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The frequency dependent dielectric constant and loss of the unconventional bismuth cuprate glasses
have been presented in wide temperature and frequency ranges. Alternating current dielectric loss
peak has been observed in the measurable frequency range at higher temperatures, where the
measured ac conductivity approaches the dc conductivity. The temperature range where ac loss peak
has been observed, varies systematically with glass composition. The dielectric data at these
temperature ranges have been analyzed in terms of different theoretical models to find out the
possible relaxation mechanism. It has been observed that the dipolar relaxation model with a
distribution of relaxation times can best explain the experimental data. The dipolar relaxation occurs
due to the hopping of charge carriers between different localized valence states of copper ions
within a range of energies near the mobility edge. High value of the dielectric constant observed in
these glasses can be attributed to the influence of high polarizability of tHei®is of the
unconventional network former BD; to the ac response. The higher distribution of the relaxation
times in the present glasses compared to the unconventional lead cuprate glasses indicates less
homogeneity of the bismuth cuprate glass system. 1998 American Institute of Physics.
[S0021-897€08)06213-9

I. INTRODUCTION glasses show unigue glass forming ability of the heavy metal
ions in presence of transition metal ions. The study of the dc

Glasses containing transition metal ions are interestingonductivity of bismuth cuprate glas$gseveals that the

for their possible applications in threshold and memoryelectronic hopping is the dominant conduction mechanism.

switching, etc:? The transition metal ion glasses based onThe structural studiédshow that the copper ions occupy the

the conventional glass network formers such g&:PTeO,, network forming position and thus are unable to diffuse

etc. have been studied extensivély Study of ac conductiv- through the host matrix confirming the absence of ionic

ity of these glasses shows that at low temperatures, ac cosonductiort®in these cuprate glasses. However, the electrical

ductivity is normally proportional ta»® wherew is the an-  relaxation mechanism of these glasses has not been studied

gular frequency ang is the frequency exponent. The value well so far, which is necessary to understand the behavior of

of s is generally less than or equal to one; however, théhe unconventional glass former.

actual variations of with temperature and frequency give The purpose of the present work is to study the ac relax-

the information about the conduction mechanfs@n the  ation mechanism of the well-characterized unconventional

other hand, at high temperatures, where loss peak is olpismuth cuprate glasses in the wide frequency and tempera-

served, analysis is often been made with the dielectric datiire ranges and the effect of the unconventional network

directly to find out the relaxation mechanign¥.Analysis of ~ former Bi,O; to the ac response in comparison to the con-

the dielectric data of the glasses in terms of different modelyentional network formers.

based on Debye or non-Debye types of relaxation

mechanisnfs® give valuable information about the glass

system, although there are some controversies in analysis EXPERIMENTAL PROCEDURE

techniques? such as how ac and dc mechanisms coupled,

what is the uncertainty in the estimation of peak position, ~ The preparation of bismuth cuprate glasses has been de-

etc. scribed in detail elsewher8.In brief, glasses of composi-
The glasses based on heavy metal oxide such #3;Bi {ionsx CuO-(100-x) Bi,Oz with x=27-68 mol %(Table

and PbO are interesting because they can be used to produdevere prepared from the reagent grade chemicalgOBi

glass ceramics, reflecting windows, layers for optical andnd CuO. The appropriate mixtures of these chemicals were

optoelectronic devices, et¢.Recently, the structural studies Melted in alumina crucibles in an electrical furnace in the

of the binary cuprate glasses based osCBiand PbO as the temperature range 1000-1200 °C depending on composition

unconventional network formers have been repottéhese  for 1 h. The melts were then quenched by pouring them onto
a twin roller. Amorphous nature of the samples was con-
firmed by x-ray diffraction, while homogeneity was ascer-
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TABLE |. Relaxation parameters obtained from dipolar dielectric relaxatfomle—Col¢ model and the ex-
perimental values ofry4. ande., (at 100 kHz and 90 Kfor bismuth cuprate glasses.

Odc

Glass Temperature T4 (10719 £
composition (K) (9 a €s £o Q tem? (exp

389 2.45¢1074 0.46 32 59 10.0

35 Cu0-65 BjO, 433 3.20x10°° 0.46 32 59 95.0 24.5
478 5621076 0.45 33 61 820.0
306 2.55¢1074 0.49 34 58 0.35

46 Cu0-54 BjO, 338 3.8510°° 0.49 34 60 3.50 25.2
378 5.50<10°° 0.49 35 63 39.00
287 4.50<10™4 0.59 34 158 1.0

56 CuO-44 BjO, 317 8.50<10°° 0.58 34 158 7.9 29.5
346 1.50<10°° 0.56 35 155 40.0
208 3.90x 1073 0.48 33 208 0.03

68 CuO-32 BjO, 253 8.25¢10°° 0.48 34 208 0.79 325
310 3.50<10°¢ 0.48 34 212 53.0

Depending on conductivity levels of the well- thatthe bulk effectis dominant and the electrode polarization
characterized bismuth cuprate glasses, the ac measuremehgs little contribution to the dielectric properties. This is also
were carried out in a capacitance bridggenRad, model- confirmed from the values of the high frequency dielectric
1615A) in the frequency range $61C° Hz or in an imped-  constantg.,, shown in Table | which are also high. All these
ance analyzefHewlett Packard, model-4192A LFn the clearly suggest the influence of the unconventional network
frequency range 0-1¢° Hz, using gold as an electrode ma- former B,O; on the dielectric properties due to the higher
terial. The dc measurements were made in a Keithley elegolarizability of bismuth ions.
trometer(model-617. All measurements were taken in the At higher temperatures, where the measured ac conduc-
temperature range 80-500 K. The sample cell was placed itivity approaches the dc conductivity, it makes no sense to
an electric furnace and in a cryostat for measurements abowetermine the exponens, which is, however, useful and

and below room temperature, respectively. essential for the analysis of the low temperature conductivity
data, where ac loss peak cannot be observed in the measured
Ill. RESULTS AND DISCUSSION frequency range. The data at high temperatures are analyzed

. . here in terms of different relaxation models to find out the
. The V"?‘”a“on of the measured ac C(_)ndUCt_'V'ty asa func'shape as well as frequency and temperature variation of the
tion qf reciprocal temperature and the d|elect_r|c constant as Bss peaks and dielectric data directly.
function of temperature for the 35 CuO-65,8; glass com-
position are shown in Figs. 1 and 2, respectively, at three
frequencies. The dc conductivity is also included in Fig. 1
for comparison. Two regions have been observed in both -7
Figs. 1 and 2. In the low temperature range, the measured ac -
conductivity is substantially higher than the dc conductivity 8| 100 Kk
and shows a weak temperature dependence but a strong fre-— Qo000 0 0 0 O o
quency dependence, while dielectric constant shows both - 9L Un
weak temperature and frequency dependence. In the high © EtIIlDD - 10 kHz
temperature range, the measured ac conductivity approaches¢s i 3
the dc conductivity and shows a strong temperature depen- ‘6 -10 °. 1 kHz
) o L, | AAA A A
dence but an almost frequency independence, while dielec- — %
tric constant shows both strong temperature and frequency —» -11 |~ °
dependence. The temperature and frequency dependence o2 s PY
°
)
)

the ac conductivity and the dielectric constant for the other 12
glass compositions are qualitatively similar. The dielectric
constant observed in the present glass system is higher com- 13 k Gy
pared to the glasses formed with the conventional glass |
former. It is worth mentioning that at low frequencies and 5 4 6 8 10 12

high temperatures, electrode polarization might have signifi-

cant contribution to the dielectric constant. However, for the 103/T (K1)

pre,sem glass composﬂmhs, the dielectric constant is found G. 1. The temperature dependence of the measured ac conductivity at
be independent of the thickness of the samples and the elegjee gifferent frequencies and dc conductivity for the 35 CuO-66Bi
trode area for all frequencies and temperatures, indicatinglass composition.
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FIG. 2. Variation of dielectric constant,’ (w) with temperature for three
different frequencies for the 35 CuO-65,B% glass composition. Solid Iog [0) (3-1)]
curves are to guide the eye. 10

FIG. 3. () and (b). The frequency dependencies of(w) and &”"(w),
respectively, at three different temperatures for the 46 CuO-83;Rjlass
composition. The dc contributiorv(,./ € yw) has been subtracted from the
measureds"(w). Solid curves are the best fits to the dipolar relaxation
model.

A. Dipolar relaxation model

Dielectric constants’(w) and losse”(w) as a fun-
ction of frequency at different temperatures for the
46 Cu0O-54 BjO; glass composition are shown in Figgag

and 3b), respectively. The dc contributiong./epw (Where  gpown here. The parameters obtained from the fits of the
€ is the free space permittivitys subtracted from the mea- cqje_cole function at different temperatures are shown in
surede”(w) in Fig. 3(b) where a broad loss peak is ob- 1ape | for the different glass compositions. Table | indicates
served. The dielectric constant and loss data of all glass COMp 4t the estimated values of .., ands, for all composi-
positions were fitted to the following empirical function iqns are almost independent of temperature. It may be noted
pr_opos_ed by Cole—Coldor symmetric distribution of relax- that the estimated values of and .. do not vary signifi-
ation time cantly with composition. The values ef, estimated from

(80— €x) the model are close to that obtained from experiment. The
T (@t @’ (1) values ofs., ande, are much higher than those of the tran-

sition metal ion glasses formed with conventional network

wheree* (0) =&'(w) +je"(w), andeg,&., are the low- and  formers, such as@s.2 These results clearly suggest higher
high-frequency dielectric constants, respectivety,is the influence of the unconventional network former®j simi-
dielectric relaxation time, and is the Cole—Cole distribu- lar to PbO (Ref 14) on the dielectric properties than the
tion parameter having values between 0 and 1. The value @fonventional former8.The value ofa for the present glass
a=0 gives the single Debye type relaxation, while the valuesystem is less than that for glasses with conventional former
of a away from O indicates higher distribution of relaxation pyt it is higher compared to the lead cuprate glass sy&tem.
times. The parametets. , &, 7q, anda were varied to get  Thjs is the indication of less homogeneity of the bismuth
best fit at different temperatures and frequencies. Such beébprate glasses compared to lead cuprate glasses. The higher
fits are shown in Figs. (8 and 3b) for 46 CuO-54 BjO;  value of a observed for the 56 CuO-44 8 glass compo-

g|aSS Composition. The agreement between theoretical arghion Compared to other Compositions may be due to the
experimental values is good. However, the fitting of the loss|ustering effect of the glass.

data below the peak frequency in FigbBis not so good.
This is because the uncertainties in the low ac loss valu%
which is estimated by subtracting high dc loss value from
measured total loss. Similar fits have been observed for other Dielectric modulusfM* (w)=M'(w)+jM"(w)] of a
glass compositions. Attempts were also made to fit the disystem defined byM* (w)=1/e* (w), can be used to get
electric data to the Davidson—Cole functfbmhere the dis-  information about the relaxation mechanism in absence of a
tribution of relaxation times is asymmetric, but the fittings of well-defined dielectric loss peak. Figure@@and 4b) show

the Davidson—Cole function to the measured data at differerthe variation ofM’(w) and M”(w) with frequency at three
temperatures and frequencies are not good and thus are rdifferent temperatures for 68 CuO-32,B; glass composi-

e*(w)=¢e,+

. Conductivity relaxation model
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positions are similar, except their values are different. The
0.03 L dielectric modulus in the frequency domain can be written
as
M* (0)=M, [1-N*(w)], 2
B 0.02 |- where N*(w) is the one-sided Fourier transform of
g —dg(t)/dt and is given by
o do(t
0.01 |- N*(w)zf dt expt—jot)| — 220 3)
0 dt
The distribution of the relaxation times can be predicted
0.00 from the Kohlraush-Williams-Watts(KWW) function®
0.006 o(t) =exd —(t/7)?], whereB is a stretching exponent tend-

’ ing to unity for single Debye type relaxation. Moynihan
et al® developed a procedure by taking the following equiva-
lent form of the KWW function

3 0.004 |-
s $(0)=2 g Xl ~t\i7o), @
0.002 I whereg; is the weight factor of theth peak having relax-
ation time\; 7. and2g;=1. This KWW function has been
used earlier to describe the relaxation behavior of many ionic
0.000 5 4 R 8 and electronic glasses and polym&tghe data forM’ (w)

and M"(w) presented in Fig. 4 have been fitted simulta-
|0910 [0 (s)] neously to the theoretical values predicted by ER). to-
gether with Eqs(3) and(4). Best fits are shown in Fig. 4 for
FIG. 4. (a) and(b). The frequency variations &' (») andM”(w), respec- 68 CuO-32 BjO; glass composition. The other glass compo-
tively, at three different temperatures for the 68 CuO-3Biglass com- gjtinng also showed similar fits. The valuessof, 7., andg
position. Solid curves are the best fits to the conductivity relaxation model. . . " .
obtained from different glass compositions are shown in
Table Il. The low frequency dielectric constantyj and the
dc conductivity ;) were also estimated from the modulus
tion. It can be noted thaW’(w) increases to a maximum analysi$ and are shown in Table II. Although the fitting of
asymptotic valueM. (=1/e,) with the increase of fre- experimental data with the theory is good it can be seen from
qguency, while the spectra d¥1”(w) show an asymmetric Table Il that the values of, and o, estimated from conduc-
peak approximately centered in the dispersion region ofivity relaxation model do not agree with the experimental
M’(w). The peak shifts to higher frequencies with the in-values. Thus the model can predict the data only qualita-
crease of temperature. The frequengy, at which the maxi- tively. However, the low values of thg indicate the higher
mum of M"(w) (M, occurs, defines the conductivity re- distribution of the relaxation times for the present glass sys-
laxation timer; by w.7.=1. The temperature and frequency tem similar to that predicted from dielectric relaxation
dependence ofl'(w) andM"(w) for the other glass com- model.

TABLE Il. Relaxation parameters obtained from conductivity relaxation model for bismuth cuprate glasses.

Glass o
composition Temperature Te (1078
(CuO mol % (K) (9 B £.(=1M.) go Q tem?

389 6.9 10°° 0.5
35 433 8.3x10°8 0.30 33.0 498 3.8
478 1.3%10°¢ 22.8
306 7.94<1075 0.03
46 338 1.2610°° 0.20 345 4347 0.20
378 1.78<10°8 1.43
252 1.26<1074 0.1
56 287 1.0x10°° 0.25 35.0 1225 1.3
317 1.58<10°6 8.2
208 7.94<10°° 0.7
68 253 1.8x10°8 0.35 325 271 31

310 7.08¢10°8 810
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60 TABLE Ill. Relaxation parameters obtained from random-free-energy-
(a) barrier model for bismuth cuprate glasses.
Glass oR
50 - composition Temperature TR (1078)
/§ (CuO mol % (K) 9 £ g, (Q7tem™
o 398 7.8010°* 535 305 0.5
40 A - 306K 35 433 1.0%10* 540 304 3.9
O 338 K 478 1.9 105 54.0 30.2 21.5
O - 378K 306 1.4x10°% 530 28.4 0.3
30 1 1 | 1 46 338 1.8x10°* 545 28.0 25
6 I 378 2.30<10°° 565 27.8 20.0
287 200x10°% 118 16.0 0.9
56 317 3.0x1074 121 16.0 6.1
4 346 6.20<10°° 122  15.0 29.5
—_—
_\8, 208 1.50<10°2 180  10.0 0.2
“w 68 253 40x10* 180  10.0 7.5
2 F 210 1.20<10°° 182  10.0 155.0
0 I 1 I ]
) 3 4 5 6 7 D. Conduction and relaxation mechanism

The inverse relaxation timdge., relaxation frequencigs
predicted from different models are plotted as a function of
FIG. 5. (8 and (b). The frequency dependencies of(w) and &"(w), inverse temperature in Fig. 6 for 46 CuO-54@§ glass
respectively, same as in Fig. 3. Solid curves are the best fits to the randongomposition. The experimental dc conductivity in the same
free-energy-barrier model. temperature range is also included in Fig. 6 for comparison.
The other glass compositions also showed similar tempera-
ture dependence. The dc conductivity in this limited tem-
perature range can be fitted to the Arrhenius equatigp:
=0y exp(—WIKT), whereW is the activation energy for the

' ! dc conductivity. The activation energy calculated using the
Dyre Opropqsed following  random-free-energy-barrier arrhenjus equation is shown in Table IV for all glass com-
modef®in whlch the ac.and dc conductivities arise from the positions. It may be noted from Fig. 1 that at low tempera-
same hopping mechanism tures dc conductivity is not Arrhenius. The activation energy
decreases with the decrease of temperature which can be

l0g, [ (s71)]

C. Random-free-energy-barrier model

Based on continuous time random walk approximation,

sy TR ™R
& (w) n1tjorm  ©

€0

: ©)

whereop, is the dc conductivity anety is the relaxation time
predicted by this model and are related &yA e = og7r/2,
whereAe=¢y—¢, . The data of the present glass composi- 6
tions have been analyzed in the light of the random-free-
energy-barrier model. The experimental data46¢w) and = L :
¢"(w) at different temperatures have been fitted simulta- ¢
neously to the random-free-energy-barrier model, ustpg g T
£, andrg as variable parameters. Best fits to the dielectric = ar ¢ ]
constants’(w) and losse”(w) are shown in Figs. ®) and @9
5(b), respectively, for a glass composition at three tempera-S -
tures. Reasonable fits were observed at all temperatures ar R
frequencies. The values for the estimated parameigrs
€., andrg for all glass compositions are shown in Table IlI.
The estimated values af, ande,, are independent of tem- | | | | dc
peratures. However, the valuesof are lower than the ex-

perimental values for the glass compositions with higher 2.6
CuO content and the values of are lower than the values

obtained from dielectric and conductivity relaxation models.

The estimated values of; also differ considerably from that FIG. 6. Temperature dependence of the dc conductivity)(and the re-

of the experimental values. Thus this model also can predié?xation times predicted by the dipolar relaxation), conductivity relax-
: ation (r;), and random-free-energy-barrierrg) models for the

the _die.IeCtriC data for the present glass system OnMG CuO-54 BjO; glass composition. Solid lines are the least-square straight
qualitatively. line fits to the data.

2.4 2.8 3.0

103/T (K-1)

3.2 3.4
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TABLE IV. Activation energies(W and W,) for the dc conductivity ) and relaxation timeg7), and
pre-exponential factors() predicted by different models for different bismuth cuprate glass compositions.

Td Tc R
Glass Temperature Oge
composition range Wy T W, T Wy Ty w
(CuO mol % (K) ev) (1008s) (ev) (10%¥s) (ev) (10Bs) (ev)
35 389-478 0.68 12.6 0.70 7.50 0.66 15.0 0.71
46 306-401 0.54 3.45 0.56 5.45 0.57 6.0 0.60
56 252-346 0.48 16.5 0.62 3.80 0.50 25.0 0.49
68 208-310 0.38 22.4 0.39 1.58 0.38 275 0.42

accounted for the polaron hoppiigand we have discussed measured over the frequency range100° Hz and tem-
in details elsewher® The relaxation times predicted by perature range 80—500 K. Analysis of the data at high tem-
each model also show similar activated behavier: peratures, where the ac conductivity approaches the dc con-
=79 expW, /kT), whereW, is the activation energy of the ductivity has been made in terms of different empirical
relaxation time andry is the high temperature limit of the relaxation models of which the dipolar dielectric relaxation
relaxation time. Not&V, and 7, for each models are shown with a distribution of relaxation times, provides a better de-
in Table IV for all glass compositions. The activation ener-scription of the electrical relaxation mechanism. The distri-
gies of the relaxation times in the three cases are nearly santition parametersy or 8 obtained for the present glass sys-
and are very close to the activation energy of the dc condudem indicate the higher distribution of relaxation timgs.,
tivity. The values of the pre-exponential factef,, on the less homogenei}ycompared to the lead cuprate glass sys-
other hand, are different for the three models. tem. The high value of the dielectric constant obtained for

The different parameters obtained from different modelsghe bismuth cuprate glasses similar to the lead cuprate glass
by best fitting procedure are not all physical. The values ofystem can be attributed to the influence of the unconven-
dc conductivity predicted from conductivity relaxation and tional network former(i.e., high polarizibility of bismuth
random-free-energy-barrier models vary significantly fromions) to the relaxing dipoles.
the experimental values. Similarly, the valuesgfpredicted
from conductivity relaxation model are too high and some of ACKNOWLEDGMENT
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