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Abstract. Both DC and AC electrical conductivities for gl3sses in the system CuO-Sb20r 
PIOr have been measured over the temperature range 80450 K. The Dcwnductivity data 
at higher temperatures indicate that a phonon-assisted hopping conduction mechanism is 
operative. The low-temperature data are characterized by a variable-range hopping model. 
The AC conductivities of all the samples are consistent with the classical hopping model. 

1. Introduction 

The electrical behaviour of oxide glasses containing transition-metal ions has attracted 
considerable attention in recent years because of their semiconducting properties (Hir- 
ashima et al 1987). The electrical conductivity in these systems arises because of the 
strong electron-phonon interaction which results in the formation of small polarons. 
The hopping of the latter between the low- and the high-valence sites of the transition- 
metal ions has been shown to control the transport properties of the glasses. A recent 
investigation has shown that the presence of BiZ03 increases the conductivity of CuO- 
Pz05-based glasses (Ghosh and Chakravorty 1990a). The presence of Sbz03 in silicate 
glasses had earlier shown interesting electrical properties which were explained on the 
basis of a two-polaron hopping conduction mechanism (Chakravorty el a1 1979). We 
have now investigated the electrical behaviour of glasses in the system CuO-SbZ03- 
P,O,. The results are reported in this paper. 

2. Experiment 

The samples (table 1) were prepared by melting reagent-grade CU(NO,)~ * 3Hz0, 
(NH4)&F’0,andSb2O3in aluminacruciblesat 1273 Kfor2 h inanordinaryatmosphere. 
The melt was subsequently quenched by pressing between two polished brass plates. 
The amorphous nature of the samples was confirmed from x-ray diffraction studies. 

The concentrations of the total Cu ions present in the samples were determined by 
atomic absorption spectroscopy (Varian model AA 1745). The concentrations of the 
Cuz+ ions were obtained from the measurements of magnetic susceptibility (EG and G 
Parc magnetometer model 155). The concentrations of the total and the reduced copper 
ions and the ratio C([Cu’]/([Cu’] + [Cu”])) and other physical parameters are shown 
in table 1. 
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Table 1. Glass mmpositions investigated and some of heir physical and chemical charm 
teristics. 

Glass mmposirion (mol%) 

CUD P,Os Sb,O, (gcm-’) (10n~m-3) (10acm-3) C (A) 

~~~~~~ ~~~~ ~~ ~~~~ 
~~ ~ 

Density N 0 ’ 1  R 

60 20 20 5.23 1.77 1.51 0.85 3.84 
70 U) 10 4.71 3.7.8 2.82 0.87 3.12 
so 15 5 4.52 4.18 3.67 0.88 2.88 

Fjeure 1. Temocraturcdeoendence ofthe DCCOn. 
~ 

ductivity for three glass mmpositionr: 0, MI 
mol% CuO; V. 70 mol% CuO; 0. 80 mol% 
Cu0;-, theoretical fits toequation (1 )  

For electrical measurements, disc-shaped samples of approximate thickness 0.5 mm 
andapproximate diameter 10 mmwerecut andpolished. Goldelectrodesweredeposited 
on both faces of the samples by vacuum evaporation. To stabilize the gold contact, the 
gold-coated samples were heat treated at about 393 K for 2 h. The DC conductivities of 
the samples were measured using a Keithley electrometer (model 617). Before the 
measurements, ohmic behaviour at the contacts was ascertained from the linearity of 
the current-voltage characteristics. The AC measurement was carried out in a General 
Radio capacitance bridge (model GR-1615A) which measures equivalent parallel con- 
ductance and capacitance of a sample for frequencies between 20 and IOs Hz in a three- 
terminal arrangement. Measurements were made in a cryostat in the temperature range 
80-450 K with a stability of +0.5 K. 

3. Results and discussion 

3.1. DC conductiuity 

The DC conductivities oof the various samk ~ compositions are shown in figure 1 as a 
function of reciprocal temperature. It is clear from figure 1 that the DC conductivity 
shows an activated behaviour above about280 K. However, below 280 K, the behaviour 
of the DC conductivity is non-linear, indicating a temperature-dependent activation 
energy, characteristics of small polaron hopping Conduction (Mott 1968, Austin and 
Mott 1969, Schnakenberg 1968, Ermin and Holstein 1969). The activation energy 
decreases with decreasing temperature. Mott (1968) investigated the conduction pro- 
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TableZ. Activation energy,phonon frequency, decay constant and polaron radiusobtained 
from experimental data. 

‘P (A) 
CuOinsample W ug iY 
(mol%) (ev) (l0’’s-I) (A-’) From equation (3) From equation (4) 

60 
70 

0.82 1.5 0.13 1.46 
0.71 2.0 0.12 1.30 

1.55 
1.26 

80 0.63 3.0 0.11 1.27 1.16 

cesses in transition-metal ion glasses in terms of phonon-assisted hopping of small 
polaronsbetweenlocalizedstates. The occonductivityin the Mott model for thenearest- 
neighbour hopping in the high-temperature limit (T > OD/2) is given by 

U =  uo(e2C(1 - C)/kBTR]exp(-201R)exp(-W/kBT) (1) 
where u0 is the longitudinal optical phonon frequency, R is the average site separation, 
(Y is the spatial decay parameter for the s-like wavefunction assumed to describe the 
localized state at each site, Cis the fraction of sites occupied by an electron or polaron 
and therefore is the ratio of the ion concentration in the low-valence state to the total 
transition-metal ion concentration, W is the activation energy, kB is the Boltzmano 
constant and Tis the absolute temperature. Austin and Mott (1969) showed that 

for 

where WHisthe polaron hoppingenergy, W, thedisorderenergyarisingfrom theenergy 
difference of the neighbouringsites and OD the Debye temperature. 

Equation (1) can be well fitted to the high-temperature (T > 280 K) electrical data 
presented in figure 1. The best fits are obtained for the values of W, 01 and uo shown in 
table 2. The values of the average copper ion separation are usedfor R in the calculation. 
It may be noted that the values of olindicate strong localization in the CuOSb,03-Pz0, 
glasses (Mott and Davis 1979). The values of vo are also close to the phonon frequencies 
estimated from the infrared spectra of these glasses (Ghosh and Chakravorty 1990b). 

An experimental estimate of the polaron radius rp may be obtained within the 
framework of the Mott model which predicted that (Austin and Mott 1969) 

W ,  = e2/4&,r, (3) 
where &p is the effective dielectric constant. On the assumption that W = W,, the values 
of rp obtained from equation (3) are shown in table 2. The values of used in the 
calculation were obtained from the Cole-Cole plot of the complex dielectric constant. 
Bogomolov etal(l968) showed theoretically that for the case of a non-dispersive system 
of frequency u0 the polaron radius is given by 

rp = & ( z / ~ ) ” ~ R .  (4) 

Equation (4) is obviously oversimplified for a complex system but the infrared spectra 
of the present glass system suggest that this approximation inay fit this system well. The 
values of polaron radius calculated from equation (4) are shown in table 2. It is observed 
from table 2 that the theoretical and experimental values of rp are comparable. 

At low temperatures, Mott (1969) suggested a variable-range hopping mechanism. 
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Figure 2. DC conductivity versus T-"' for 
different g$SS mmpositions: 0, M] mol'% 
CuO; A, 70 mol% CuO; 0, 80 mol% 
cuo; - , theoretical fits to equation 
( 5 ) .  

Table 3. DcNity of states and decay wmtant obtained from variable-range hopping model 
analysis. 

Below 250 K Above250K 
~ . . . . . . . . . . ., CuOio sample 

fmol%'c) N(&) (1OZ9eV-'cm- '1 a (A-') N(&) (lO"eV" cm- '1 & (A- ' )  

M] 4.0 0.14 1.0 0.14 
70 5.0 0.12 1.0 0.12 
80 5.0 0.11 1.0 0.10 

The conductivity for the variable-range hopping is given by 

U = A exp( -B/T'I4) ( 5 4  
where A and B are constants and B is given by 

B = 2 . q a 3 / k , ~ ( ~ , ) 1 1 ' 4  (5b) 
where N ( E F )  is the density of states at the Fermi level. 

Semilogarithmic plots oftheocconductivityversus T-'"are shown in figure2, which 
shows two linear regions below and above 250 K. The solid lines in figure 2 are the 
theoretical fits to equation (5) for the values of N(E, )  and ashown in table 3. It is noted 
that the fits are reasonable. It should also be noted from table 3 that the values of a in 
the two temperature regionsare consistent with the previous estimateof cr(tahle 2) from 
the high-temperature electrical data. The values of N(EF) differ slightly in the two 
temperature regions; however, these values are reasonable for localized states (Mott 
and Davis 1979). It isinteresting to note that the Tu'/' behaviour in the high-temperature 
region in the present system is in agreement with the recent prediction of Triheris and 
Friedman (1985) who applied percolation theory to obtain this result. Their model 
predicts that the value of B should be lower in the high-temperature region compared 
withthat at lower temperatures.Inthepresentsystem,however, the behaviourexhihited 
is opposite to that expected from their model. No explanation is available at present for 
this discrepancy. 

The temperature dependence of the DC conductivity, similar to the Mott model, is 
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Figure 3. (U) Frcquency dependence of the measured totd conductivity for the glass com- 
position containing 60 mol7c CuO at Several temperatures: .. 381 K; A ~ 351 K; 0.295 K, 
3,252 K. A. 170K;3,87K;- , theorerical fils to the clamcal hopping model. ( b )  The 
frequency-dependent condunivir) obtained by subtracting DC conductirit) from the data 
shonn m ( 0 ) .  

also predicted by the Holstein model (Holstein 1959, Emin and Holstein 1969) in 
the high-temperature region. An independent check of the nature of hopping is also 
provided by this model. The overlap integral J must satisfy the relation 

adiabatic hopping 
for { 

J C  non-adiabatic hopping 

with the condition for the existence of small polaron being J S W J3. The Limiting value 
of J estimated from the right-hand side of (6) using the values of v o  and W ,  = W from 
table 2 at 400 K is in the range 0.052-0.068 eV for all compositions. An upper limit of 
Jcan be deduced by assuming that the entire concentration dependence of the activation 
energy is due to the variation in J. For the present glass systems, this corresponds to a 
change in W from 0.63 to 0.82 eV (table 2), leading to a possible variation in J of about 
0.19eV. However, since W is likely to change with composition, the true value is 
probably smaller than this, although it is large enough for the adiabatic hopping theory 
to be most appropriate for describing the polaronic conduction in the present cuprate 
glasses. 

3.2. AC conductivity 

The measured total conductivity um,(w) as a function of frequency at various tem- 
peratures is shown in figure 3(a) for one glass composition. It is clear that the DC 
contribution is significant at low frequencies and high temperatures, while the frequency- 
dependent term dominates at low temperatures and high frequencies. Other glass 
compositions also showed similar behaviour. 

The measured total conductivity umt(w) can be decomposed into two components: 

%(U) = 4 w )  + c7 (7) 
where U and u(w) are the DC and frequency-dependent AC conductivities, respectively, 
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100 200 300 
T t K I  

Figure 4. Temperature dependence of the frequency exponent lor the sample composition 
containing 60 mol% CuO: - , fit to the classical hopping model, 

and it is assumed that the DC and AC contributions arise from separate mechanisms. 
However, when DC and AC conductivities are due to the same process and U is simply 
u(w) in the limit w-+ 0, the separation given in equation (7) is no longer valid (Elliott 
1987). 

In many amorphous semiconductors and insulators (Mott and Davis 1979) the 
variation in AC conductivity with frequency invariably has the form 

where A is a constant dependent on temperature and s is a frequency exponent which is 
generally unity or less. 

The frequencydependence of u(w) obtainedby subtracting theocconductivityfrom 
the measured total conductivity at various temperatures is shown in figure 3(b) for the 
same glass composition as in figure 3(a). It is clear that the frequency dependence of 
u(o) followsequation (8) well. Thefrequencyexponents wasobtained from thestraight- 
line fits by the least-squares fitting procedure and is shown in figure 4 as a function of 
temperature. The frequency exponent sdecreasessmoothly withincreasing temperature 
and is independent of frequency in the investigated frequency range. 

Many different theories (Long 1982, Elliott 1987) for AC conduction in amorphous 
semiconductors have been proposed. It is commonly assumed that the dielectric loss 
occurs owing to localized carrier motion within a pair of sites. In essence. two distinct 
processes have been proposed for the relaxation mechanism. namely quantum mech- 
anical tunnelling through the barrier and classical hopping over the bamer. In the 
following sections, the results presented in figures 3 and 4 are examined using these 
models. 

3.2.1. Quantum mechanical tunnellingmodeh. In the tunnelling process, three carriers 
are distinguished, namely electrons, small polarons and large polarons. 

For electron tunnelling, various workers (Austin and Mott 1969, Pollak 1971, Pollak 
and Geballe 1961) have evaluated the following expression for the AC conductivity: 

U(w) = A ws (8) 

u(w) = CeZkBT~-1[N(EF)]2wR~ (9) 



Transport properties of CuO-Sb20rP203 glasses 3341 

where Cis a numerical constant and R, is hopping distance at frequency w given by 

where to is a ch'aracteristic relaxation time. The frequency exponents is also given by 
R,  = (20r)-' In(l/oto) (10) 

s = 1 - 4/h(1/~1~0) .  (11) 
Thus, for the electron-tunnelling model, u(w) is linearly dependent on temperature 

and s is temperature independent but frequency dependent. For typical values of the 
parameters, namely to = s and w = lo4 s-', a value of s = 0.81 is deduced from 
equation (11). However, it is clear from figure 4 that, for the present glass system, s 
decreasessmoothly withincreasing temperature, thereby conflicting with the predictions 
of the electron-tunnelling model. 

For the small-polaron-tunnelling model the expression for conductivity remains the 
same with some modification in the hopping length R, (Elliott 1977). However, the 
temperature dependence of s as predicted by this model is not consistent with our 
experimental data. The large-polaron-tunnelling model (Long 1982) predicts that s 
decreases initially with increasing temperature, shows a minimum at a particular tem- 
perature and subsequently increases with increasing temperature. However, figure 4 
shows no minimum for the present glass system. The temperature dependence of u(w) 
predicted by this model is of the order of T 6  at low temperatures, which is also much 
higher than that shown by experimental data (figure 3). Thus the large-polaron-tun- 
nelling model is not consistent with the results for the present glass system. 

3.2.2. Classical hopping models. Two models have been considered depending on 
whether one electron or two electrons simultaneously take part in the hopping mechan- 
ism. For single-electron hopping (Pike 1972), the AC conductivity is given by 

u(w) = (a3/24)NZee0~R$ (12) 
whereeand Eoarethedielectricconstantsofthe material andthe free space, respectively, 
Nis the concentration of pair sites and R, is given by 

R, = ez/ZEeo[WM - k~Tkn(l/wto)] 

S = 1 - 6kaT/[W~ - k~Thl(l/UKo)]. 

(13) 

(14) 

where WM is the maximum barrier height. The frequency exponents is also given by 

For two electrons hopping simultaneously (Elliott 1977, 1987), equations (12) and 
(13) are multiplied by 2. However, equation (14) remains unaltered. 

Equation (14) shows that s decreases monotonically with increasing temperature, 
which is consistent with the data presented in figure 4. Fits of equation (14) to the 
experimental data are shown in figure 4 as a function of temperature using WM and ro 
as variable parameters. The values of WM and to obtained by the least-squares fitting 
procedure are shown in table 4. In the fitting procedure, a k e d  frequency (w = lo4 s-') 
is assumed for all compositions. In figure 3(a), the measured total conductivity utot(w) 
is also fitted to the AC conductivity U(@) calculated from equation (12) using the same 
value of W, plus the measured value of the DC conductivity. It is observed that the fits 
appear reasonable over the entire temperature range. The values of the parameters 
obtained from this model, namely WM and r0, are also reasonable. 

It may be mentioned that the activation energies deduced from the low-frequency 
AC data for the different glasses are found to be of the order of 0.1 eV. This is much 
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Table 4. Parameten W, and loobtained by fitting AC conductivity data to equation (14). 
~ 

CuO in sample WM To 
(mol%) (W 

60 1.39 1 .O 
70 1.16 2.0 
Bo 1.03 2 0  

(10-t3~) 
+j .j. - 

~ 

smaller than the DC activation energies for these glasses. It is evident therefore that in 
the present glass system the centres involved in AC conduction are different from those 
contributing to the DC conductivity. 

4. Conclusions 

Analysis of the observed DC data shows that at higher temperatures the ~cconductivity 
is consistent with predictions of the phonon-assisted hopping conduction model in the 
adiabatic approximation, while at low temperatures the variable-range hopping model 
seems to be valid. The quantum mechanical tunnelling models for the AC conduction 
are not consistent with the observed AC data. The classical hopping models can predict 
the temperature dependence of the AC conductivity and its frequency exponent over the 
entire temperature range. 
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