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IN HONOQR OF C. N. R, RAQ ON HIS 60TH BIRTHDAY

Glasses of composition Bi;SryCaCu,Ogy, (n = 2 to 5) have been
prepared by the melt quenching technique. Thermal, efectrical,
and magnetic properties of these glasses have been examined.
Electrical conductivitics suggest the validity of the multiphonon
assisted hopping model. Susceptibilitics indicate weak antiferro-
magnetic coupling. However, the electron spin resonance (ESR)
studies suggest a large proportion of spins to be ESR inactive. A
structurai model of the glasses has been proposed that considers
both Bi;O; and CuQ as glass formers. It is shown that the proper-
ties of the glasses investigated in this work are consistent with the
model. € 1994 Academic Press, Inc.

INTRODUCTION

Several Bi-Sr-Ca—Cu-O compositions easily form
glasses over a wide range of compositions (1-7). They
have been of significant interest since the compounds
Bi,8r;Ca, 1 Cu,02,44+y for n = 1-3 exhibit high-tempera-
ture superconductivity (8—10). But the glasses are not
known te exhibit superconductivity. We are interested in
the possibility of introducing large amounts (up to 50
mol%) of CuO into these glasscs and examining their
transport and magnetic properties. Cu?* jons tend (o oc-
cupy positions with four-coordination to oxygen in a pla-
nar geomelry in ionic glasses. Structures of glasses, par-
ticularly of complex systcms containing a glass-forining
oxidec, can be modeled using structural units which are
mctal-oxygen polyhedra. In the Bi-Sr-Ca-Cu-0
glasses, both B1,O; and CuO can act as plass formers
since the covalencies in the two are equal. In this paper,
we have examined the thermal, electrical, and magnetic
properties of glasses with composition Bi»Sr;CaCu,Ogs .
- from n = 210 5. We have proposed a structural model for
these glasses that considers Bi;O; and CuO as glass form-
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ing oxides. We have discussed electrical and magnetic
properties of the glasses in the light of the structural
model.

EXPERIMENTAL

Bi;8r,CaCu, Q. glasses (n = 2-5) were prepared
starting from Analar Grade Bi;0,, SrC0Q;, Ca0O, and
Cu(). Stoichiometric amounts of the above materials
were thoroughly mixed and calcined in a platinum cruci-
ble at 1073 K in an electrically heated muffle furnace.
After calcination, the samples were melted in a Thermo-
lyne-1700 high-temperature furnace at 1473 K and held at
that temperature for about 15 min. Melts were then
quenched between two stainless steel plates. All glasses
were prepared in the form of platelets. Samples were
quite stable and no weight increases were observed after
they were kept in air for a long time. Being kept in oxy-
gen ambient for several days did not also alter their phys-
ical properties (DSC, XRD, and conductivity} to any
measurable extent.

The glass transition temperatures (T;) and the heat ca-
pacities (C,) of the glasses were measured using a
Perkin—~Elmer DSC-2 differential scanning calorimeter.
Glass samples weighing about 30-40 mg were hermeti-
cally sealed in gold pans. C, measurements were made in
a limited temperature range from about 106 K below 7} to
a temperature limited on the higher side by the crystalli-
zation of the samples (about 50°C above Tp). A uniform
heating rate of 10°C/min was maintained in all the mea-
surements. Sapphire was used as the calibration standard
for calculating the heat capacity. The glass transition
temperature was determined as the intersection of the
extrapolated linear portions around the glass transition in
the C, vs temperature plot.

The clectron spin resonance spectra were recorded us-
ing a Varian ESR spectrometer in the X-band at a fre-
qguency of 9.05 GHz in the range 0-5000 G both at room
temperalure and at 77 K. The spin eoncentrations of the
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Cu?" ions were determined by comparing the area under
the integrated spectra of the glass and CuSO, - 5H,;0. The
details are given in the text. Magnetic susceptibility mea-
surements were performed on the glass samples using a
George Associates Lewis coil force magnetometer in the
temperature range 10-300 K at a constant field of 5000 G.
The magnetic moment of the Cu’* jons were found from
the Curie constant.

The conductivity measurements were carried out by
the two probe method by applying a constant voltage to
the sample and measuring the current. The samples for
the conductivity measurements were annealed at 300°C
to remove thermal stresses present in the glass. Gold
electrodes were deposited by vacuum evaporation on
both sides. A calibrated Cr—Al thermocouple was used to
measure the temperature. The ohmic nature of the con-
tacts was confirmed by checking the linearity of the I-V
characteristics up to 20 V. The measurements were done
from room temperature to 150°C. Voltages were applied
using a Keithley model 221A voltage/current source and
the current was measured with a 610C electrometer (hav-
ing a sensitivity of 10714 A).

The FT infrared transmission spectra were recorded
using a Bruker FTIR spectrometer in the range 700-100
cm™!. The spectra were recorded on samples in the form
of pellets made with polyacetylene.

RESULTS AND DISCUSSION

Thermal Properties

The amorphous nature of the samples were confirmed
by X-ray diffraction which showed a very broad peak
around 28 = 30° (Fig. 1). Glasses exhibited clear identifi-
able glass transition temperatures (7;) in the DSC mea-
surements (Fig. 2). T, values of the glasses are listed in
Table 1. T, decreases from 684 to 665 K as the CuO
content increases from n = 2-5 but the decrease is not
significant. It has earlier been reported that, over a wide
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FIG. 1. X-ray diffraction pattem of Bi,Sr,CaCu,Qs,, glass showing

the amorphous nature of the sample.
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FIG. 2. Temperature dependence of the heat capacity (C,) of the

Bi;Sr,CaCu, 4., glasses (a)r = 2,(b)n =3, (c)n=4and(d)n = 5. The
inset shows a DSC curve for the Bi,SryCaCu,;0s., in which the glass
transition is indicated.

range of compositions (up to n = 6), similar melting tem-
peratures (~1170 K) are exhibited in DTA measurements

“(4). Thus T,/Ty ratio is approximately 673/1123 = 0.55

which indicates reasonable stability of the glasses. The
observed decrease in T, can be attributed to a slight in-
crease in covalency of bonding as the CuO concentration
is increased. The first crystallization temperature (7)
also decreases as a function of CuO. The value of (T,-T,)
is an approximate indicator of the thermal stability of the
glasses and it decreases as the CuO content increases.

The glass transition temperatures are known to scale
with the cohesive energy of the system. But due to the
absence of detailed thermodynamic data, cohesive ener-
gies could not be evaluated. Alternately, trends of cohe-
sive energy density variations can be examined using ap-
proximate methods (11). For example, the cohesive
energies can be considered as roughly proportional to the
cation charge per unit volume because only one type of
anions (O*") are present in the system. Since the molar
vaolumes are known {Table 1) we can evaluate this quan-
tity as units of e (electronic charge) per cm?. These values
vary from 0.107 to 0.116 for a variation of n from 2 to 5.
This suggests very little change in cohesive energy densi-
ties. Correspondingly, the T, values do not vary much in
the composition range of n values.

The heat capacities below T, for all the glasses are
shown in Tabie 1. These values may be compared with
the Dulong~Petit heat capacities (also given in Table 1)
for all the compositions. Values of AC, at T, could not be
measured accurately since the glasses tended to crystal-
lize within about 40 K above T;. The experimental heat
capacities are generally lower than the Dulong—Petit heat
capacities. This suggests that the vibrational modes are
not fully excited at these temperatures. The electronega-
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TABLE 1
The Experimental Parameters Determined for Bi,Sr,CaCu,0g,, Glasses
C,(J/K/mol)
Comp. T, Density Molar Spin conc. Magnetic moment Activation
(n) (K) (g/em?) volume {cm?) DSC (3nR) 10%/cm? /Cu ion (BM) energy (eV)
2 684 5.942 150.18 328.56  374.13 7.71 0.55 0.34
3 680 5.963 162.99 402.83  424.01 4.2 0.39 0,33
4 670 5.908 177.97 41793 47198 12 0.37 9.32
5 665 5.953 189.99 473.21 523.78 0.93 0.35 0.27

tivities of Cu (1.90) and Bi (2.02) are quite similar and the
Pauling ionicities of Cu—0 (0.31) and Bi-0 (0.3) bonds
are also very similar, while those of SrQ (0.46} and Ca0
(0.46) are higher. Thus Bi,; and CuO may be considered
to form a covalent random network which is modified by
SrO and CaO in the same manner as that in which a Si0,
network is modified by alkaline earth oxides. Since Cu-0
and Bi—-O bonds are significantly covalent, tightly bound
structural entities such as [BiQg;2]*~ and [CuQ,2*~ can
be visualized as constituting the building blocks of the
glass structure. Other units such as [BiO,0)%-,
[BiO;,0,F, or [CuO;,0;F~ are formed when enough
O ions are available from added modifier oxides. Since
T, Tm, etc., are similar, the structures of the glasses can
be considered to be similar and we suggest that only a few
types of building blocks are present in all the glasses. On
this assumption, a tentative structural model is proposed
below for the Bi-Sr—Ca-Cu—0 glasses and experimental
observations are discussed in the light of this model,

Structural Model of Bi—-Sr—Ca—Cu~O Glasses

Hypothetical glass of composition Bi>Sr;CaCugOgyp 18
assumed to consist of only [BiOg;] units which act as the
building blocks. All oxygens are two-coordinated, as in
other oxide glasses, so that the proper representation of
the octahedral units is [BiQg,? . All the glasses pres-
ently investigated can be considered as a dilution of the
above Bi,O; - 2510 - CaQ glass by addition of CuQ. Thus
the simplest possibility is a permeation of ~Cu-0O-Cu-
O- chains through the structure in such a way that some
of the oxygens coordinating to Bi in [BiOg] units further
coordinate to Cu. This will result in the formation of
{CuOy,] units and the additional coordination is provided
by a dative bond from oxygens in [BiOg] units. The oxy-
gen from Cu—O-Cu-0 chains also participate similarly in
a reciprocal manner to other nearby copper atoms in the
structure. This ensures that the oxygens in the glass
structure are all chemically similar. The total number of
oxygen atoms present in Bi;O; - 25rO - CaO - nCuO is
{6 + n), which can in principle form (18 + 3r) bonds, two
normal and one dative each. Two Bi atoms account for

the 12 bonds and the balance of (6 + 3n) bonds can pro-
vide coordination to n Cu atoms (4n bonds). If all oxy-
gens are three-bonded, then » = 6. Thus upton = 6 (6
CuO in the glass composition) oxygen atoms have to
bond to only three metal atoms (Bi or Cu). Thus, the
glasses in this investigation (n =< 5) consist of only two-
and three-bonded oxygens. [BiQOg] octahedra are con-
nected to [CuQy] units with appropriate number of three-
connected oxygens. The effective (formal) charges on the
|BiO¢] units will depend on the number of three-con-
nected oxygens present in them, Some of the units will be
like [Biom]?", [CU04/3]0’66_, [BiOg/3] etc.

The FTIR spectra of the glasses are shown in Fig. 3 for
the two compositions n = 2 and n = 5. There is hardly
any change in the peak positions. In the other composi-
tions, also, the peak positions were identical and the in-
tensitics were different but interpolatable. Thus, it ap-
pears that the nature of the building blocks remains
essentially unaltered in all the glass compositions. This
supports the basic assumption in the structural model.
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FIG. 3. FTIR spectra for the compositions n = 2 and n = § of
Bi,Sr,CaCu,Og., glasses showing no change in the peak positions.
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Since the formation of dative bonds by oxygens in [BiOs)
and [CuQy] units increases systematically by the addition
of CuQ, systematic increase in the molar volume of the
glasses is observed as n increases from 2 to 5. The bond
angle M—O-M in glasses such as 5i0; is known to be
quite flexible (12). Similarly, the Bi—-O-Bi, Bi-O—Cu,
and Cu—0O-Cu angles may be considered quite flexible.
Therefore, the hybridization character of the lone pair (a
pure p or sp") on oxygen involved in the formation of
dative bonds also varies. This has implications for the
observed variations in the conductivity of the glasses,
which will be discussed later.

DC Conductivity

The semilogarithmic plots of the conductivity as a
function of temperature are shown in Fig. 4. Evidently,
the glasses are all semiconducting with rather low values
of the dc conductivity (¢} compared to the metallic be-
havior of the crystalline phases of the same composition.
Present studies are confined to a small range of high tem-
peratures and the transport is phonon assisted (13}, Acti-
vation energies obtained from Fig. 4 are listed in Table 1.
The top of the valence band in oxide glasses is consti-
tuted of oxygen 2p lone pairs. Indeed, in the proposed
structure, oxygens are required to exhibit a coordination
number greater than 2 through dative bond formation us-
ing lone pairs. Thus, the lone pairs involved in the dative
bond formation are stabilized due to o-type bonding to
Cu atoms. As a consequence, the density of o states are
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increased at the expense of lone pair states. Both o and
o* levels spread in width as CuO concentration is in-
creased and the lone pair band is narrowed to some ex-
tent. Due to the spread in antibonding o * levels, there is
a net reduction in the gap between the top of the valence
band (which is populated by the uncoordinated lone pair)
and the conduction band in spite of the narrowing of the
lone pair bands, This is reflected in a decrease of the
experimental activation barriers.

We have also examined the electron transport in these
glasses using a thermally assisted hopping mechanism
involving Cut/Cu?* ion sites involved in conduction
(Bi**/Bi’* states are not invoked since they are strongly
binding states). A hopping transport mechanism may not
be inconsistent with the band structure description if we
assume that the electron jump from Cu* to Cu?* occurs
via excitation of the electron to the antibonding o * lev-
els. The activation barriers, W, are rather low. The low
values of both o and W in

o = ogexp(—W/kT) ()

suggest that ¢y should be very low. High-temperature
conductivitics have been discussed by Triberis and Fried-
man (14) using a muftiphonon-assisted small polaron hop-
ping model. The conductivity is given by

o = o exp[—To/ THS, (2)
where oo and T are constants and Ty is given by
To = 8.5n{%a’2/kN,, (3

where « is a constant which describes the extent of the
localized state wavefunction and ny and N, are the densi-
ties of hopping sites and localized states respectively.
This model has been successfully applied to a variety of
chalcogenide and oxide glasses (15-17), Plots of Inocas a
function of T=%5 are shown in Fig. 5. They are quite
linear, suggesting the applicability of this approach. The
vatues of T are obtained from the slopes of these curves
and are given in Table 2. In order to examine the validity
of this model further, we consider the critical percolation
parameter (£) in this model, which is given by
& = [TyTP? = 2aR; + 3(E; + EYKT, 4
where Rj; is the site spacing and E; and E; are the polaron
binding energies of the sites i and j. The value of E; (or E})
can be taken to be twice the hopping energy W (15).
Hence (2a R;) can be obtained for a particular tempera-
ture. These values calculated at a temperature of 400 K
are shown in Table 2. We have assumed a plausible value
of @ {(=1.2 A1) and calculated R values, which are also
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tabulated in Table 2. These are compared with the inter-
site spacing, R, calculated from the composition and mo-
lar volume data as R = (4w N/3)"3, in which N is the
concentration of the TM ions. The calculated values of B
are also listed in Table 2. R; and R compare reasonably
well. Ry values decrease when CuO concentration in-
creases in these glasses much as the R values do. We
realize the importance of (2aRy) values even better by
plotting conductivities as a function of 2aRy) (inset of
Fig. 5). 2aR; decreases with increasing conductivity,
which shows that the value of Ry is significant to the
conductivity mechanism (14), contrary to the assumption
by Sayer and Mansingh (18), who treated it as a constant.

The fact that these glasses are simply semiconducting
almost precludes the possibility of superconductivity.
This is indeed confirmed by the absence of any tendency
toward the onset of diamagnetism in the susceptibility

TABLE 2
The Parameters Obtained from the Resistivity Data of
Bi,Sr,CaCu, 0, Glasses using the Triberis and Friedman For-
mulation (Calculations Refer to 400 K)

Comp. Ty R from R4 N/{3y»
) (K) 10° 2Ry Eq. 6 (A) (A)
2 1.667 15.38 5.7 3.1
3 1.112 13.61 5.4 2.78
4 0.834 9.92 4.2 2.66
5 0.822 9.51 3.9 247
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measurements at temperatures down to 20 K. The
present studies have demonstrated that the concentration
of CuQ in glasses does not change the nature of conduc-
tion. Since only the crystalline phases of these composi-
tions (up to n = 3) exhibit a superconducting transition, it
Is evident that the crystalline order is of seminal impor-
tance to superconductivity. That the coherence lengths in
the crystalline superconducting phases of the same mate-
rials are of the order of a few A makes it appear that
glasses could also exhibit superconductivity in view of
the preponderence of intermediate range order (up to 20
A or more in some cases (19)) in many of them. Evidently
this is not so.

Transport is considered as arising from holes in the
valence band in the corresponding crystalline phases.
But these hole states are fully localized in glasses, due to
disorder, and hence do not give rise to metallicity as they
do in crystalline materials.

Magnetic Studies: Susceptibilities

The dc magnetization studies performed on these sam-
ples show that they are paramagnetic at room tempera-
ture. As a function of temperature, the susceptibility fol-
lowed the Curie behavior characteristic of a
paramagnetic material (Fig. 6). Upon extrapolation to-
ward low temperatures, it is observed that the intersec-
tion of the magnetization curve occurs at negative values
of temperature (see inset Fig, 6), suggesting an antiferro-
magnetic ordering, although the suggested value of the
Néel temperature, Tn, (= —@) is rather low (~10 K). The
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FIG. 6. Temperature dependence of magnetic susceptibility () for
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effective magnetic moments per Cu ion were estimated
from the slopes of the susceptibility curves for all the
samples and are given in Table 1. It can be seen that the
magnetic moment decreases as a function of increasing
CuO content. This value is significantly lower than the
spin only moment of Cu®* (1.73 BM). This is suggestive
of significant covalency of bonding in the measured mo-
ments. Further, in the glass compositions Bi;O; « 2510 -
CaQ - nCuO, Cu atoms have to compete more and more
in order to allow the formation of [CuQ,] units as n is
increased via dative bond formation. It is easily visual-
ized that this requires adjustable orientation of the Cu-0O
bonds. Hence O-Cu-0 bond angles have to vary in mag-
nitude, which in turn requires different degrees of partici-
pation of the & orbitals of copper in forming hybridized
orbitals. This manifests as increasing covalency as n is
increased and results in decreased magnetic moment val-
ues. The magnitudes of the moments reported here are
similar to those reported earlier for one of the glass com-
positions (7). The estimated Néel temperature is rather
low and the coupling of the Cu?* spins is weak. The weak
coupling suggests the absence of any significant interme-
diate range positional order of Cu?* ions in glass consis-
tent with the variations in nature of hybridization of both
copper and oxygen orbitals.

ESR Specira

The ESR spectra recorded for the various samples are
shown in Fig. 7. The spectra are generally very broad and
no hyperfine splitting is observed for any of the samples,
as observed in the spectra of several other glasses (20—
22). What is rather surprising is the intensity of the spec-
tra. The spin concentrations of the Cu®* ions determined
by comparing the area of the integrated ESR spectrum of
the sample with that of a standard, CuSQ, - 5H,0, is
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FIG, 7. EPR spectra for Bi,Sr;CaCu, Qg+, glasses (a) n = 2, (b) n =

3, (cyn=4,and (d) n = 5.
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found to be very low. Specifically, if A and B are the
areas of the integrated spectrum for the glass and the
standard, respectively, then the spin concentrations of
the Cu?t jons are estimated from X = (A/B)y, where y is
the spins of the standard and is given by y = (Wt. of
CuS0Q, - 5SH,O x Np)/(mol wt of CuSO, - 5H,0), where
Na is Avogadro’s number. If the weight of the glass is W
and the density p, then X/(W/p} gives the number of
spins/cm?® of the glass, which is shown in Table 1.

The spin concentrations are of the order of 10'%/cm?
though the total Cu ion concentration/cm? as indicated
from the composition and molar volume is of the order of
102%/ecm?®. Oxygen is unlikely to have been lost to any
significant degree because reheating the samples in air or
keeping them for long durations did not result in any
increase in weight. Susceptibility, ESR signals, and con-
ductivity exhibit no changes under such treatment. Fur-
ther, the susceptibilities are consistent with the Cu being
present as Cu?*. However, the observation of the ESR
activity in these glasses is itself significant because crys-
talline compounds of the formula Bi;SrzCa, 1Cu,Osn14+5
(n =1, 2, 3) do not exhibit ESR absorption at all (23-26)
while the glasses do. It is well known that Cu?* ions (spin
) are extremely easy to detect in ESR spectra. The ab-
sence of the EPR signal in crystalline materials is not
understood satisfactorily, although some plausible expla-
nations have been proposed. One such explanation is
possible Cu?**—Cu®** pair formation with spin singlet
ground state, where such pairs are involved in forming
resonating valence bonds (23, 24). Such an explanation is
appropriate to account for the absence of ESR activity in
glasses also. But the disadvantage of this explanation is
that no ESR signal has been observed at 1000 K from the
possible triplet states (§ = [) in crystalline solids, though
spins should decouple when heated to about 1000 K (the
pairing energies of the spins rarely exceed 1000 K). The
ESR active spins in the glasses however are very low in
concentration and are of the order of 1077 times the total
number of spins. The ESR line shape and the intensity do
not change (Fig. 8) when cooled to liquid nitrogen tem-
perature, which indicates that the ESR response is not
associated with simple relaxation phenomena. We have
also irradiated the samples kept in the ESR spectrometer
cavity at 77 K with ultraviolet light (for 20 min) and ex-
amined the effect on ESR absorption. We expected spin
decoupling to occur by irradiation and ESR active triplets
to form, which would increase the ESR intensity. But we
found no change in the ESR spectra (Fig. 8), indicating
that it is not associated with any antiferromagnetic cou-
pling, It may be noted that the energy of the UV photons
is an order of magnitude greater than the thermal energy
at 1000 K. The latter is considered as a reasonable magni-
tude of any ground state spin coupling energy.

It could also be argued that the decrease in the number
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FIG. 8. EPR spectra of Bi,Sr;CaCu,0¢., glasses at 77 K (a} before
irradiation and (b} after UV irradiation for 20 min.

of spins in the ESR is due to the disproportionation reac-
tion, 2Cu2* = Cu* + Cu’*. This disproportionation reac-
tion is, however, endothermic. In addition, since Cu*
and Cult do not carry spin moments, their formation
entails a corresponding decrease in the measured y val-
ues also. Even if one were to assume that the moments of
Cu?* jons in the present glasses are close to the free ion
moment (two to three times greater than those measured
in the present experiments, see Table 1), it would be
impossible to account for the reduction of Cu?* spins
through a disproportionation reaction alone to the level
- observed in the ESR experiments and simultaneously to
account for the observed y values. It may be recalled
here that annealing in oxygen below 7, registered no ef-
fect either on y or on ESR values. Further, the absence of
hyperfine splitting is suggestive of a reasonably large
number of interacting Cu?* spins, which is contrary to the
expectation of a high degree of disproportionation reac-
tion. Therefore, at this time, we have no explanation for
this unusual ESR behaviour of Bi-Sr—Ca-Cu-0 glasses.

CONCLUSIONS

The present studies of the Bi:Sr;CaCu,Os., glasses
have borne out a few results of importance in the context
of magnetic and electron transport behavior in these
glasses. They are all semiconducting and are unlikely to
exhibit superconductivity, since disorder localizes the
carriers at the top of the valence band. The studies have
also shown that a large percentage of spin-bearing ions
contribute only to magnetic susceptibilitiecs but not to
ESR resonance. We are not aware of whether this phe-
nomenon is present in any other glasses. More impor-

RAO AND RAGHAVAN

tantly for glass structures, these studies have shown that
the observed properties are consistent with the existence
of structural motifs. Bi and Cu form structural units of
[BiOg] and [CuO,], respectively. The inherent flexibility
of M-0-M bond angles not only allows glass formation
but also influences the thermal, electrical, and magnetic
properties.

The authors dedicate this article to Professor C. N. R.
Rao, F. R. S., who is a great teacher. One of the authors
(K. J. R.} has been a Ph.D. student and a long time asso-
ciate of Professor Rao.
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