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Transparent SrBi,B,05 glasses were prepared via melt-quenching technique and characterized using
differential scanning calorimetry and x-ray powder diffraction. The ac conductivities of the glasses
were studied as a function of frequency (100 Hz—10 MHz) at different temperatures. The frequency
dependence of conductivity has been analyzed using Almond—West expression. The exponent n was
nearly unaffected by temperature. Impedance and modulus spectroscopies were employed to further
examine the electrical data. Dielectric relaxation exhibited a stretched exponential behavior with a
stretching exponent 8 independent of temperature. From conductivity analysis we have proposed
that the charge transport occurs through the participation of nonbridging oxygen (NBO), which
switches positions in a facile manner. The stretched exponential behavior appears to be a direct
consequence of the NBO switching mechanism of charge transport. © 2009 American Institute of

Physics. [doi:10.1063/1.3246810]

I. INTRODUCTION

Transparent glasses grafted with polar/nonlinear optic
crystallites have great potential for applications. Among the
known borate glasses those containing Bi,O5 are of particu-
lar interest because of their long infrared cutoff and high
third order nonlinear optical susceptibility, which make these
glasses ideal candidates for making infrared transmission
components, ultrafast optical switches, and photonic devices
besides a scope of other applications.l’2 These glasses also
have potential applications as glass ceramics as substrates for
optical and electronic devices, thermal and mechanical sen-
sors, and reflecting windows.” "' Bismuth borate glasses
have been studied intensively in recent decades for their
electrical, optical, and thermal propertiesuﬁ14 also. Recently
considerable attention has been paid to noncentrosymmetric
bismuth borate based compounds for their possible applica-
tions as piezoelectric, ferroelectric, pyroelectric, and nonlin-
ear optical device materials."”>™"® Various single crystal bo-
rates including LaGeBOs, 8-BaB,0,, BiB;Og, and BaBiBO,
have been investigated and reported to possess promising
physical properties.w_22

We have been making systematic efforts to explore the
possibilities of employing bismuth borate based glass system
containing nano/micropolar crystals of the same phase for
the pyroelectric, electro-optic, and nonlinear device
applications.'®'® Recently SrBi,B,0; (SBBO) single crystal
was reported to belong to polar space group P63.23 Keeping
the potential applications of transparent glass and glass-nano/
microcrystal composites in view, attempts were made to fab-
ricate SBBO glasses and glass-nano/microcrystals of SBBO
in their own transparent glass matrix** and examine their
ferroelectric, pyroelectric, and nonlinear optical properties.

In order to understand the behavior of these materials in
ac electrical fields keeping in view their device applications,
we have performed conductivity studies on as-quenched
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SBBO glasses over a range of temperatures and frequencies.
The results are presented and discussed in this paper.

Il. EXPERIMENTAL

SBBO glasses were fabricated via the conventional melt-
quenching technique. Required quantities of SrCO;3 (99.95%,
Aldrich), Bi,O3 (99.9%, Merck), and B,05 (99.9%, Aldrich)
were mixed and melted in a platinum crucible at 1373 K for
1 h. Melts were quenched by pouring onto a steel bloch and
pressing with another steel bloch to obtain 1-1.5 mm thick
glass-plates. X-ray powder diffraction (XRD) study was per-
formed at room temperature on the as-quenched samples to
confirm their amorphous nature. The differential scanning
calorimetry (DSC) (model Diamond DSC, Perkin-Elmer)
runs were carried out in the 550-900 K temperature range in
dry nitrogen ambience. The as-quenched glass-plates (there
were no heterogeneities present before DSC runs) weighing
15 mg were used for the experiments.

Dielectric studies on the as-quenched glass samples were
carried out as a function of frequency (100 Hz—10 MHz) and
temperature using an impedance/gain phase analyzer (HP
4194A). For this purpose the samples were sputtered with
gold, and silver leads were attached using silver epoxy.

lll. RESULTS AND DISCUSSION

Figure 1 shows the typical DSC trace recorded for the
as-quenched SBBO glass-plate at a heating rate of 10 K/min.
An endotherm around 670 K followed by an exotherm at 730
K was observed. They were associated with the glass transi-
tion (7,) and the onset of the crystallization temperature
(T.,), respectively, for the as-quenched samples. The x-ray
diffraction pattern obtained for the as-quenched SBBO glass-
plate is shown in the inset of Fig. 1. This pattern reveals the
overall amorphous nature of the as-quenched sample.

© 2009 American Institute of Physics
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FIG. 1. DSC trace for the as-quenched SBBO glass-plate. Inset shows the
XRD pattern for the as-quenched glass.

A. ac conductivity studies

The temperature dependence of the ac conductivity at
two different frequencies is shown in Fig. 2. The ac conduc-
tivities are nearly temperature independent at low tempera-
tures at both the extreme frequencies (100 Hz and 1 kHz)
used in our study. At high temperatures the curves tend to
merge with each other and with a constant slope. This fre-
quency independent behavior is attributed to the dominant
contribution from the dc conduction at high temperature. The
solid line that is shown in Fig. 2 is the linear fit, and the
corresponding activation energy is about 1.23 eV.

The frequency dependence of ac conductivity at various
temperatures is shown in Fig. 3. It is noticed that in the
temperature range from 303 to 503 K, the high frequency
conductivities tend to become independent of temperature.
At low temperatures the conductivities exhibit a plateau, and
the corresponding conductivity values increase (303-503 K)
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FIG. 2. Temperature dependence of ac conductivity at two different
frequencies.
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FIG. 3. Variation in ac conductivity as a function of frequency at different
temperatures. Inset shows the experimental and theoretical fits for ac con-
ductivity as a function of frequency at 603 K.

with an increase in frequency. Overall behavior in the con-
ductivity elbow regions follows characteristic " depen-
dence. At the highest temperatures (703 K), the flat conduc-
tivity plateau spreads over the entire range of frequencies
used in our studies. The characteristic " dependence sets in
at much higher frequencies and temperatures.

Frequency dispersion of conductivity in solids is gener-
ally analyzed using power law of the type25

)
o(w) =04 +A0" = 0y, 1+<—> ], (1)
wp

where o is the (frequency independent) dc conductivity at
the particular temperature. A is a temperature dependent con-
stant, n is the power law exponent, which varies from zero to
one depending on temperature, and wj, is the hopping fre-
quency of the charge carrier ion. The exponent 7 is attributed
to the interaction between the charge carrier ion with the
frame work carrying the balancing charge. According to
many body interaction model,” n represents the interaction
between all dipoles participating in the polarization process.
A unit value of n implies a pure Debye case, where the
interaction between any two dipoles is negligible. The char-
acteristic frequency w,, is obtained from the experimental
data by equating o(w;)=20, as evident from Eq. (1) (Al-
mond ez al.?**"). The hopping frequency () is considered
as the appropriate parameter for the scaling of the conduc-
tivity spectra for the glasses wherever dielectric loss peak
maxima or static dielectric constant value cannot be mea-
sured accurately.

The SBBO glass obeys Eq. (1) (the so-called universal
power law), and a typical fit of Eq. (1) to the experimental
data is shown in the inset of Fig. 3. ac conductivity spectra
for different temperatures are fitted to Eq. (1), and the pa-
rameters n, oy, and w,, are extracted. The variation in # as a
function temperature is depicted in Fig. 4. It is interesting to
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FIG. 4. Variations in the critical exponent n with temperature (lines are
drawn as a guide for the eye).

note that the values of n are almost constant. Such a behavior
of n is already known in borate glasses.28 Another general
characteristic of temperature independent linear dielectric re-
sponse with the variation in frequency (w) is frequently ob-
served in low loss materials.”> Even otherwise it is confirmed
that the low loss materials show flat dielectric response
rather than loss peaks. These experimental observations point
to the fact that charge carrier-frame work ion interactions
remain unaffected in magnitude with temperature and fre-
quency so that the values of n remain constant.

Figures 5(a) and 5(b) show the In o4 and the In w, for
the as-quenched glass plotted as functions of inverse tem-
perature (1000/7). Increase in the oy and the w;, with tem-
perature is due to the increase in the thermally activated mo-
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FIG. 5. Arrhenius plots of (a) dc conductivity and (b) hopping frequency for
the as-quenched SBBO glass.
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FIG. 6. Master plot of the normalized oy, conductivity vs normalized
frequency.

bility of ions according to hopping conduction mechanism.
The plots are linear and the processes therefore are thermally
activated through Arrhenius equations

E
Oygc =0y exp(— k_;f)’ (2)
E,,)
= - N 3
Wy =) eXP( T (3)

where o, and Ej,. are the dc conductivity pre-exponential
factor and conductivity activation energies for mobile ions,
wy and E,, are the pre-exponential factor and the activation
energy for hopping frequency, respectively. The activation
energies E;, and Eg4. are almost identical. This indicates that
at reasonably high temperatures, charge transport is governed
by a single energy barrier, and no additional mechanism be-
come operative in the dc conduction (flat o region). Reduced
Almond—West type power law fit is shown in Fig. 6, which
represents the master plot of ac conductivity for the as-
quenched SBBO glass. The required frequency w, has been
obtained from plots of imaginary part of the electrical modu-
lus (see latter), and the conductivity has been scaled by the
dc conductivity 4. The curves superimpose very well, im-
plying that a single mechanism of ion transport is in opera-
tion over the range of temperatures under study.

B. Complex impedance spectroscopy analysis

The resistive and capacitive components of the imped-
ance of the glass can be estimated by impedance spectros-
copy. Figure 7 shows the impedance (Z' versus Z") plots for
the as-quenched SBBO at four different temperatures (573,
598, 623, and 648 K). These Cole—Cole plots™ display semi-
circles with depressed centers. This behavior is typical of
systems in which a distribution of relaxation times is present.
The electrical response can also be investigated using elec-
trical modulus formalism. Modulus is derived from the im-
pedance data by equation M*(w)=jwCyZ*(w), where j= V-1
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FIG. 7. Complex impedance plots at four different temperatures for the
as-quenched SBBO glass; inset shows the imaginary part (Z”) of impedance
and (M") modulus as a function of frequency at 623 K.

and C,, is the vacuum capacitance of the cell. In the modulus
representation the effect of electrode polarization contribu-
tions gets suppressed, which is sometimes helpful in eluci-
dating mechanism of relaxation. Additionally the modulus
analysis often provides a better understanding of polarization
phenomena than the analysis of impedance alone. The inset
of Fig. 7 shows the Z" and M" as functions of frequencies at
623 K. The Z" (w) exhibits a peak at slightly lower frequency
than M"” (w) and also decreases at high frequencies faster. It
implies that the electrode surface makes a small non-
negligible contribution to the measured dielectric parameters
at high frequencies. Further Z” (w) frequency plot appears as
if the asymmetric M" (w) peak is shifted toward the lower
frequencies. The slight mismatch of the peaks and asymme-
try development may be attributed to the non-Debye relax-
ation behavior. In order to rationalize the impedance data, an
equivalent circuit composed of a resistance R and capaci-
tance C in parallel (as shown in the inset of Fig. 8) was
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FIG. 8. The frequency dependence of Z” at four various temperatures; the
solid lines indicate the theoretical fit.
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FIG. 9. Arrhenius plot of relaxation times (7) for the as-quenched SBBO
glass.

analyzed. The parallel RC element results in a semicircle in
an impedance plot. The Z' versus Z" plots where the x-axis
and the impedance curve cross over at low frequency is the
bulk resistance R. The equivalent circuit can be expressed by
the Cole—Cole function®!

R

Z = e o

(4)

where 7=RC and « characterizes a weight on the distribution
of the relaxation times with the values ranging from O to 1.
For an ideal Debye relaxation a=1 and the full width at half
maximum (FWHM) of Z" peak is 1.14 decades. 0<a<1
implies that the process is governed by a distribution of re-
laxation times, which leads to a broader than Debye relax-
ation peak. Separating the real and imaginary parts of Eq.
(4), we can write

R 1+(m)“sin[(1—a)g]
Z' = . (5)
1+ (wn)?%sin| (1 - a)g

R(wr)"‘cos[(l - a)§:|
Z// =

1+ (wr)zasin{(l - a)gJ .

Fitting the experimental data to the above expression for Z”
[Eq. (6)] is shown in Fig. 8. It is evident from Fig. 8 that the
experimental curves are remarkably well fitted using Eq. (6)
in the entire range of frequencies and temperatures under
study.

Figure 9 shows the dependence of the relaxation time on
the reciprocal temperatures. It clearly suggests that the relax-
ation time follows the Arrhenius equation
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e
T=7,exp| — |, (7)
kgT
where 7, is the prefactor and E is the activation energy for
the relaxation. E is found to be 1.24 eV from the slope.
Figure 10 shows the complex modulus plots of the as-
quenched SBBO glass at different temperatures. There ap-
pears to be prominent (single) semicircle consistent with the
single phase character of the as-quenched SBBO. The fre-
quency dependence of real part of modulus (M') at various
temperatures is shown in Fig. 11(a). M’ reaches a maximum
value M..=1/¢., at higher frequencies and tends toward zero
at low frequencies, which suggest significant electrode
polarization.32
Figure 11(b) shows the frequency variation of M"(w) at
different temperatures. M"(w) exhibits a peak and the posi-
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FIG. 11. Frequency dependence of the (a) real (M’) and (b) imaginary (M")
part of electric modulus for the as-quenched SBBO glass.
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FIG. 12. Arrhenius plot of relaxation times (7) for the as-quenched SBBO
glass.

tion of the peak shifts toward higher frequencies with in-
creasing temperature. The peaks are all asymmetric and cen-
tered in the corresponding dispersion region of M’. The
charge carriers may be considered as mobile over long dis-
tances at frequencies lying to the left of the peaks. In the
region to the right of the peak, charge carrier ion motion is
generally confined and the immediate neighborhood of the
potential well. This region of the peak therefore is indicative
of the transition from long range dominated to short range
dominated mobility.33 The frequency f,.x (corresponding to
M",.,) gives the most probable conduction relaxation time
(7,) from the condition 27f,,,,= 1. Its variation as a function
of temperature is shown in Fig. 12. This plot also obeys the
Arrhenius relation

E
where 7, is the pre-exponential factor and E,, is the activa-
tion energy. The activation energy E, calculated from the
linear fit to the data points is again 1.26 eV, which is consis-
tent with the activation energies from the temperature depen-
dence of hopping frequencies from the dc conductivity mea-
surements.

Modulus-frequency master plot is shown in Fig. 13 for
the SBBO glasses investigated in this work. The scaling be-
havior of the electrical modulus is quite evident. There is
near perfect overlap of data over the whole range of tempera-
tures with almost constant FWHM of the reduced frequency
peak. However, FWHM is greater than the width of a typical
Debye peak (1.14 decades). Thus it appears that the charge
dynamics from long range to short range in these phases is
characterized by a constant activation energy, which is also
independent of both temperature and frequency. The master
plot [Fig. 13(b)] can also be analyzed in terms of a stretched
exponential decay function with a stretching exponent ,8,34

o) =exp(—tiT)?, 0<pB<I1, 9)
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FIG. 13. Modulus master plots of (a) real and (b) imaginary parts of the
modulus for the as-quenched SBBO at different temperatures.

where 7, is the characteristic relaxation time and ¢(r) repre-
sents the time decay of an electric field. Parameter S is a
measure of slowing down of the relaxation time. 8=1 corre-
sponds to the ideal Debye solid with a unique relaxation
time. B8=0 corresponds to maximum interaction of dipoles
with other dipoles.33 The function ¢(f) is related to the
modulus in the frequency domain by the equation
M =M'+jM"

=M, I—detexp(— iwt)[—do(r)/dt] ¢, (10)
0

where M., is the limiting high frequency real part of the
modulus. From the master plots it is clearly seen that FWHM
values are invariant with temperature, suggesting that the
parameter 8 has a constant value. The value of B can be
obtained by fitting the spectrum at each temperature by the
method of Moynihan.35 Figure 14 shows the temperature de-
pendence of B. The values of B are nearly constant, lie be-
tween 0.5 and 0.6, and are also insensitive to the variation in
temperature. Since a distribution of relaxation times would
render S sensitive to temperature, it appears that stretched
exponential nature of relaxation is the likely origin of the
non-Debye behavior in these glasses. We also note that in
passing in the present glass system, the power law exponent
(n) and stretching exponent (B) are not related as
n+B=13638

In summary our observations point to the following. (i)
The charge transport occurs through an activated process. (ii)
The activation behavior obtained from different (although in

[B3]°+[B4]” — [B4] +[B3]” ; BS+[By]”" — [B4]” +[B;]’,
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principle related) methods are nearly equal (1.25 eV) in
value. (iii) The dielectric behavior confirms that the loss
peaks occur with characteristic stretched exponential behav-
ior. (iv) However, the exponent from simple West—Almond
conductivity-frequency relation is found to be not related to
the stretching exponent 8 from dielectric moduli-frequency
behavior. (v) Both n and B however are found to be essen-
tially temperature independent. Therefore we would like to
see if a common transport mechanism explains our observa-
tions.

In the first place we note that the measured activation
barrier of 1.25 eV is significantly lower than expected be-
cause oxygen is not present as a free O~2 ion and in order to
create O~2 ion, either a Bi—O~ or a B—O~ bond has to be
broken. This is in addition to the motional barrier. It is also
unlikely that the activation barrier corresponds to migration
of the divalent Sr*? cation. We also do not suspect transport
by a combination of Sr*? and O~2. We suggest that the charge
transport in SBBO glasses occur via direct participation of
nonbridging oxygens (NBOs), which carry a single negative
charge. We propose that NBOs switch their positions on the
three dimensionally connected bismuth borate network. Both
B and Bi are well known to be capable of having three and
four coordination in glasses.”_41 A tetrahedral B can ex-
change a NBO with either a trigonal B or a three coordinated
Bi, leading to effective transport of NBO and hence a charge.
To make it more clear we designate trigonal [BO;5,,]° and
tetrahedral B [BO,4,|™ as B; and B, and three coordinated
[BiO3,]° and pyramidal [BiO,,]” as Bi; and Biy, respec-
tively. The charge transport is visualized to take place as

[Bi3]” +[Bis]” — [Bis]” +[Bi3]° ; [B3]°+[B4]” — [Bi,]” +[B;]°.
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All that is required is a less energetic local structural rear-
rangement. The structural rearrangement on bismuth borate
network can be expected to be quite facile. The activation
barrier can be significantly lower because the charged oxy-
gen atom in NBO is not physically displaced. In the activated
state, only the coordination around network forming B/Bi
atoms changes as visualized below.

r o)
o o, /o/
ol P2
/O e ™~ /O o\
cHn )
el - 0% o " —O, [el \o
B\ e \5/ . Ny
P -
/O/ s 6 \07 O/ o ?/ No

It has been shown elsewhere*”™ that such a mechanism

can also account for the existence of stretched exponential
behavior. Briefly the reason is as follows. When the NBO
switches from one position to the other via an activated state,
only one stage of relaxation will be over. That is because the
cation, which was in nearest neighborhood of NBO prior to
switching, gets marginally destabilized by virtue of the in-
creased distance from NBO. Therefore it drifts to the neigh-
borhood of the NBO, and only after that the final state be-
comes energetically almost identical with its earlier value in
the new structural position.

Therefore there are two components to the total relax-
ation: the first from the activated state to the switched over
position and the second from switched over state to final
state. The second relaxation process starts after a times delay.
If ¢,(f) and ¢,(1) are the two relaxation processes with char-
acteristic relaxation times 7; and 7,,

@1(0) = @1(0)e"™,  @y(t) = @a(0)e 1™,

It is assumed that both relaxations are Debye type. The ob-
served overall relaxation ¢(7) will be the sum of ¢,(r) and
@,(7). Such a sum behaves effectively as

o(1) = (1) + (1) = @ (0)e" ™ + ‘P2(0)€(t_l")/72
B
=~ ¢1(0)6XP[£} .
-

Such functional equivalence has been shown to hold good
earlier’”™*

Thus observed single B appears to be quite reasonable.
That a single barrier observed is due to the fact that the
process of NBO jump is the primary energetic step. The re-
arrangement step involving drift of Sr*? ion may not be a
“jump” process in the usual sense and is sort of a drift of the
position of Sr*? toward a lower energy state. Perhaps the
observation of a single temperature independent B can be
associated with the dominant first activation barrier in the
above expression. The second cation drifting step may occur
with a much lower activation barrier for 7,.

IV. CONCLUSIONS

SrBi,B,0; glasses have been investigated using a num-
ber of experimental techniques. Ion transport has been stud-
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ied over a range of frequencies and temperatures. The ob-
served properties have been examined in the light of existing
models in the literature. Structural modification has also been
examined. Structural rearrangement on borate-bismuthate
network is considered as facile. ac conductivities exhibit
simple power law variation. Both ac conductivities and
moduli have been found to be collapsible on to master plots,
suggesting the presence of a common charge transport
mechanism in these glasses. A model that considers transport
as due to the NBO switching has been proposed in which a
two stage relaxation appears natural. This structural model
consistently accounts for all the observations made in the
present investigation. The relaxation process is most likely
through stretched exponential behavior.
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