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ABSTRACT

The glass ceramics of various compositions 60810 x)BpO;.xFe0; with x = 0, 1, 2, 3, 4 and 5 were prepared
by annealing the as prepared glasses at temperat®®C above the glass transition temperaturg)(Tn the
electrically heated furnace and then hold the terapee constant for one hour. The ac conductivitydifferent
compositions of iron doped bismuth silicate glassmics were studied in the wide temperature raBeK to 713
K and frequency range THz to 1MHz. The temperature and frequency deperaterductivity was found to obey
Jonscher’'s power law all the compositions and foundincrease with increase in fe; content. Various

parameters like dc conductivitydy, ), cross -over frequencydq, ) and frequency exponenBj were estimated

from theoretical fitting of experimental data of eenductivity with Jonscher’s power law, which skdwery good
agreement for all the compositions. Enthalpy tsddsate the cations from original site to a chagsmpensating
center(H¢) and enthalpy of migration (£} had also been estimated. The conductivity data &ealyzed in terms of
different theoretical models to determine the guesconduction mechanism. Analysis of the condtictilata and
the frequency exponens® showed that the correlated barrier hopping &fatrons between Béand Fé" ions in
the glass ceramics was suitable to describe thedection mechanism for ac conduction. The tempegatu
dependent dc conductivity were analyzed usingtiberetical variable range hopping model (VRH) pregd by
Mott which describe the hopping conduction in dissed semiconducting glass in low temperature rafde
various polaron hopping parameters were also cated. Greave’'s VRH model was found to be in goodeagent
with experimental data.

INTRODUCTION

Oxide glasses containing transition metal ions (3\luch as Ti, Fe, and V etc. are of great intdresause of their
semiconducting properties [1-12]. The semicondgctiroperties of these glasses arise from the pcesainTMI in
multivalent states and electrical conductivity engral is controlled by hopping of electrons or kip@arons from
low valence state to high valence state of tramsithetal ion [13-14] e.g. in glasses containing,irihe electronic
conduction occurs is due to the hopping of a 3dteda from the F& to F€* ion. These glasses are also interesting
due to their technological applications in eleetriand optical memory switching devices [1,7], cald materials in
battery [15] and in field of tunable lasers, sadaergy converetors, fiber optics telecommunicatienices[16].
Glasses containing iron are found to have hightetet conductivity at room temperature and ared fuseful
applications as a sensor in magneto-resistancetdffé]. The addition of TMI, like iron, to the bisrth silicate
glasses is expected to improve their electrical @dietectric features. The conductivity of bismuilicate [18-21]
and bismuth iron glasses [22- 25] has been studiektail by many researchers, but there is haadly report on
electronic transport of iron bismuth silicate glassamics The aim of the present paper is to ptbedrequency
and temperature dependence of ac conductivityoof doped bismuth silicate glass ceramics and tenstahd the
conduction mechanism.

17
Scholars Research Library



Rajesh Parmar Arch. Phy. Res., 2015, 6 (5):17-28

MATERIALS AND METHODS

The glass compositions 60Si@0- X)Bi,Os.xF&0; with x = 0, 1, 2, 3, 4 and 5 were prepared using thedatan
melt quenching technique as reported elsewhere [P6¢ thermal stress of the prepared glass sampbze
removed by annealing them for 8 hours at tempezatbput 408C and then cooled to room temperature. Based on
the DSC data, the glass ceramics of these sampglesprepares by annealing the as prepared glaswsss@erature

~ 50°C above the glass transition temperaturg, (fi the electrically heated furnace and then hbkltemperature
constant for one hour. The samples were alloweambtb normally and were taken out from the furnaicthe room
temperature. The crystalline nature of prepareasggteramics was confirmed by the presence of geals in X-
ray diffraction patterns of the powdered sample®med by using a Rigaku Table-top X- ray diffragm with
CuKo radiation(\=1.54A"). For electrical measurements, samples were tuisimall size and polished, both sides
of the samples were coated with a thin layer ofesipaint to serve as electrodes. The conductiméasurements
were carried out by using Alpha-A high ResolutioielBctric, Conductivity, Impedence and Gain Phaseliar
Measurement System Novocontrol Technologies GmbE0&KG in the frequency range 18z to 1MHz ranging
the temperature range 533 K to 713 K. The fittifigexperimental data was done using linear and mwat fit
modules of Origin Pro 8.6 software.

RESULTS AND DISCUSSION

3.1 AC conductivity

The ac conductivity of different glass ceramic pasitions60SiG..(40x)Bi,0:.xF&0; withx =0, 1, 2, 3, 4 and 5
has been studied in temperature range 533 K tok7&hd frequency range 10Hz to 1MHz, show similar
frequency and temperature dependence. it is fonimttease with increase in 8 content. The compositional and
frequency dependent conductivity' (w)) goes on increasing with increase in,@gcontent for the studied
frequency range at any particular temperature.picty graph showing variation of (o) with frequency at 673 K
is shown in Fig.1.The similar trend is observedsloyne other researchers [23,24] and for glass catigus of
presently studied glass ceramics compositions.vahation ofc' () with frequency in case of glass samples with
= 3, 4 and 5 shows double plateau for temperaaese 633K, 573K and 493K respectively, whereah gpleteau
is not obtained in any studied glass ceramics sasnpPerusal of data presented in Fig.1 shows tmat t
crystallization of glass compositiors$ () shows an increase for compositions witk 0, 1, 2 and 3 whereas it
remains almost same for ceramics compositions withd and 5The frequency dependent conductivisy (o)) of
glass ceramics samples, presented in Fig.1, isacteaized by two regions: (i) a plateau region éndispersion
region. Plateau region is observed at low frequenavhere random distribution of the charge carnéa activated
hopping give rise to a frequency-independent cotidtic With increase in temperature, width (freqeg range) of
this region goes on increasing. The curves arerflaaw frequency region as the conductivity valagproximately
correspond tay.. On the other hand, dispersive region is obseatddgher frequencies, whesé (o) shows high
dependence on frequency and increases with incieaseThe conductivity graph become more dispersivén wit
increase in frequency and tend to merge in highueacy regime as the width of dispersive regiorrefses with
increases in temperature exhibiting the weak teatpez dependence.

The changeover of conductivity is shifted towardghbr frequencies with increase in temperature lieeanobile
ions acquire more thermal energy and cross thdaebamore easily [25]. In other words, when tempamtis
increased the dispersion starts at higher frequeBeperally, ac conductivity behavior is analyzethg Jonscher’s

power law [11, 12, 20, 21,30-32],
ow=0, 1+[£J @
a,

whereoy. is the (frequency independent) dc conductivity, is crossover frequency of the charge carriers ions
separating dc regime (plateau region) from the efiEpe conduction and S’is frequency exponent that lies
between 0.6 and 1 [31,33]. The exponé&nis attributed to the interaction between the caararrier ions with the
frame work carrying the balancing charge and itslkm value signifies higher degree of modificati@9]. The
values ofog, @y and S are obtained by the fitting of the experimentahdaf frequency dependent conductivity (
(w)) measured at different temperatures with EqAQ)shown in Fig.2, the experimental data fittethwdonscher’s
universal power law (Eq.1) for glass ceramic conitpms with x = 5, gives very good fitting with best parameters
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fit, R?, in the range 0.9914 — 0.9992 and error factdeast square fit, Chilying in the range of 1.0574 x 1b—
9.824 x 10%and is observed to be obeyed in all the presenifjied glass ceramic compositions. So, ac conductio
in the presently studied glass ceramic compositinay be attributed to hopping mechanism and is downbe
consistent with the observed in many other semigoting glasses [11, 21, 29, 30, 34]. The increaselectrical
conductivity with the increase in temperature ig doi the increase in drift mobility of the thernaativated charge
carriers [28, 35].

10°

log o' (S/cm)
Lol

107

10" 10° 10" 10° 10° 10° 10° 10° 10’
Frequency (Hz)

Fig.1 Compositional and frequency dependence of @itac conductivity (¢' (m)) of glass ceramics system 60Si@40-x)BiLOs.xFe03 at
T=673K

When the conduction occurs via defect mechanism #ti@ given instant only a fraction (n) of totekhege carriers
(N) are mobile, which is given by [11,36]

n=N exp{—%) =N ex{ikj X ex{—%} @)

where § H; and G are entropy, enthalpy and free energy, respegtiteldissociate the cation from its original site
next to a charge compensating centre. The crossé@agrency (J, ) and dc conductivity @ ,.) are given by [36]

- Sh | exf = m 3
@, a)oexp[kj exr{ kT) ®3)
and
O = NZ'€ 'y exp(Sf i %]x ex;{—Hf * H“] 4)
kT k kT
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Fig.2 Measured total ac conductivity §' (»)) of glass ceramic compositions 60S340-x) BLO3.xFe,03 with x = 5 ,shown as a function of
frequency at ten different temperatures. The solidine in the figure are the best fits obtained fronfitting of experimental data with
Jonscher’s power law
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Fig.3 Linear fit of log (64c T ) versus 1/T glass ceramics compositions 60Si(@0- X)BbOz.xFe&:0O3 whereeg. is dc conductivity and T is
absolute temperature
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Fig.4 Linear fit of log Cq_| versus 1/T glass ceramics compositions 603i(#30-x)BLO3.xF&,03

where Cq_| is crossover frequency and T is absolute temperate!

From Egs (3) and (4) it is clear that the slopéplots of log @,.I ) and log &), versus 1/T would be

H, +H_ and H, respectively. The slopes of plots log{.T ) and loga), versus 1/T shown in Figs.(3) and (4)

are estimated using linear fitting. Both the plst®w linearity for all the compositions 603i(Z0x)Bi,03.xF&0s.
The values ofH; +H_and H,_, as calculated from the slopes are presented ineThbPerusal of the data

presented in Table 1,shows thatl; > 0, for all glass ceramic samples, and thereforeaddition of FgO; to

bismuth silicate glass ceramic system, it is fotltrat number of mobile charge carriers at any indt@gomes less
than total number of charge carriers [11].Wher#as conductivity of glass ceramic samples is olette increase
with increase in F©; content (as shown in Fig.1). The increase in cotidty may either be due to increase in
mobility of charge carriers on addition of &g or increase in number of mobile charge carriers.

TABLE. 1. Enthalpy to dissociate the cation from is original site next to a charge compensating cemtéH ), enthalpy of migration (Hm)
of 60SiG.(40-x)BiL0Os.xFe,050f glass ceramic with different values of x

Parameters x=0 x=1 X =2 X =3 X =4 X =5
Hi+Hm(eV)(+0.001eV) | 0.995 | 0.967 0.910 0.826 0.837 0.818
Hm(eV))(2£0.001eV) 0.919| 0.839 0.725 0578 0.748 0.773
H; (eV) (£0.001eV 0.07¢ | 0.12¢ 0.18¢ 0.24¢ | 0.08¢ | 0.04¢

3.1.1. Variation of Frequency Exponent and Conductin Mechanism

The conduction mechanism in any material could bdetstood from the temperature dependent behawvbur
frequency exponentS). To interpret the electrical conduction mechanisrithe materials, various models based on
classical hopping of charge carriers over bargegntum mechanical tunneling and the overlappingekpolaron
tunneling, [37-42] have been proposed on the bakigariation of frequency exponent with temperatarel
frequency. The temperature dependence of frequexmynent §), obtained from fitting of experimental data with
Eq.(3) is shown in Fig. 5.
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Fig.5. The variation of frequency exponents (s) fodifferent 60Si0,.(40-x)Bi0Os.xFe,0; glass ceramics compositions are shown as a
function of temperature, obtained from fitting of experimental data of total ac conductivity with Jorscher’s power law

The variation of 'S’ with temperature correlates the ac conductivigchranism as discussed below [20]

(1) If *' S’ depends upon frequency but is independent of &aipre then the conduction mechanism can be
explained by the quantum mechanical electron tungé¢heory.

(2) If * S’increases with increase in temperature, then thradection process can be explained with the small
polaron quantum mechanical tunneling theory wheifeaS’ decreases at first, reaching a minimum and ine®as
thereafter with increase temperature then it caexpéained by large polaron quantum mechanicaldling model.

(3) If * S’ decreases with temperature then it follows ceattel barrier hopping (CBH) conduction mechanism.

It is noted that for all glass ceramic samplegjdency exponentS’ decreases with increase in temperature. In the
present glass ceramic system, CBH conduction mésnais predominant. The Correlated Barrier Hopgi@gH)
model, proposed by Elliof38-41] has also been applied to glassy semiconductorshisnmodel, the charge
transport occurs between localized states due ppihg over the potential barriers and for neighbgrsites at a

separation R, the coulomb wells overlap, resultinpwering of effective barrier height froM/, to W , which for

single electron hopping is given by
2

€
W=W -—— 5
W, R )

WhereWm is barrier height at infinite site separati@, is dielectric constant of materiaf, is the permittivity of

free space and R is the distance between two hggiies. The maximum barrier heing is also called polaron

binding energy. The ac conductivity and frequenqgyoment, ‘S’ as per this model are given by [ 26,35]
2

T
= N2 ] 6 6
o(w) o &'e,wR) (6)

B 6k, T
W, + k; TIn(awr )

and s=1 (7

where N is the concentration of the charge carrigfss relaxation time and?w is the hopping length at frequency

. ltis clear from the Eq.(7) that s decreases withease in temperature, which is consistent tiéhbehavior of
* S’ ( obtained from fitting of experimental data witte Eq.(1) Jonscher’s universal power law as shioviig.6)
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Fig.6 The variation of frequency exponent (s) for ififerent 60SiO..(40-x)BLO3.xFe,Oz glass ceramics compositions are shown as a
function of temperature

This suggests that the conductivity behavior ofiidbped bismuth silicate glass ceramics can beaiqd using
CBH model. Similar type of variation ofS’ with increase in temperature has also been redaoty Pike [43],
Elliott [38] and Springett [44] in different glags®ramics containing transition metal ions (TMIsheTobserved
variation of ‘S’ with temperature may be due to different contiilms from conducting and dielectric losses at

different temperatures[45, 48he values of maximum barrier heighf\f, ) and relaxation timeZ,) have been
estimated from the fitting of frequency exponenttgated from the fitting of o '(w) with Jonscher's power law)
with CBH model (Eq(7)) by keepingw = 27T MHz (i.e 1MHz) and are listed ifiable 2Perusal of data presented
in Table 2 it is observed tha¥V,, decreases with increase infFeO; content. The values of band gap energy

estimated from the optical data lies between 2r88240 eV and it also decreases with increagei®; content.
The variation in values of activation energy anddagap energy are in accordance with the decreasalues of
barrier height at infinite separation.

Table 2. Maximum barrier height at infinite separation (Wm) and relaxation time (Z'O) estimated from fitting of Eq.(5.4),

Concentration of Fe —ions (N), Mean spacing betwedfe-ions (R), Polaron radius (), Activation energy (W), Band gap energy(g,
Density of states at Fermi level (N(B) and inverse localization length ¢) of glass ceramics compositions 60Si40-x)BrO3z.xFeOswith
different values of x

Physical Parameters x=0| x=1 xX=2 x=3 X=4 x=5
Wi, (eV) 0.619| 0.490| 0.273 0.32f 0.443 0.359
0.184| 0.690| 29.993 14542 786.600 9.451
T, (us)
N (x 1Fcc) - | 0349 | 0.704| 1.063 1.429] 1.801
R(A) - | 14192 11.236] 9.797 8.877 8.219
ro(A) - | 5719 | 4528] 3948 3.577] 3.312
W (eV) 0.942| 0.914] 0857 0.77 0.784  0.765
Ey (eV) 340 | 331 3.24 3.00 2.90 2.88
N(Ep) (x10% o - | 0913 | 1.963] 3.284 43500 5.642
a(A DBy Greave's model ]| - | 0585 | 0.692] 0.716 0.801] 0.841
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3.2.DC conductivity

The dc conductivity 4. ) of 60SiQ.(40%)Bi,0s;.xFe,0; glass ceramics compositions is obtained from tiadi of
the experimental data of frequency dependent cdivityc (¢' (o)) at different temperatures with Jonscher’s
power law (Eq.1) is shown in Fig. 7 and it is observed to lie ie trange froml0® to 10° S cm®. Further, the
frequency dependent conductivity curves (asFig.2) are characterized by well-defined plateau, wheee th
conductivity is identical to the dc conductivityo® the values of the dc conductivity, one obtaibgditting with
Eq. (1) and the other from plateau éf(w) versusw plot, are almost the same.

-5.5

B x=0
® x=1
-6.0 A x=2
v x=3
4 x=4
-6.5 » x=5
€ Linear fit
o
9 L0l
3
o]
o
L 75
-8.0 4
-8.5

T v T v T v T v T v T
1.4 1.5 1.6 1.7 1.8 1.9

1000/T (K™

Fig.7 Variation of dc conductivity versue reciprocéd of temperature for different glass ceramics compsitions 60SiQ.(40-x)Bi,O3.xF&:03

The inverse temperature variation of dc condugtifatiows the Arrhenius relatiof28]
0y =0, expl-Wi 1] (®)

where O, is the pre-exponential parameter which depends emnicenductor natureWW denotes the thermal
activation energy of electrical conduction, ands lBbltzmann's constant. The variationloig g,, with 1000/T is
shown inFig. 7for compositions withx = 0, 1, 2, 3, 4 and 5. The activation eneryy ] is calculated from the slope

of linear fit of log O,. versus 1000/T plot. The values of activation eigsr@\/ ) are presented ifiable 2for all

the samples. The activation energy is observectoedse indicating thereby the increase in condtyctivith the
increase in concentration of f&&. The activation energy corresponds to the trapllecated below the conduction
band. It is observed that band gap energy decreriieghe increase in concentration of,6g The decrease in
activation energy is found to be consistent witbrdase in band gap energy on increasin®fe

The concentration of iron ions (N) has been esthaising the following relatiofi2]

W,
N =2dN, | —=22 9)
Fe,04
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where d is the densityM Fe,0, is molecular weight of EOs, WFezosis weight fraction of F€; and NA is

Avogadro's number. The correlation between N andmmgpacing between any two Fe-ions (R) is generally

described12] as
1

R= [iT (10)

Using above relations, the polaron radimg)(is given by[12]

2 :1[’—7}3 R )

The density of states N ( EF) , for thermally activated electron hopping near tleenki level is calculated by the

relation[12]

3
N(&)= Tmw a2

and its values are of the order of 0eV' cm?, as given inTable 2 which are reasonable for localized states
[27,47].

The calculated values of W, N, R,and N (F) have been calculated using Egs. (9),(10), (1d)(ag) respectively
and are listed in Table 2. These values are imghge as reported by many other researchers [20,24]. Perusal
of the data presented Trable 2shows that the activation energy (W) decreases wittease in conductivity, which
is an expected result. The increase in conductaity decrease in (W) with TMI content in the glsggstem may be
attributed to decrease of the polaron hopping désa R increases with increase in,®@gcontent. A similar

conclusion has been made by other resear¢8r49]. This may be due to the fact that in the presestesy the

mole percentage of Si@ constant and smaller ¥eions replaces bigger Biions.

3.2.1.Variable range hopping (VRH) model

N.F. Mott and E.A. Davis [41has proposed a variable-range hopping (VRH) camslycgenerally used to
explain three dimensional (3-D) VRH in bulk disorelé semiconductors, in low temperature range. Hewev
Greaveg50] suggested the applicability of Mott's VRH in higimtperature region with some modifications.

It is observed that plots of lag,  versus TY4 (shown inFig. 8 give better linear fit (with linearity ~0.9998) in

comparison to the respective Arrhenius plots @qg versus 1000/T ), which shows linearity ~0.9988.

The Mott's VRH model is suitable for explaining tlde conductivity data of the present oxides glasigh
temperature. Based on Mott's VRH model [51] with difications as suggested by Greaves [50]; the dc
conductivity for 3-D case is given by

B

o, =Ael™ (13)
Where A and B are constants, given by relations
A=v, &€N(E)R (14)
3 4
B=B, {a—} (15)
KN(E,)
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Wherea is the inverse localization length of s- like wduaction has been estimated from the slope ofolgys T
Y4 graph by taking B= 2.1 in Eq. (15)[50]. The calculated valuesudfi.e. from Eq.15 ) lies in the range 0.585 to
0.841 which are in very good agreement with thasggested by Murawski et al.[52] for oxide glasskss

observed that the enqualityl < r,<R is found to hold in the whole studied tempemattange, so the polaron
theory is applicable [52] to the present glass amsitpns.

-5.5 B =0
J ® x=1
A =2
-6.0 Vv x=3
4 x=4
4 p x=5
Linear fit
—~
[= -6.5
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%))
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©
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-8.0 4
1 \ 4
-8.5
T I B e o e o B LN E e

T
0.192 0.194 0.19 0.198 0.200 0.202 0.204 0.206 0.208 0.210
T-1/4 (K-1/4)

Fig.8. Plot of loges.vs T for glass ceramics compositions 60Si@40-x)BiOs.xF&,0s.
Where symbols represent experimental data and solikhes represents the linear fit.

CONCLUSION

The temperature dependence of ac and dc condyctVitstudied glass ceramics compositioB8SiG,.(40-
X)Bi,Os.xF&0; withx =0, 1, 2, 3, 4 and 5 were analyzed in the &avork of Jonscher’'s power law and variable
range hopping model of Mott and Greave in the viateperature range 533 K to 713 K and frequencgear0*

Hz to 1MHz. It is observed that conductivity waaurfid to increase with increase in,Bg content. Various

parameters like dc conductivityd{,.), cross —over frequencydd, ) and frequency exponentS() had been

estimated from theoretical fitting of experimerdaka of ac conductivity with Jonscher’s power lavkjch showed
very good agreement for all the compositions. Oditah of F&O;in bismuth silicate glass ceramics system, the
number of mobile charge carriers, at any instarg feand less than the total number of charge caraed the
mobility of charge carriers was observed to inoeeagh increase in E®; content. It was found that the correlated
barrier hopping model was suitable to describectireduction mechanism of present studied glass dersyatem,
whereas, other models such quantum mechanical ltngmeodel and over lapping of large polarons matidinot
agree with the ac conductivity data and its fremyeexponent of iron doped bismuth silicate glasumics. So, for
the presently studied glass ceramics compositioes@s VRH model was found to be in good agreemihtthe
experimental data.
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