass transition
temperature T, , the superconducting transition of the corresponding sample (annealed) is
lower. For example, Big ogPbyg 2,S1CaCu; O, glass has T, = 650°C with T, = 110K and the
BiPby,;_94SrCaCu,0, glass T, lies within 480°C having maximum T, = 122K. This
contention appears to be true for all the glasses becoming superconducting after annealing.
Furthermore, the superconducting behaviour of the Bi-Sr-Ca-Cu-O and the Bi-Pb-Sr-Ca-
Cu-O sysyems unlike the Y-Ba—Cu-O system do not depend on the furnace atmosphere,
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whether air, oxygen, or some other glasses. Addition of Pb also increases the volume
fraction as well as stability of the high T phiase in the Bi-based systems [32, 64, 68, 69].
Finally it should be mentioned here that the T1-Ba-Ca—-Cu-O system has not been
prepared from the glass phase. However, this system has also been obtained from the semi
glass-ceramic route [70]. Here the Ba—-Ca-Cu-O system was first melted by heating
appropriate amount of the oxides at 1100°C for about three hours. The solid glass is made
by quick quenching this melt in between two copper blocks. The thin glass plates thus
prepared are annealed at 800°C for about 24 hours. This annealed plate is sealed inside quartz
or silver tube with appropriate amount of T1,0; which is then heated inside the furnace at
about 900°C for 10 to 20 minutes (depending on the thickness of the plates). The furnace is
then cooled slowly. The samplc inside the silver tube is found to be superconducting with
T.around 120K. This is a mixed phase superconductor. The electrical resistivity and ac
magnetic susceptibility of this superconducting thick film are shown in Figure 19. This
might be a good technique for making T1- based high T, superconducting dense films.
Some reports on the preparation of metallic Bi-Sr-Ca-Cu alloys from melt and then
converting them to the corresponding superconducting phase [71] have also been made.
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. It should-be pointed out further that the method of converting the glass phases to
zcu corresponding superconducting phase is a tricky one. Often good superconductors from
¢ glasses are found when the glass is made with about 1% of silver in it or by annealing
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the glass samples in a silver container or tube. Probably the presence of silver helps
attaining the correct oxygen content in samples. This was also pointed out by Baker et al

[72].

52. Properties of glasses which become superconductor by annealing :

For a better understanding of the mechanism of superconductivity of the annealed glasses
(Bi, or Y-based), a critical analysis of their electrical, magnetic, optical, and other
properties are necessary. However, very little investigation of the electrical, dielectric or
other properties of these glasses have so far been made [23-27, 48, 67, 73]. We shall
discuss below the semiconducting properties of some of these glasses (non-superconducting
samples) like BisSrsCa;Cu,O, (y = 3.5, 4, 4.5, and 5) which are homogeneous and single

phase in character. If the glass sample like Bi,Ca;8r;Cu,O,, Bi; sSrCa;Cu;0,,

Bi, sSrCaCu,0, etc. are heat treated at 200°C for 2 hours in O,, N,, or Ar, no change in

the electrical properties are observed [25]. Though no report of the existence of
superconducting phase in the homogeneous glass sample has been observed down to 4.2K,
Varma et al [50] concluded from non-resonant microwave absorption (at 9.1 GHz) that the
weak microwave absorption at 77K in a (Bi—Ca-Sr-Cu-0) glass is due to the existence of
clusters or ultra microcrystallites of superconducting- phasc in the glass. More elaborate
investigations to confirm the existence of superconducting phase even in the glass would be
interesting. This might help to understand the origin why these very oxide glasses become
superconducting when annealed. Of course, such microcrystalline regions in some inorganic
glasses have already been observed by Krivanek ez al [74].

The (SEM) micrograph of a typical (4:3:3:4) glass after annealing at 250, 400, 700
and 830°C, respectively, for 2, 3, 4, and 15 hours are shown in Figure 3. The heat treated
micrographs show an indication of phase separation after heat treatment which disappears by
heat treatment at higher temperature and for a longer time. Similar indication of phase
separation was also noticed from the CuO concentration variation of density and apparent
molar volume of oxygen V" as discussed in Section 3.2. Although the separated phase
composition has not yet been determined, ac electrical conductivity results and Cu,0
crystallization detected by X-ray diffraction after switching [57] suggested that this phase
could be mostly the precipitated Cu,O. All the glass samples with the variations of CuO
concentrations in the (Bi,Sr;Ca;Cu,0, , y = 5, 4.5, 4, 3.5, 3) did not show phase separation
(for example (4:3:3:5), and (4:3:3:4) though some very small isolated and dispersed
crystallites appear. They are mostly precipitate of CuO since these glasses have a very high
concentratiozs of CuOQ.

An ohmic behaviour upto 300V is observed above which a non-linear electric field
effect of a Poole-Frenkel (electronic) mechanism is considered to be valid. The straight line
region of the I-V curve can be fitted with

_ logr=pv? Q)]
where B is the decay coefficient of the applied electric field [16].
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6. Electrical properties of Bi-Sr-Ca-Cu-O glass

6.1. DC conductivity of the glasses :

Detailed electrical conductivity of the (4:3:3:4) type glasses have only been studied so far
[48, 59, 66]. In the temperature range of 77-450K these glasses show interesting
semiconducting behaviour. The values of dc conductivity (Oy) of these glasses at a fixed
temperature (300K) is shown in Figure 20. It is observed that (0y4.) increases with the
increase of CuO concentrations. The activation energy (W) of the glasses, however,
decreases with increase of CuO content in the glass (Figure 20). It is interesting to mention
that though these glasses become superconductors after annealing, the room temperature
conductivities of these glasses are about two order of magnitudes lower those of the V,05 or
Fe,0, containing TMI glasses [11, 12, 76]. It may be noted that the magnitudes of (6g4.) of
the (4:3:3:y) glasses at any temperature tends to be higher in those glasses having lowest
thermal activation energy. Thesc results, however, agree with those for the vanadate type
glasses [11, 12]. It is also noted that at 300K the activation energy of the (4:3:3:y) glasses
is higher than that of the V,05-Bi,05, or Fe;05-BiO5 glasses. The thermopower
measurements at room temperature shows that the charge carriers are mostly electrons.
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Figure 20. DG conducuvties (0,) and activation en N .
of CuO concentrations. * crgets (W) of a Bi-based glass as a function

_ The logarithm of measured d¢ conductivity (Gq.) of the (4:3:3:y) glasses as a function
of inverse temperature is shown in Figure 21. The slopes of the curves change with
temperature indicating temperature dependent activation energy (W). This is a characteristic
feature of hopping conductivity in these glasses similar to those observed in many other
(TMI) glasses [1-16]. The activation energy of the glasses decrease slowly below 280-300K
and at the lowest temperature region (77K) it becomes = 0.05eV. This behaviour is
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consistent with the polaron model of hopping conduction [6] which predicts an appreciable
departure from a linear T versus log Oy plot below a temperature T, < Oy /2 (8y, is the

Debye temperature). From the analysis of the dc conductivity data as a function of
Cu-concentration (Figure 20) and temperature (Figure-21), one finds that the observed
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Figure 21. Vanation of log 0, with %.of the Bi-based glasses.
dependences are well discussed by Mott’s theory [5, 6] which regards the electrical
conductivity of the semiconducting oxide glasses as a process similar to the impurity
conduction ‘in doped and compensated semiconductors. According to this theory, the
cxpression for dc electrical conductivity is written as

-W
O4c = O, €Xp KoT ®)
where the factor G, is dependent on the distances between ions (TMI) and may be written as

2
=9me ~_ _ 9
Co= 4Tk C(1-C) exp (-20R) C))

where vy, is the optical phonon frequency, R the average site spacing which is estimated
1
from the relation R = (%)3 (N being the number of copper sites per unit volume), C is

the ratio of the TMI ion concentration in the low valency stite to the total TMI ion
concentrations, a is the wave function degay constant, kg is the Boltzmann constant. For a
typicat (4:3:3:4) glass the model parameters [S1, 66) fitted with eq. (9) are shown in Tables
3-5.

If Wy is the polaron hopping energy and W), is the disorder energy arising from the
energy difference of the neighbouring sites, the activation energy W is given by

W=W, + V.V‘zu. for T > Qg (10)
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On

= W, for T < 4

The Debye temperature 6p = @I:L (h is the Planck’s constant). From the results of

chemical analysis and the density of the glasses, the mean distance R between the copper

. . o . )
jons has been calculated (see Table 3). The variation of R with lo*g1 —L—C(I-C) is shown in

. Cu TN
Figure 22. Since each composition of the glasses differs by the Cug =C, o, is divided by

the factor C(1-C). From the slope of Figure 22 the value of a is calculated. These values
of a as shown in Table 5 indicate strong localized states in the (4:3:3:y) type glasses [48].

Table 3. Some charactensuc parameters of (B1,Sr,Ca,Cu O,) (4:3:3:y)* type glasses for different
values of CuO concentrations.

Sample Gl G2 G3 G4 GS G6 G7 G8

Composiuon 0 1 2 3 35 4 4.5 5

(Cu content y)

Starting Cu 0 426 8.09 11.56 13.17 14.70 1617  17.57

content (w1%)

Final Cu 0 4.63 8.21 11.64 14.05 15.90 1722 18.08

content (Wt%)'

Mole % of CuO 0 11.11 20.00 2127 30.43 33.33 3600  38.46

Densty (p) 5969 5954 5.932 5.921 5.892 5.890 5.876  5.859
3

(gm/cm’)

N — 2.61 4.61 6.53 7.84 8.87 9.59  10.04

10"eV’em )

C=Cu'lCu, — 0.79 0.75 0.70 0.75 0.78 0.80 0.79

RA) —_ 7.261 6.007 5.350 5.033 4831 4.707 4.635

r.(R) — 2,926 2.421 2156 2.028 1.947 1.897  1.868

T,(°C) 480 402 422 422 440 426 446 431

T,(0) 505 512 534 495 555 532 532 491

(T,-T)CCQ) 97 110 112 73 115 106 86 60

“ All these glasses arc found to be superconducting with T, varying from 85 to 100K [51)
" From chemical analysis and atomic absorption spectorscopy.

Table 4. Some characterisuc parameters of the (B1,Sr,Ca,Cu, O, ) glasses obtained by fitting the
expenimental conductivity data with diffcrent theoretical models.,

°dc ohm 'cm ') W (eV) wH" AW (eV) Wy

Sample ) =W- W, V)
at 300K at 410K 300K 410K

&) 132107 870 x10™° 0660 0.820 0.18 0.480 0.062
a3 242107 150x10° 0634 0.760 0.22 0.414 0.043
G4 900x 10" 253x10* 0580 0.709 0.25 0.330 0.050
GS 205x10"° 471 x10" 0568 0.684 0.26 0.308 0.030
G6 770 x m';° 231 x 1007 0544 0.656 0.28 0.264 0.029
G7 170 x 107 380 x 107 0526 0.637 0.28 0.246 0.037
G8 390x10°  695x107 0510 0.625 0.29 0.220 0.029

a) Calculated from eq. (13) assuming ep =€ = n (where n = 1.995)
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Table 5. Some characteristic model parameters obtained from the electncal conductivity data
characterizing the behaviour of the (Bi,Sr;Ca;Cu, O,) glasses.

a) b :
Bpnexp (- 20R) o o o® Yo my/m,
Sample (Hz) (Hz) A" A" =2Wyhe, =cxp(y)
G2 292 x 10° 134 x 10° 047 058 8.69 5.9 x 10°
G3 400 =100 125 x10° 046 092 10.62 41 = 10°
G4 778 x 10° 101 x 107  0.45 123 12.07 1.7 x 10°
G5 113 x 10 95 x 10" 0.45 099 12.56 2.8 x 10°
G6 138 x 10°° 888 x 107  0.44 097 13.52 7.5 x 10°
G7 1.64 x 10° 894 x 107 044 035 13.52 75 x 10°
G8 1.69 x 10°° 840 x 107 044 087 14.00 1.2 x 10°

a) Calculated from the values of 9phexp (- 2aR) assuming o = 0.669A ' as obtained from the slope of
— % .

R vslog [C a- C)] curve (Figure 22)

b) Calculated from the values of 'Oph exp (- 2aR) assuming 9 b= 10" Hz

c) Calculated from the slope of T s, log ((séc 'l‘m) curve (figure 25)

-
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Figure 22. Variation of R with log [C 0

__9-1._5;] of the Bi-based (4 : 3 : 3 : y) glasses with y
=3,3.5,4,45,5.

An attempt has also been made to calculate the optical phonon frequency for the

glasses by fitting the log ¢ versus %curvcs (Figure 21) with the Holstein‘s [77)] relation

viz,
. o, |
oo NERZ | m Sy T wh s GWe an
ZrwksT | Wi o, P ( esT )
2%sT

10A(1&2)
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tanh hw,

where G = -——2-’9’1, the polaron bandwidth J should satisfy the inequality

LAY
2kgT

L 1
J > (Mﬂ)‘ (%“‘)2 for adiabatic hopping
n

1 1
< (Mﬂ-) 4 ( @’;"h)z for non-adiabatic hopping (12)
n

with the condition for the existence of a small polaron having J < w—é’-

Using the method of successive approximation, the best fit of the ¢q. (11) to the
corresponding cxperimental results (Figure 21) has been obtained for the glasses. For the
(4:3:34) glass, for example k, = 0.034e¢V which corresponds to the phonon frequency v,
=8.12x 10" Hzand 6}, = 390K. The values of phonon frequency and Debye constants for
some of the glasses are shown in Table S. It is intersting to mention that for all these
glasses phonon frequencies are about onc order of magnitude smaller than those of other
TMI glasses like V,0s -Bi,05 and Fe,0; -Bi,04, where Vpn = 1.23 x 10" Hz with 6p=
590K (78, 79]. I, therefore, appears that the Debye constant for these glasses are quite
smaller than those of other (TMI) oxide glasses which do not become superconducting upon
anncaling.

It is further noted that the infrared spectra as shown in Figure 8 for the different
compositions of the (4:3:3:y) type_glasses are almost similar, suggesting that the optical
phonon distribution does not appreciably differ in these glasscs with various compositions
of CuO. From the IR spectra the characteristic phonon frequency is estimated 1o be of the
order of 1.52 x 10* Hz corresponding to the infrared band around 500 cm” ' (for the
(4:3:3:4) glass). This band is, however, not prominent for all the glasses. This value of
phonon frequency is very close to that estimated from the clectrical conductivity data viz.
8.12 x 10'2 Hz. The values of Vpn as given in Table 5 do not vary much with CuO
concentrations indicating that the structural arrangements of all the glass compositions are
similar. This also supported from the fact that the superconducting transition temperatures
for these glasses do not vary appreciably from one glass composition to another [51]. The
value of phonon frequency obtained from the IR spectra is, however, one order of magnitude
hig.her than that obtained from the clectrical conductivity data. This might be explained by
gkmg the polaron correlation effect into consideration which implies that the factor C (1-0
In eq. (9) should be replaced by C(1-C AR (1 is observed that an estimated valuc of

Phonon frequency with n = 4 is of the same order of magnitude as that obtained from the
infrared spectra 51,
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In eq. (11) W), is the polaron binding energy and is related to polaron radius r,, [5, 6]

2 2
€ € 1 1
Wo=-"—and Wy= -— (— - & 13

» y "= den ( — (13)
It turns owt that a good approximation of LS for glasses can be made by using the formula
derived by Bogomolov et al [81] for the case of crystalline TiO, system viz.

1 .
Lo
p=2(an ) (14)

The calculated value of r, from eq. (14) are also shown in Table 3. An experimental
determination of r, is also made by taking polaron bindipg energy Wp = 2Wy [6, 82, 83).
The values of 7p calculated by these two ways which agrees quite well [51].

The knowledge of phonon frequency v, makes it possible to determine the small
polaron coupling constant Y, = Wp/h@, . For the Fe;03-Bi;0; and V,05-BiyO; glasses
it is of the order of 25. For the (4:3:3:y) type glasses ¥p varies from 8.7-14.0 depending on
the CuO concentrations (Table 5). These values of coupling constants also give the polaron
effective masses mp = m exp(yp) (m, being the electron mass). The polaron effective mass
mp is of the order of 10° - lO‘m,. The numerical values of 7p,Yp, and mp suggest the
presence of strong electron-phonon interaction and the formation of small polarons in the
(4:3:3:y) or similar other glasses which become superconductors by GCR route. Thus the
essential conditions for the applicability of the small polaron theory [5, 6, 77, 79] to these
glasses are satisfied.

The nature of hopping in these glasses is ascertained by using the Holstein condition
(eq. (12)). From the annalysis of conductivity data (Figure 21) it is possible to estimate the
overlap integral J from eq. (11). Furthermore, an estimate of J can also be made from the
relation

1 3
J2 & [NEF)) 2 fep 2 (15)

where N(Ef) is the density of state at the Fermi level and
i_1_1 (16)

where €. and €, are the high frequency and static dielectric constants, respectively.
Polaron band width J is estimated from eq. (15) under the approximation €p = €., = p,2
(where p is the refractive index of the glasses calculated from reflectance of the glasses). An
estimation of N(Er) can be made by the consideration of ac conductivity of the glasses (to
be discussed below) and Mott’s 7' analysis [5, 79] at low temperature as discussed in our
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earlier paper [48). For the (4:3:3:4) glass the estimated values of N(Ef) is of the order of
139 x 10° eV~' cm~® Then eq. (11) gives J = 0.09 cV. The right hand side of eq. (15) is
evaluated to be 0.011 ¢V with the values of high temperature activation energy (Wy) and
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Figure 23. Vanaton of log 6, as a function of activation energy of the same Bi-based oxide
glasses mentioned 1n Figure 22.

with other parameters from Table 4. Therefore, the condition for non-adiabatic hopping
scems to be valid for these glasses like the Fe,0-BiyO4 glass [12] but unlike the vanadate
glass [11, 78]. The observed liner dependence of log (6, /C(1-C)] on R (Figure 22) also
indicates the non-adiabatic hopping character for the (4:3:3:y) glasses. The same conclusion
may also be drawn from the criterion of Murawski et al [83]. That is, the temperature T
estimated from the slope of the log 64 versus W plot (Figure 23) should be very different
from the temperature at which the conductivity data have been plotted in the figure. Here we
find 7° = 260K and 195K respectively for T = 410K and 300K (at which the data were
plotted in Figure 23), suggesting that the polaron hopping in these glasses is in the non-
adiabatic regime. Thus the factor J exp (- 2aR) is prevalent and cannot be neglected in the
expression for the dc conductivity (eq. (8)).

Schnakenberg [84] 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,
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tanh ’EQPh-E

w4 an

w' hog B

4
where B = 1/kgT. In Figure 24 the experimental as well as the theoretical values of W/W'
given by eq. (17) are plotted against 1/T for the (4:3:3:4) glass. From this figure one finds
that the experimental values of the activation energy dccrease with increasing temperature
but 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 temperature cannot be
attributed to the decrease in activation energy alone.
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Figure 24. A plotof W/W'vs for (4 :3: 3 : 4) glasses.

T

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 ' analysis
for the variabie range hopping (VRH) can also be made. So we have plotted T * versus In
o (Figure 25) w0 check the applicability of Mott’s formula (5, 79] in the present (4:3:3:4)
glass. According to Mott’s formula the conductivity for the variable range hopping at low
lemperatures is given by,

G4 = Aexp (- BT (18)
where A = EN(EpR?
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The slope of the T 14 yersus In O, curve gives the parameter B, where,

o a
B=2.l[m]

14 yersus In (Gy) plot should be linear. The same plot for the

19

Eq. (18) suggests that the T
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Figure 25. Plotof (a)Ina, vs T, and (b)In (04 T ) vs ™" for (4:3:3:4) glass.

(4:3:3:4) glass (Figure 25), however, indicates the presence of two linear regions above and
below T = 108K with two different slopes. From the slope of the curve below 108K and
using the value of ¢ (obtained from fitting of experimental data with eq. (8) and shown in
Table 5) the value of N(E) is calculated to be = 10* eV ' cm™> which is comparatively
higher than the value obtained from ac conductivity data. The disorder energy (Wp) can also
be estimated from the slope of Figure 25 by,

B=2.4[”!Mk9‘;’fﬁ-]5 0

The calculated value of Wy, using the value of R and o from Table 3 and Table 5,
respectively, is found to be = 1.5 eV. This value of Wp is much higher than the low
temperature activation energy (= 0.05 eV) obtained theorctically [80]. This type of high
value of W), was also reported by Dhawan e al [82) for the V705 -TeO, glasses.

. In an alterative way Greaves [85] suggested a variable range hopping conduction in
the intermediate temperature range and derived the expression,

12 -B
Gs I = Cexp 7 an
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Here B and C are constants. B is'given.by the same expression as given by eq. (19). The
plot of In (G4 T') versus T ' is shown in Figure 25 for the (4:3:3:4) glass. The straight
1ine nature of this curve, as suggested by the Greaves relation (eq. (21)), is observed only
over a small range of temperature but the general behaviour of the curve appears to deviate
from linearity with the increase of lemperature.

Considering the hopping within energy kT of the Fermi level- Austin and Mott [6]
obtained the expression for ac conductivity (G,) as,

Ou = % ne’ky [TN(EP) o [In "f;)h ]4 (22)

Substituting the values of vy, and o (from Table 5) we fiad N(Ef) = 1.17 x 10V~ 'cm™*
for 1 KHz and N(Ey) = 4.17 x 10”eV"'cm ™ ? for 10 KHz from the experimental values of
0, (w) at low temperature (discussed below). These values of N(Ef) for the (4:3:3:4) glass
arc close to the values obtained from the correlated barricr hopping (CBH) model of ac
conductivity |86-87] discussed in the next scction.

6.2 AC conductivity and dielectric constant ;

The ac conductivity o, (w) and dileectric constant (€') of the (4:3:3:4) glass have been
mcasurcd between 80-420K for two different frequencies (1KHz and 10KHz). The ac
conductivity o, () as a function of temperature is shown in Figure 26. It is observed
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Figure 26. Variation of ac conductivities of a Bi-based glass wilh%,.
from this figure that, in common with many other amorphous semiconductors, the

lemperature dependence of ©,. (®) is much less than oy at low temperatures and is not
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activated in behaviour. However, the temperature and its frequency dependences become
strong with the increase of temperature. Ultimately, the measured conductivities at aj]
frequencies coincide with G4, at higher temperatures.

The ac conductivity as shown in Figure 26 was calculated by subtracting the
measured dc conductivity from the measured total frcquency dependent conductivity o)
such that

Oac (0) =G, () - Oy @)
09
p" & ~ -
°005 ~s.
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Figure 27. Temperature variation of #/of the
: glasses (4 :3:3 : 4) a1 1 KHz. (0 i
points, and ( ) theoretical curves obeying eq. (36). * * O experimena

\.Vh‘en ac and dc conductivities are due to the Same process and G, is simply 6, (w) (in the
limit @ — 0), the separation given in eq. (23) is no longer useful.

Like many amorphous semiconduc i
tors and insulators, the ac conductivi
(4:3:3:4) glass was found to follow the equation vty of the

Oyc (0)) =A Q)‘ (24)
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The estimated frequency exponent s is shown in Figure 27 as a function of
temperature. The variation, of the exponent s at room temperature with frequency is shown
in Figure 28. 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 [11, 12, 76, 88].
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Figure 28. Variation of s with frequency at room temperature (300K).

Many different theoretical explanations (86, 87] for the ac conduction in amorphous
semiconductors have been proposed to account for the frequency and temperature dependence
of 0, and s. It is commonly believed that the pair apprioximation holds, namely the
dielectric loss occurs because the carrier motion is ¢onsidered to be localized within pair of
sites. In essence, two distinct processes have been proposed for the relaxation mechanism,
namely quantum mechanical tunnelling through the barrier separating two equilibrium
positions and classical hopping of a carrier over the barrier or some combination 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
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(4:3:3:4) glassy semiconductor are analysed in the light of the existing theoretical models.

(A) Quantum mechanical tunnelling ( OMT) model :
Several authors [6, 87, 89, 90] calculated with the pair approximation, the ac conductivity
data for single electron motion undergoing QMT and obtained the expression for the ac

conductivity as

O. (0) = Ce'kpTo ' IN(ER)) @R §, (25)
where C is a numerical constant, and R, is the hopping distance at frequency , given by
1 1
Ry, =(20a) In or. (26)

where 1, is a characteristic relaxation time. The frequency exponent s in this model is
obtaimed from

4
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Figure 29. Thermal vanauon of Oy(w) at 1KHz. ; (@) experimental poinis and (---------- )

theoreucal curve obeying CBH model.

Therefore, for the QMT model, o, (@) is lincarly dependent on temperature T [eq. (25)], but
the exponent s is temperature independent and frequency dependent [eq. (27)]. For ty];ical
values of the parameters 1, = 1073 gec and @/2% = 10° Hz, a value of s = 0.81 is obtained
from eq. (27). However, it is clearly observed for the (4:3:3:4) glass that the exponent s
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decreases with increase of temperature (Figure 27) and increases with increase of frequency at
a fixed temperature (Figure 28). Furthermore, QMT model predicts a linear temperature
dependence of G, (©). But our experimental results, as shown in Figure 29 indicate a much
sharper increase of G, () with the rise of temperature particularly in the high temperature
regime. A temperature dependent frequency exponent can be obtained within the framework
of the QMT model by assuming that the carriers form non-overlapping small polarons. In
our case, however, the frequency exponent deceases with incrcase in temperature (Figure
28). The simple QMT model also predicts that s should decrease with increase of frequency
[eq. (27)]. But in (4:3:3:4) glassy semiconductor s increases sharply with frequency in the
range of our investigation viz. (102—105 Hz). Thus for the above reasons the QMT model
clearly fails to explain the experimental ac conductivity data of the (4:3:3:4) glass.

(B) Overlapping polaron tunnelling (OPT) model :

In this case, as suggestcd by Long [87] the large polaron wells of the two sites overlap and
thereby reduces the polaron hopping energy. In this case one has

Wa=Wao (1-"5) 28)

where Wy is defined as

2
€

B 4¢prp

(29)
Assuming R as a random variable, 6, () in this model [87] comes out to be of the form
4
Ouc (@) =5 € sTY? INER) 2 (30)

wR 3‘,

where X =
(20./(BT + W,,o rp/R i,)

The hopping length R, is determined from the quadratic cquation

R )+ BWio+1n @T)IR _~BWyor = 0 €3

’ ’ 1
Here Rm=2(an,,rP=2arp,and B=k_,_f

The exponent s in the OPT model can be evaluated from

8aR, + 6B~—MWR !
£

BWuorp \?
(20.R,,, + R,

l-5= (32

Thus the OPT model predicts that s should be both temperature and frequency dependent [cf
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eq. (32)j and that the frequency- exponent s dccreases' from unity with the ir.acrea,se' of
temperature. For large values 7S the values of s comfnue to chTBZ.lSC with increasing
temperature, eventually tending to the value of s predxct'ec? by the sxmple‘ QMT model,
where for small values of 7, "sthe exponent s exhibits a minimum at a certain temperature
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and subsequently increases in a similar fashion as in the case of small polaron QMT. Thus,
it appears that the OPT model should better fit the cxperimental ac conductivity data of the
(4:3:3:4) glass, since the experimental values of s decreases with the increase of temperature
(Figure 27). To verify this, the frequency exponent s is plotted in Figure 30 as a function of
kgT/Wo similar to our earlier paper on thc scmiconducting oxide glasses [11, 12]. The
value of Wyo was calculated from eq. (29) using the values of rp and €p from dc
conductivity data (shown in Table 3). The theoretical curves given by eq. (32) are also
drawn in Figure 30 for various values of ry . The best fit to the experimental data (in the
low temperature region, for kzT/Wy, < 0.6) has been observed for the value of rp =24as
shown in Figure 30. The decay,constant o can be estimated from the relation re =2wp
using this value of 75 . The estimated value of o agrees fairly well with the value obtained
from the dc conductivity data {48]. However, the values of 7p, being smaller than R,
appears to be inoonsistent with the basic premise of the OPT model (for the large polaron
case). At higher temperatures, the experimental data for § neither lie between the thearetical
curves (Figure 30), nor they show minimum according to the requirement of the OPT
model. This is also true for the V,0s -Bi;0; [11] and Fe,04 -Bi,0; [12] glasses.
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The OPT model also predicts [cf. eq. (30)] an appreciably stronger temperature
dependence of O, () in the temperature regime where the frequency exponent s is a
decreasing function of temperature. The functional form of the temperature dependence of
6, (©) shown by eq. (20) is a complicated one and cannot be expressed simply as T (with
v constant over a wide range of temperature). Nevertheless, at low temperatures (kgT/Wpyo <
0.04 — 0.05) the hopping length R has an approximately constant temperature dependence,
R~T"® (for rg = 2.5) and insertion of this value in eq, (30) yields o,. (®) ~ 7° for the
uncerrelated case. This is obviously at variance with the much weaker temperature
dependence exhibited by the low temperature data of the present work (Figure 29) and even
if the correlated form [86] of OPT model is invoked, the said dependence is predicted to
decrease only to G, () ~ T*. It therefore, appears that the femperature dependence of the ac
conductivity is not really met within the framework of the OPT model developed by Long
[87).

(C) 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 [89] for single electron hopping and extended
by Elliott [86] for the two electrons hopping simultaneously. For the neighbouring sites at
a separation R, the Coulomb wells overlap, resulting in a lowering of the effective barrier
height from Wy, to a value W, which for the case of two electrons hopping is given by
(86, 87]

2
W= Wy - uzék (33)

where € and €, are, respectively, the dielectric constant of the material and the permittivity
of the free space. The ac conductivity in this CBH modcl, in the narrow band limit, is given
by (86, 87]

Ou (@) = 57 TNeweR’, (34)

The hopping distance R, is given by

2
R, = —w-cezf—o [w,, —ksT In ( w'% )] 35)

The frequency exponent s with the CBH model is given by

6kgT (36)

1
W - ksT In ( mo)

Therefore, according to the CBH model a temperature dependent frequency exponent s is
predicted, with s increasing towards unity as T — 0, which is in marked contrast with the
QMT or simple hopping over barrier model [87], and therefore, it might be a possible

l-s =
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contending model for the cxplanation 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 temperature dependence of the ac
conductivity and its frequency exponent. Our experimental results, as shown in Figures 27
and 29 show exactly similar nature as suggestcd by the CBH model. In Figure 27 the
experimental values of s arc shown as a function of temperature along with the theoretical
curve obeying eq. (36) with w/2n = 1000 Hz and W), = 0.88 eV. Here W), is taken ag
twice the high temperature activation encrgy obtained from- our dc conductivity results as
shown in Table 4. The best fit with the experimental curve is obtained with 1, = 1072 sec
which seems to be quite reasonable and nearly equal to the values obtained for other
semiconducting oxide glasses [9, 12, 87]. The little discrepancy existing between the
theoretical and the experimental values as indicated by Figure 27 might be due to some
inaccuracy in the determination of the barrier height (Wy). At this point it would be
worthwile to mention that the correlation between the barrier height and hopping distance
might cause appreciable deviation of o,. (w) as well as of s from the corresponding
theoretical values. Using the same value of Wy, (= 0.88 ¢V) and 7, (= 10"'? sec) we have
calculated the value of R, from eq. (35) which was found to be = 7.7 x 10™® cm. Putting
this value of R, and € from our experimental dielectric constant data in eq. (34), N was
calculated to be = 1.39 x 10'® V™' cm™>. The estimated value of N [48] seems to be rather
low which may be due to the fact, as suggested by Linslcy er al [19], that some of the sites
may remain inactive due to glass structure resulung in a lower number of sites actually
participating in the conduction process.

The temperature dependence of Ouc () in the CBH model is given by
O, (0) o T° 37

1
T, (37a)

where V=(1-s5)In

In Figure 29 we have plotted the experimental temperature variation of O, (0) along with
the theoretical temperature dependence obeying eq. (37). A reasonably good fitting of the
experimental values with the theoretical curve indicates the applicability of the CBH model
in explaining the experimental ac conductivity data of the (4:3:3:4) glass.

6.3.  Dielectric constant -

The dielectric constant (") and the loss tangent tan 8, were also measured simultaneously
along with the ac conductivity measurement using capacitance bridge technique as discussed
earlier.

The temperature variation of £” and tan § for two fixed frequencies 1kHz and 10kHz
are shown in Figure 30. Both ¢° and tan § are found to increase with the increase of
tempcrature. The curve corresponding to 10kHz (Figure 31) shows a peak at about 366K in
the €’ versus T curve which is a common feature indicating Debye type dielectric relaxation
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process [92, 93] characterized by a relaxation frequency f, (where f, = 1/2nt,, , T, being the
dielectric relaxation time). The loss peak occurs at a temperature at which the measuring
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Figure 31. Temperature variation of diclectric constants and tan & for the Bi-based (4:3:3 : 4)
glasses at two different frequencies.
frequency equals the relaxation frequency. For this (4:3:3:4) glass the loss curve
corresponding to 1kHz shows no such peak within the range of our investigation. In Figure
32 we have plotted & versus In () as well as tan  versus in (w) at room temperature
(300K). Both &” and tan & are found to decrease with increase of frequency which are
consistent with the behaviour of ac conductivity discussed above.

64.  Imaginary part of ac conductivity :

Real (denoted by o, (0)) and the imaginary part (denoted by &, (w)) of the ac conductivity
are related via Kramers-Kronig relation. The values of ¢, (w) and 6, (o) are also related to
the dielectric constant. The total measured capacitance C,,, (), like conductance, can also
be expressed into two parts, arising from different processes, viz.

Cot(®) = C(w) + C.. (38)

where the dispersive term C(w) is determined by the loss measurements and the non-
dispersive term C.. is determined by the high frequency atomic and dipolar vibrational
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transitions. Serveral methods [87] for determining C(w) from the ca'paciu?nce dag.a l'lave been
proposed. In the present work, C(w) was estimated from the numerical dxfferenuau'on of the
capacitance whereupon the constant term involving C. drops out. Tlfe ratio of the
imaginary to the real part of the conductivity is then calculated from the relation,

A = 200 ol (@) (39)
T o, (w) G (w)
50
>
— 40
‘g -6
7]
c
S —
o 30
‘c T 300K
b
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Figure 32. Frequency variation of (a) € (0) and (b)tan 8 ([[]) of the (4 : 3 : 3 : 4) élass at
300K.

where G(w) is the conductance at frequency . It has been shown [87] that A have
characteristically different forms for the various mechanisms of dielectric relaxation. Thus
from the QMT model one finds

A= - 2; In (@t,) (40)
and the CBH model, on the otherhand, gives to a first approximation for small kg T/Way,
_ 2 3kgT
A= -2 In(or) [ 1+ TV‘M— In (u)'to)] (@n

It might be noted that the CBH model predicts a temperature dependence of A, whereas the
QMT model does not. For the OPT model A behaves like that for the QMT model at high

temperatures and at low temperatures the behaviour is similar to that exhibited by the CBH
model.

Calculation of the ratio 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.
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However, for the CBH model (eq. (41)) 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 semiconductor. However, it should be noted that eq. (41) for the
CBH model is also an approximate one ; higher order terms become important at higher

temperatures.
7. Preparation of (HITSO) wires, tapes, and films from glass

It has already been mentioned that there is immense possibilities (20, 72, 94-97] of making
(HITSO) wires, tapes or films from the glass phases. Sevesal reports for the preparations of
thick films [35, 47, 23, 65, 67], thin films [31], wires or fibers [94, 96, 97] etc. have
already been made in the current literature. Thin films cosld be made by pouring the melt
on suitable substrates and then annealing the films in oxygen atmosphere at a suitable
temperature depending on the thickness of the films. Reparts on the preparation of rods by
pouring the glass melt inside the-ceramic or metallic tubes have been made [51, 95). This
rod could be converted into the corresponding superconducting phase by annealing it above
the glass transition temperature but below its melting point. It is found easier to draw wires
or fine fibers from this glass rod by quickly pulling a small melted part (better with laser
beam) of the rod.

The melted Y-Ba—Cu-O or the Bi-Sr-Ca-Cu-O etc. oxides become just like water
and are found very inconvenient for drawing wires or tapes directly from the melt unlike the
vanadium or iron oxide based (TMI) glasses. Presence of little amount of glass formers like
B,0;, MgO, Bi,0; (in case of Y-Ba—Cu-O system) etc. are found to improve the viscous
character. The addition of glass former also found to improve the stability of the oxygen
content in the Y-Ba-Cu-O superconductor. Unfortunately, the addition of such a glass
former supersses the superconducting transition temperature by about 10-20K (for an
addition of ~ 5 mol % of B,O5 or MgO in the glass). Komatsu et al [99] studied the effect
of MgO addition on the superconducting behaviour of Y-Ba-Cu~O. It was found that both
T, (93K)and T,, (90K) dccreased from 93K to 75K and 90K to 70K, respectively for an
addition of 5 mol % of MgO. However, for the (Ba,_,Mg,),YCu;O system the values of T,
do not change appreciably if x is kept within 0.05. These results are useful for
understanding the superconducting properties of YBa,Cu,O, thin films prepared on the MgO
substrate [30, 99,100), Recently it has also been reported by Meng et al [98] that high J, (~
3x 10* A/em® or more) valued bulk (1:2:3) superconductor could be prepared by the melt
process. It is found, however, that [4:3:3:4] and other glasses doped with alkali atoms show
higher T, [105-107] by 5-9K with better microstructures of the HITSO phases in their
respective glass ceramics.

Though the critical current density of the superconducting thick films or wires
Prepared from the glass phases are low (50-200 AJem?), recently Murakami et al [20])
developed a new technique for making oriented thin films from the melt glass with the
Promise of high J, in the Y-Ba-Cu-~O system They developed films of J, value exceeding
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10* A/cm” at 77K and at a magnetic ficld of 1T indicating the high potential of oxide
superconductors as a candidate for technologieal applications. However, one should mention
that all the techniques developed so far for the preparations of HITSO tapes, films or wirc
are in the rudimentary stage with a promise of high technological applications.

8. Summary and conclusion

In the present review we have discussed in details the preparation and characterization
techniques of Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O based trasition metal oxide glasses which
become superconductors unlike the vanadate or other transition metal oxide glasses upon
annealing at a temperature just below their melting points (T,,). The high temperature
superconducting materials obtained from this glass to ceramic route are highly dense and
less porous than those obtained from the usual ceramic technique. Therc is also great
possibility of making wires, ribbons or fibres from these glasses and then converting them
to the corresponding superconducting phases by annealing. However, adequate technology
for the preparation of high quality films or wires using the glass to ccramic route has yet o
be developed .

High density, relatively low glass transition temperature (7,), and very low
conductivity of thesc oxide glasscs distinguishes them from the vanadate or orther transition
metal oxide glasses. Howcver, the general behaviour of all the oxide glasses as a function of
temperature and/or frequency are found to be almost similar. Finally we would like to
mention that we have reported mostly the propertics of the bulk materials in their glassy
and ceramic phases. For a thorough understanding of the mechanism which makes these
glasses supcrconducting upon annealing one should also study intensively the
microstructural properties, grain boundary effects, etc. for different concentrations of these
glasses. Studies of concentration dependences of the superconducting transition
temperatures, structure of the glasses etc. are yet to be carried out for different systems.
However, it might be concluded that there is immense scope for such studies and further

developement of the glass to ceramic route for making (HITSO) tapes or films for their
application in tomorrow’s technology.
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