PHYSICAL REVIEW B 68, 224202 (2003

ac relaxation in silver vanadate glasses
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The frequency dependent ac conductivity of semiconducting silver vanadate glasses has been studied in the
temperature range 87—-423 K and in the frequency range 10 Hz—2 MHz. The experimental results have been
analyzed with reference to various theoretical models based on quantum mechanical tunneling and classical
barrier hopping. The analysis shows that the temperature dependence of the ac conductivity is consistent with
the overlapping large polaron tunneling model at temperatures below 275 K in the measured frequency range.
The frequency exponent data show a departure from the theoretically expected values above 275 K. A scaling
of the conductivity spectra with respect to temperature is attempted for these glasses at high temperatures. It is
observed that at temperatures above 275 K the conductivity spectra show a time-temperature superposition
principle consistent with the temperature independence of the frequency exponent in this temperature region.
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. INTRODUCTION in the temperature range from 900 to 1000 °C depending
- . . _upon the composition. The melts were equilibrated for 30

The general condition for the semiconducting behavior ofnin and quenched between two plates. Glass samples of
the oxide glasses containing transition metal ions is that thehjckness~0.1 mm were obtained fox=0.5—0.8. The
transition metal ions should be capable of existing in Moré&samples were annealed at 150 °C for 1 h. The absence of
than one valence statte.g., V'° and V'* in vanadate crystallinity was verified by x-ray diffractioSeifert, model
glassesso that conduction can take place by the transfer oBogop) studies. The density of the samples was measured by
electron from low to h'gh valence state’ Like many other  Archimedes’ principle using acetone as an immersion liquid.
amorphous materials’“ a frequency dependence of the acThe total vanadium ion concentraticiN) was estimated
conductivity and loss has been observed in semiconductingom the glass composition and density. For electrical mea-
glasses containing transition metal ich$and has been the syrements, gold electrodes were deposited on both surfaces
subject of much controversy. The dc electrical conduction inyf the polished samples of diameterlO mm. The electrical
this semiconducting glasses was observed to be due to thgeasurements such as capacitance and conductance of the
hopping of either electrons or polarons with a strong_ ter_n'samples were carried out in the frequency range 10 Hz
peraturelzdependence of the corresponding activation 5 \jHz using a RLC metetQuadTech, model 7600) in-
energ)f?" ) It was observed that at low tempesratures, the aGerfaced with a computer in the temperature range 823
conductivity o(w) at frequencyw behaves as® where the  k The jonic contribution to the total conductivity for differ-
frequency exponertis generally less than or equal to unity gn¢ glass compositions was determined using Wagner’s po-
and dependent on the temperature. Several mbdiét®sed  |arization cell techniqué® We observed that the ionic contri-
on the relaxation caused by the hopping or tunneling of elecy tion to the total conductivity was-0.2%. Thus the

trons (polarong or atoms between equilibrium sites have neasyred conductivity was primarily electronic in nature.
been developed to explain the frequency and temperature

dependence of the ac conductivity aswithin different lim-
ited temperature ranges. However, fewer stufiég!31
were made on the frequency dependent conductivity of tran-
sition metal oxide semiconducting glasses in light of these The measured conductivityogia(@w) of 0.6V,05
existing theoretical models. In this present work, we have-0.4Ag,O glass composition for four fixed frequencies is
made a comprehensive study of the frequency and temperghown in Fig. 1a) as a function of reciprocal temperature.
ture dependence of the ac conductivity of various composiThe variation of the dc conductivity,. with the temperature
tions of silver vanadate semiconducting glasses over the frds also included in this figure. At low temperatures, the tem-
quency range 10 Hz-2 MHz and the temperature range 8@gerature dependence of,,(w) is much less than that of
—423 K. the dc conductivityo 4, and is not activated in nature. How-
ever, at high temperatures the temperature dependence of
Il. EXPERIMENT ototal(w) becomes strong and its frequency dependence be-
comes small. At higher temperatures the conductivity for all
Glass samples of compositionsV,05— (1—x)Ag,0, frequencies almost coincides withy.. The conductivity at
wherex=0.5, 0.6, 0.7, and 0.8, were prepared by meltinghigher frequencies tends to coincide with. at higher tem-
the AgNG; (99.9%) and VOs (99%). The appropriate peratures. A similar behavior was observed for the other
amounts of AgN@ and V,Os powders were thoroughly glass compositions with a difference in the temperature at
mixed and preheated in an alumina crucible at 450 °C for 2vhich the measured conductivity becomes equal to the dc
h for calcination of AQNQ. The mixtures were then melted conductivity. In Fig. 1b) the temperature dependence of the

III. RESULTS AND DISCUSSION
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FIG. 1. (a) Measured total conductivity for the sample compo- .
sition 0.6\,0s— 0.4Ag,0 shown as a function of inverse tempera- FIG. 2. (a) The frequency-dependent real ac conductivity, for

ture at four frequencies shown. The measured dc conductivity i9-6Y20s—0.4AgO glass composition obtained by subtracting the
also shown(Ref. 12. (b) Measured total conductivity for the dc conductivity from the measured total conductivity, shown as a
sample compositionsV,0s— (1—x)Ag,O for x=0.8, 0.7, 0.6 function of frequency at different temperatures shown in the inset.
and 0.5 as a function of inverse temperature at the 100-kHz fre(t) The frequency-dependent real ac conductivity, at a fixed tem-

quency shown. The solid lines in both cases are the best fits to tHeerature (133 Kfor the various compositions as in Fig(bl.
overlapping large polaron modEEg. (7)]. shown as function of frequency. The solid lines in both cases are the

least-squares straight line fits.

conductivity at 100 kHz for all the compositions is shown. It o By
is observed that the conductivity is the highest for thosé/es of s larger than unity in some cases. It should be
glasses with the highest,®s content. The above results Noted that what is measured in a given ac experiment is the

have been analyzed below in light of appropriate theoreticaiotal conductivityo s (@) of the sample at a particular fre-
quency and temperature. In general, this can be writtén as

models.
For several low mobility amorphous and crystalline ’
materiald a frequency dependent real ac conductivity has Tiotall ) =0 (@) + 0. 2

been observed to follow the relation ) ) o )
It is tacitly assumed that the dc and ac conductivities arise

o' (w)=AwS, (1) from completely different processes. Figuréa)2 shows
the frequency dependent conductivity (w) (real par}, at

whereA is a constant dependent on temperature and the exlifferent temperatures for the glass composition
ponents is, generally, equal to or less than unity. In particu-0.6V,05—0.4Ag,0, obtained by subtracting the dc conduc-
lar, an approximately linear frequency dependence '¢iv) tivity from the measured total conductivity, as a function of
is predicted if the distribution of relaxation times is inversely frequency. In Fig. &) the above variation is shown for dif-
proportional to relaxation times. Any departure from lin- ferent silver vanadate glass compositions at a fixed tempera-
earity carries information on a particular type of loss mechature of 133 K. The solid lines are the least square straight
nism involved. However, recent investigations showed valline fits of the ac conductivity data, the slope of which ac-
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companying the occupation of the site by the carrier. Trans-
posing an electron between degenerate sites having random
distributions of separations will, generally, involve an activa-
tion energy, the polaron hopping energf,~Wp/2. In this
case, the frequency exponent becomes

s=1—4[In(Lwre)— Wy /KsT], (4)

Now it is noted thats is temperature dependent, increasing
with temperature. But this model is also not applicable in the
present case, since experimental res{ifg. 3) show oppo-
site trends.

Long® has proposed a mechanism for the polaron tunnel-
ing where the polaron energy is derived from polarization
changes in the deformed lattice, as in ionic crystals and
glasses. The resultant excitation is called a large polaron.
Because of the long-range Coulomb interaction, its potential
well of a site will extend over many interatomic distances
and overlap with the well of other sites. This has important
consequences for the frequency dependent loss because the
activation energy associated with charge transfer between the
overlapping sites will be reducédaccording to

Wy =Wyo R

1- r—p) , 5

_ wherer , is the polaron radius and/q is given by
FIG. 3. (a) The frequency exponestfor the various glass com-

positions as in Fig. (b) shown as function of temperature. The solid Wyo= e?/4s ol ps (6)
curves are best fits to the overlapping large polaron midgtgl(7)].

(b) shows the fits of the data to the correlated barrier hopping modeVhere &, is the effective dielectric constant. It is assumed
[Eg. (13)] thatW,,o is constant for all sites, whereas the intersite sepa-

ration R is a random variable. The ac conductivity for the

cording to Eq/(1) gives the values of the frequency exponentoVerlapping large polaron tunnelling modiés given by

s. It can be seen in Fig. 3 thatdecreases from close to unity 4o 5 Yy 2

to an almost fixed value with increasing temperature. It . m e (kgT)IN(EF)]"wR,,

is also observed in Fig. 3 thatincreases with the increase o' (@)= 12 2akaT+Wonr /RZ @)

. B HO!'p/ e

of V,O5 content in the glass. Frequency dependence of

was not observed within the investigated frequency regiowvherea is the decay parameter for the localized wave func-

(Fig. 2. tion, andR,, is the hopping length at a frequenay deter-
We now discuss the temperature dependence of the franined by the quadratic equation

guency exponent within the frame work of various theoreti- s , )

cal models. Several theories based on classical hopping as R,“+[BWhotIn(w) IR, — BWior ;=0 (8

well as quantum mechanical tunneling have been develope\;ahere R,=2aR,, r\=2ar,, and f=1ksT. Using the

to account for Fhe ac conductivity and.|ts frequepcy eXpo'Iabove expressions for the dependence of the conductivity on
nent. For the simple quantum mechanical tunneling mode

several authofs®have evaluated, within the pair approxima- R, itis straightforward to evaluate an expression dor
tion, the ac conductivity, and obtained an expressiorsfas

W

8C¥Rw+ 6WHor p /kaBT
S=1— .
s=1—4/In(lw7), (3) [2aR,+Wyof o /R, KgT1?

(€)

which shows thats is temperature independent but fre- It is found that functional form of the temperature depen-
quency dependent and thus this model is unable to explaidlence ofa’(w) predicted by the overlapping large polaron
the experimental results presented in Fig. 3 for the silvetunnelling model[Eq. (7)] is complicated and cannot be
vanadate glasses. expressed simply as’«T" with n constant over a wide

A temperature dependent frequency exponent can be ollemperature range. Also, the overlapping large polaron tun-
tained within the framework of the quantum mechanical tun-neling model predicts thatshould decrease with an increase
neling model in the pair approximation by assuming that theén temperature. For large values og s continues to de-
charge carriers form nonoverlapping small polarbins,, the  crease with increasing temperature, eventually tending to a
total energy of a charge carrier is lowered by the polarornvalue ofs predicted by the simple quantum mechanical tun-
binding energyW; resulting from the lattice distortion ac- nelling model of nonpolaron forming carriers. Thus it ap-
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TABLE |. Parameters obtained from fits of the ac conductivity and the requency exponent data to the
large polaron tunneling model for the/,O5— (1—x)Ag,0 glasses.

X Who o 1o To N(Eg)
(eV) cm cm (9 (evitem™®)
(x0.0D) (+0.04x1078) (+0.03x10°9) (+0.05x10713) (£0.06x10%°%)
0.8 0.59 1.25x10°8 1.61x1078 1.95x10°13 2.27x10?3
0.7 0.55 1.12x1078 1.69x10°8 1.88x10713 2.83x10%3
0.6 0.52 1.13x1078 1.45x1078 1.63x10713 2.55x 10?3
0.5 0.51 0.90x1078 1.33x107°8 1.10x10713 2.87x10%3

pears that the overlapping large polaron tunneling modeare fitted with the predictions of the overlapping large po-
might be an appropriate theory to explain the data presentddron tunnelling model using E¢9). The best fit of the ex-
here. perimental data is observed for temperatures below 275 K
In Fig. 3 the experimental data for frequency exporent for the different values of the parameters shown in Table I.
At sufficiently higher temperaturg¢above 275 Kthe experi-
mental points show a disagreement with the theoretical val-
(a) ues obtained by the large polaron tunneling model. The rea-
son for the discrepancy is not known at present. However,
we speculate that a separate mechanism might be operative
. above 275 K. The experimental data @, (») at differ-
T-173K ent fixed frequencies are fitted to the ac conductivities calcu-

T=183K

T=193K lated from Eq.(7). The best fit of the above model to the

T=203K

T=213K total conductivity data for different frequencies is exhibited

T=223K

T=233K as solid lines in Fig. (a). Reasonable fits were also observed

T=243K

T-253K for other glass compositions. It may be noted from Table |

T=263K

T-273K that values of the parameters obtained from the best fits are

T=283K

T-293K reasonable.

T=303K

T=312K The overlapping large polaron tunneling moggl. (9)]
T-332K also predicts the frequency dependencesofA detailed
analysis shows that in the low temperature region
(kg T/Wy0>0.04—0.05), s should increase with frequency.
An opposite and more significant behavior should be ob-
served in the high temperature regidgs{/Wyo>0.05). In

the present work, however, the frequency dependence of
was not observed.

The experimental data presented in Figs. 1 and 3 show
T-263K some similarity with the results predicted by the correlated
Toarex M barrier hopping model, which was developed initially by
T=293K * Pike'® for single electron hopping and later extended by
$:§?2E = Elliott* for two electrons hopping simultaneously. For neigh-
tgggE A§§ boring sites at a separatid® the Coulomb wells overlap,
T=343K 5 resulting in a lowering of the effective barrier height from
W,, to a valueW, which for the case of one electron transi-

tion is given by

1095 [6 1510 (@) /54,

OOPAdQOEHOHGOBHOPLOXER

1 2 3 4 5 6 7 8

log , [ (rads™)]

20

1.04

oobaAaO B 6 bBbe

0.5

1094 [0 gra (® )}/ 0 4 ]

W=W,,—e?/ meeyR. (10)

The ac conductivity(real parj in this model, in the narrow
band limit is expressed by

4 =2 o2 , T e
log, [0/ w ] o'(w)= g N oR,ec, (11)
10 H
FIG. 4. (8) Conductivity spectra of 0.6)0s—0.4Ag,0 glass Where N i§ the concentration of pair sites amg], is the
composition at different temperatures shown in the inset. The solid®PRing distance given by

lines are best fits to Eq(14). (b) Plots of logiotai/ogc) VS _ 2
log(w/ wy) for the 0.6\,05— 0.4Ag,0 glass composition for differ- R, =&’/ meeo[ Wy +kgTIn(w7o)], (12

ent temperatures shown in the inset. The frequency exponerstfor this model is evaluated &5
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s=1—-6kgT/[Wy+KkgTINn(w7g)] (13)  The conductivity spectra scaled in this way for different tem-

peratures above 275 K are displayed in Figh)4or a glass

Thus, in this model a temperature dependent exponent {Symposition. We note that all the spectra, within a consider-
predicted, withs increasing towards unity astends to zero. ably high temperature range, merge on a single curve, indi-

we hgve attempted t(.) fit our data this mo{Eq. (.13)]’ but cating a temperature independent relaxation dynamics within
poor fits to the experimental data were obtaifie®. 3b)l, g range. It is noteworthy that within this temperature re-

indiqating that the correlated-barrier-hopping model is ”Otgion the frequency exponenssremain independent of tem-
applicable to the present glasses. erature, which signifies the time-temperature superposition

_ Now we discuss the scaling of the conductivity spectra _agrinciple. The conductivity spectra at different temperatures
high temperatures. Recently, the study of the conductivity,;, e 275 K of the other glass compositions are also simi-
spectra of several glasses at different temperatures led to|gr|y superposed.
scaling law which results in a time-temperature
superpositiort®=22 The frequency dependence of the total
measured conductivityroi4 (@) at different temperatures IV. CONCLUSIONS
for the glass composition 0.60s—0.4Ag,0 is shown in

Fig. 4(a). It is noted that the frequency dispersion starts at a The frequency-dependeia conductivity of the silver

. o nadate semiconducting glasses has been presented in the
higher frequency as the temperature is increased. Other glaé%quency range 10 Hz—2 MHz and in the temperature range

compositions also showed a similar behavior. It has beef™ ; :
reported that the following expression can be used to de—.7 423 K. Of the various theoretical models for ac conduc-

scribe the frequency dispersion of the real part of the a(%'on in amor_phous semicondu_ctors, the overlapping large po-
conductivity in glasséd? aron tunneling model is consistent with almost every respect

of the loss data, namely the ac conductivity and its frequency

® ﬂ exponent. Fits using this model are in good agreement with
1+|—] |,
w

Tiotall @) = 0gc (14)  the experimental data for the ac conductivity and its expo-
nent for temperatures below 275 K in the measured fre-
where o4, is the dc conductivitywy is the hopping fre- quency range. At high temperatures the experimental data
qguency of the charge carriers asds the same frequency show an inconsistency with the theoretical predictions. An
exponent as in Eq(l). The experimental data have been attempt to scale the conductivity spectra with respect to tem-
fitted to the above equation to obtain, . We have applied a perature is made. It is observed that in the high temperature
scaling approachl for the present glass compositions by region(above 275 K the scaling of the conductivity spectra
scaling the conductivity axis with respect tg,. and the is independent of temperature, consistent with the tempera-

frequency axis with respect to the hopping frequeagy. ture independence of the power law exponent in that region.
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