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ac conductivity of tungsten phosphate glasses
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The electrical conductivity in tungsten phosphate glasses of three different compositions (67 mole% of
W03 33 mole % P20„'70 mole % WO,—30 mole % F205, and 8 1 mole % WO, —19 mole % P,O,) has been
measured in the frequency range 100 Hz to 3.60 6Hz and in the temperature range 77—500 K. The
measured ac conductivity at low temperature is almost independent of temperature but shows strong
dependence on frequency according to the relation cr(w) =Ace' where the exponent s has been observed to
be less than unity. At higher temperatures the frequency dependence becomes weak at low frequencies and
remains strong at higher frequencies. The weak frequency dependence is due to the contribution of dc
conductivity to the measured ac conductivity. A clear Debye-type dielectric relaxation loss peak is observed

by taking out the contribution of dc conductivity, but the frequency dependence of conductivity remains less
than quadratic at low frequencies indicating some distribution of relaxation times. This behavior is

confirmed by the variation of dielectric constant with frequency and temperature. The temperature and

frequency dependence of ac conductivity can be adequately explained in WO, -P,O, systems by considering
the contributions from two mechanisms, one giving an almost linear dependence of conductivity on

frequency, and the other having a narrower distribution of relaxation times giving rise to clear but broad
dielectric loss peaks.

I. INTRODUCTION

The frequency dependence of electrical conduc-
tivity of amorphous solids has been the subject of
detailed theoretical and experimental investiga-
tions. '~ ac conductivity due to hopping conduction
increases with increasing frequency (d and is pro-
portional to ~', where s is a parameter. Such a
frequency dependence, which has been attributed
to a wide distribution of relaxation times due to
distribution of jump distances' and barrier heights'
has been observed in a wide variety of low mo-
bility materials. ' Most of the workers agree that
at low frequencies (up to 10' Hz) and temperatures
the exponent s has a value less than unity, but
there is controversy as to whether s attains a
value of two at high frequencies or remains close
to unity even up to frequencies of the order of 10'
Hz. Owen and Robertson' and Kitao et al. have
reported a quadratic frequency dependence in the
high-frequency region (above 10' Hz) in chalco-
genide glasses. Linsley et al. '0 have noted a sim-
ilar frequency dependence in vanadate glasses.
Lakatos and Abkowitz" have shown that a quad-
ratic frequency dependence at high frequencies
may be an outcome of the resistance of the elec-
trodes. A value of s less than unity up to micro-
wave frequencies has been reported by Bishop
et al."and Lakatos and Abkowitz for chalcogenide
glasses and Sayer et al."for vanadate glasses.
The variation of exponent s with temperature is
also not clearly understood. Some models"" "
have been proposed to explain the temperat:ure

dependence of ac conductivity and the variation of
the exponent s with temperature. However, these
models are applicable only within a limited nu-
merical value of s close to but less than unity and
can explain the behavior of ac conductivity only
within a limited range of temperature. Apart from
the controversy of the variation of s with temper-
ature and frequency in the region where ac con-
ductivity is substantially higher than dc conduc-
tivity, there is some uncertainty whether a Debye-
type dielectric l.oss peak exists in the region
where ac conductivity approaches dc conductivity. "
In this region the electrode polarization and sam-
ple inhomogeneity greatly influence the dielectric
values, hence careful measurements are required
to investigate this region.

The ac conductivity of several systems in chal-
cogenide glasses has been reported "'""while
in transition-metal ion phosphate glasses, the de-
tailed studies have been made only in vanadium
glasses. """" In this paper we report the re-
sults of our measurements on three different com-
positions of tungsten glasses (WO, -P,O, ) in the
temperature range 77-500 'K. It has been ob-
served that Debye-type relaxation loss peaks with
a distribution of relaxation times exist in the tem-
perature region where ac conductivity approaches
dc conductivity. However, almost linear frequen-
cy-dependent conductivity in the region where ac
conductivity is substantially higher than dc con-
ductivity suggests that two relaxation mechanisms
have to be considered to explain the ac conductiv-
ity.
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TABLE I. The physical parameters of the transition-metal-oxide phosphate glasses on
which the present measurements have been made.

Glass system
Starting Analyzed

compos ition compos ition

No. of TMI
OA

X10 cm 3

TMI
spacing

Heduced
TMI
ratio

Density
gm/cms

67%%up WO3-
33% P205
70/p WO3-
30%%up P205
81%WO3-
19%%up P205

65% WO3-
35%%up PBO)
71%WO3-
29%%up P2O)
78% W03-
22% P2O5.

0.87

0.94

1.13

4.86

4.74

4.46

0.007

0.006

0.004

4 4

4.6

5.0

II. EXPERIMENTAL

Three glasses in the WO, -P,O, systems with
composition 67, 70, and 81 mole% WO, were pre-
pared by melting the oxides (WO, : Kochlight 99.9%
pure, P,O, Pfizer 99.9% pure) in a platinum cruci-
ble for two hours at 1200 'e in air atmosphere.
The glasses were then formed by pouring the melt
onto a copper plate held at room temperature.
The absence of crystals was verified by x-ray
analysis. The final composition was determined
by estimating WO, by chemical analysis. The total
number of tungsten sites was estimated from the
analyzed composition and the reduced W" ions
were determined from the EPR studies. The EPR
spectra of the samples were taken on a varian
E-12 spectrograph. The shape of the spectra was
similar to that reported by Lynch et al.' and
Sayer and Lynch" for other oxide glasses and the
total number of spins was found to be independent
of temperature in the range VV to 300'K. The
physical parameters of the samples studies are
reported in Table I.

The samples ot convenient shape and size (typi-
cally 1x 0.7 x 0.2 cm) were cut and polished which
were then annealed for two hours at 200 'C to re-
move any mechanical stress and a further anneal-
ing of one hour at this temperature was needed
after vacuum deposition of the gold electrodes on
the sample to get the Ohmic contacts. The Ohmic
contacts were checked by studying I-V character-
istics. It was seen that normally a good Ohmic
contact could be obtained only on proper annealing
of the sample.

'The measurements were made in the tempera-
ture range VV-500 'k on a GR-V16 CS Schering
bridge. The details of measuring technique have
been reported elsewhere. " The values of dielec-
tric constant and conductivity could be reproduced
within 8% and 5%, respectively, in different runs.
To check the variation of conductivity with fre-
quency at higher frequencies, measurements were
made at room temperature by employing a Wayne

Kerr bridge (B601 radio frequency bridge) in the
range 15 KHz to 5 KHz and Q meter (Boonton Ha-
dio 19QA) in the range 100 KHz to 100 MHz. The
agreement between the measured values in over-
lapping ranges of Schering bridge and Wayne-Kerr
bridge was within 4% while the values from Q me-
ter showed a variation of 15%I—20% in the overlap-
ping range with Wayne-Kerr bridge. A cavity per-
turbation technique" was employed at 3.6 GHz.
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FIG. 1. Total measured conductivity crt t plotted vs

1000/T for fixed frequencies of measurement for 81/19
tungsten phosphate glass. The insert shows the micro-
wave conductivity on an enlarged scale.

III. RESULTS

The measured conductivity of an 81% WO, -19%
P,O, glass at different temperatures and five fixed
frequencies (radio and microwave frequencies) is
shown in Fig. 1. The figure looks similar to that
reported for vanadium phosphate glasses. " The
overall behavior of the other samples of tungsten
glasses of different compositions was similar ex-
cept for the difference in the numerical values and
the temperature at which the measured ac conduc-
tivity becomes equal to dc conductivity.

It can be seen from the Fig. 1 that the tempera-
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TABLE II. The measured ac conductivity at 1 KHz and slope s at different temperatures,
and the calculated values of parameters B from Eq. (8). The density of states N(EJ) calculated
from Eq. (9) assuming &o = 10 3 Hz and n =0.3 and 1 A are also included in the table.

Glass
system

Temperature
T (K)

at
1 KHz
cm ~

Slope
S

B in
esu.

X(E&)
taking

a=0.3 A
x10 2 cm

eV

X(E~)
taking
a =11.

x10" cm '
eV ~

67% WO3

70% WOS

81% WO3

95
125

95
125
95

125

0 89 x10
1.33x10 'o

1.0 x10-go

1.99x10 1o

1.41x10 &o

2,28xlQ «

Q.78 9.19x10
0.74 ~ ~ ~

0.76 1.34xl0 3

Q.74 ~ ~ ~

0.80 1.22xlQ 3

0.73 4 ~ ~

2.99
3.19
3.17
3.90
3.77
4.17

1.47
1.57
1.56
1.92
1.85
2.06

ture dependence of conductivity starts at higher
temperature for higher frequencies. The con-
ductivity at 3.6 GHz shows little variation with
temperature in the range 300-320'K. Such a re-
gion for 100 KHz is observed at much lower tem-
perature (95-130 'K).

Kabashima et at.~ have tried to improve upon
the Pollak and Geballe' expression to explain the
strong temperature dependence of ac conductivity
by taking into account the disorder energy team.
However, the expression suggested by Kabashima
et al. predicts a rapid increase of conductivity for
all the frequencies at the same temperature,
whereas the present studies (Fig. 1) show that the
strong temperature dependence starts at higher
temperature for higher frequencies.

At low temperatures the ac conductivity o(&u) is
proportional to ~', where the slope s is less than
unity. There is not much change in slope s with
temperature below 95 'K, o(~) shows a linear de-
pendence on temperature at all frequencies below
95 'K. In this low-temperature region the conduc-
tivity can be given by'

e((o) =—e'kT [N(Er)]'4r'&u ln (
-a

)

(v'| '
96 ~ . I(d i. '

where N(Ez) is the number of sites per unit ener-
gy for unit volume, a is the radius of the local-
ized electron wave function, and v0 is the charac-
teristic phonon frequency. 'The measured con-
ductivity at low temperatures can be used to esti-
mate the value of N(Ez), but the numerical magni-
tude of N(E~) will depend strongly on the value of
e and is rather insensitive to the value v, which
may be taken as 10"/sec. A value of a in the
range 1 to 0.3 A has been suggested for vana-
dium phosphate glasses. The value of N(E&)
calculated by taking at equal to 1 and 0.3A are
reported in Table II. A value of 0.3 A leads to
the value of N(E~) as 10"cm ' eV '. Such a large
density of states would suggest extended rather

than localized states. Even the value of unity for
a gives N(Er) a value of the order 10", hence a
higher value for the radius of localized electron
wave function seems more appropriate which will
give N(Er) a value of the order of 10"-10".The
value of unity or even two for n will satisfy the
condition of uncorrelated hops,

[4 vN(E, )kT]"'&a ln —"

for which Eq. (1) is valid.
Above 95 'K a rapid decrease of slope with in-

creasing temperature is evident from Fig. 2. It
can be noticed in Figs. 1 and 2 that the decrease
of s with increasing temperature is an outcome of
larger increase of conductivity with temperature
at low frequencies as compared to that at higher
frequencies.

Pike' has attempted to explain the temperature
dependence of conductivity and the exponent s. He
suggests the following expression:

1 —s = 6kT/W,

where 8" is the activation energy and k is the

(3)
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FIG. 2. Measured conductivity of 67/33 tungsten phos-
phate glass at four fixed temperatures as a function of
frequency.
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conductivity shows a linear frequency dependence,
while the variation is large in the region where
conductivity shows weak frequency dependence.
The measured values of the dielectric constant
for three samples at room temperature up to a
frequency of 3.60 GHz are shown in Fig. 6.

IV. DISCUSSIONS

~o-~
1+ ~27-» (5)

where z' is the measured dielectric constant at
frequency ~ and z, and z„are the low-and high-
frequency dielectric constants. 7. is the relaxation
frequency f,= 1j2wv . At low temperatures, &uv is
expected to be very much greater than unity, and
the measured m' approaches e as shown in Fig. 4.
A strong increase of dielectric constant with tem-
perature will be shown in the temperature region
where the measuring frequency approaches relaxa-
tion frequency. The temperature region where the
strong temperature dependence is shown at a given
frequency should increase with increasing frequen-
cy because f, is expected to increase with increas-
ing temperature. The temperature-dependent di-
electric constant shown in Fig. 4 is consistent with
a Debye-type dispersion. At higher temperatures
where m& is very much smaller than unity, the
measured dielectric constant will be equal to
the static dielectric constant. A decrease in
the measured values with temperature at a
fixed frequency indicates that the static value has
been reached, and the static dielectric constant
decreases with increasing temperature. Figures

A. Region I: Where ac conductivity approaches
dc conductivity

'The measurements as a function of temperature
(Fig. 1) show that the temperature at which the dc
conductivity becomes equal to the total measured
ac conductivity 0„,for a given frequency increases
with increasing frequency. The dc conductivity
shows an exponential dependence on temperature
while ac conductivity shows only a linear depen-
dence on temperature. Hence at some temperature
measured conductivity o„, for a given frequency
and dc conductivity 0 ~ will appear equal because
the dc conductivity may be very much higher than
ac &(~},and so the measured values within the
accuracy of measurement will appear equal to dc."
Thus the dielectric loss peak derived from the fol-
lowing relation:

(4)

may be real or may be due to the different tem-
perature dependence of ac and dc conductivity.

'The dielectric constant for Debye-type dispersion
is expressed by"

4, 5, and 6 are consistent with the Debye-type dis-
persion and suggest that the loss peaks [derived
from Figs. 1 and 3 and Eq. (4}]are real. The exis-
tence of well-defined loss peaks has also been ob-
served in silicate glasses"'" and amorphous films
of MoO,"and WO, . This behavior of transition-
metal ion (TMI) phosphate glasses is different from
that reported for chalcogenide glasses. In chalco-
genide glasses very little (10%) dispersion is ob-
served" between 100 Hz and 10 GHz or between
room temperature and 77 K at 100 Hz. However,
strong dielectric dispersion is observed in thy re-
gion where measured ac conductivity approaches
dc conductivity, and very little dispersion is ob-
served in the region where the ac conductivity is
substantially higher than the dc conductivity. The
dielectric constant in chalcogenide glasses has not
been reported in the region where ac and dc con-
ductivities are equal and so it can not be conclu-
sively said that the behavior of TMI phosphate
glasses is different from chalcogenide glasses.
Recently Shimakawe et cl."have reported the di-
electric relaxation loss peaks in doped and undoped
As,Se, glasses.

A Debye-type dispersion in the region where ac
conductivity approached dc conductivity could be
due to the following three reasons: (1}Maxwell-
Wagner polarization due to the presence of inho-
mogeneities, " (2) the electrode polarization due to
surface barriers, "and (3) true bulk effect.

The presence of crystalline WO, in the glassy
matrix can be thought of as a possible source of
inhomogeneity. However, there was no effect in the
absolute value of conductivity and the positions of
loss peaks on annealing the samples at 200'e for
four hours suggesting the absence of crystallites.
Moreover, crystalline WO, gives phase transitions
at about -40 and+17 C where a drastic change in
conductivity and the activation energy occurs."
The phase transitions due to small amount of crys-
talline WO, are not expected to be very sharp, but
some discontinuity in the conductivity versus tem-
perature plot should have been indicated. However,
no such discontinuities are indicated in Fig. 1.
Hence it may be concluded that the dielectric dis-
persion is not due to the presence of inhomogenei-
ties.

The surface capacitance is expected to be inde-
pendent of the thickness of the sample. If the low-
frequency or the high-temperature dielectric con-
stant values which are considerably higher than the
microwave or low-temperature value are indica-
tive of the surface barrier, then the static dielec-
tric constant should decrease with a decrease in
sample thickness provided the area is kept con-
stant. Measurements were made at room temper-
ature in the frequency region 104 to 10' Hz by
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FIG. 7. Plot of static dielectric constant E'p against
1000/T for the three glasses.

c (l —c),4n Ne'v'
3 Ir (6)

where N is the number of sites per unit volume,
c is the fraction of reduced sites, and r is the
average site spacing. The extrapolated values of
infinite-frequency dielectric constant are close to
the measured value at 3.6 GHz. The numerical

changing the thickness of the sample from g to
1 mm while the area was kept constant. The re-
sults for one glass (67% WO, -P,O, ) are shown in
Fig. 6. It may be seen that the dielectric constant
is independent of the thickness and the scatter is
within the experimental accuracy. This suggests
that the dielectric dispersion is not due to the
surface barrier or electrode polarizations. The
above discussions rule out the possibility of dielec-
tric dispersion due to spurious effects and it ap-
pears to be a true bulk property. The variation of
static dielectric constant a0 with temperature can
be found from Fig. 4, because the value at the peak
and after it represent e, . A plot of e, vs 1/T is
shown in Fig. V. The temperature variation is in
accordance with following relation":

FIG. 8. Derived dielectric loss as a function of fre-
quency at room temperature for the three glasses.

values of &0 —e„calculated from the relation (6)
are tabulated in Table III. It may be noted that the
calculated values are about one-sixth of the mea-
sured values. This large error may be due to the
uncertainty about the actual number of carriers
contributing to the dielectric constant and taking
the average site spacing as the distance between
the charges of the dipole. "

The dielectric loss values calculated from Eq.
(4) using the measured values from Fig. 3 are
shown in Fig. 8. A clear peak in c" is observed.
However, the values of dielectric loss are derived
from the measured conductivity in the region
where the measured ac conductivity becomes close
to dc conductivity; the errors in the measurements
of conductivity give a large error in c". To give
an idea of the magnitude of the error, the esti-
mated error for one sample is shown in Fig. 8.
The uncertainty in relaxation frequency is of the
order of 100/~. The half-width of the plots of 0'
against the logarithm of frequency should be 1.40
decade for a Debye-type dispersion with a single
relaxation time. However, the width of Fig. 8 ap-
pears to be of the order of 2 to 3 decades of fre-
quency suggesting some distribution of relaxation
times.

An estimate of the relaxation time can also be
made from measured dielectric constant (Figs. 6

TABLE III. Measured values of activation energy WH and dielectric constant for different
composition tungsten phosphate glasses. The values calculated from Zq. (6) are also in-
cluded in the table.

Glass
system

dc
activation

energy
W~ (eV)
at 300 K

W~ (eV)
from Fig.

10 at
300'K

Static
dielectric
constant

E'p

Measured
e' at

3.6 GHz
Measured E'p —E' ~

calculated

67% WO,
709' W03
81$ WO,

0.33
0.32
0.30

0 ~ 36
0.36
0.32

24.0
25.2
31.0

12.0
13.2
16.4

12
13
16.4

3.31
2.93
2.08
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and 6). It can be seen from Eq. (5) that the tem-
perature at which c' -e„at a given frequency is
equal to (&, e )/2; then ~v = 1 and the measuring fre-
quency will be equal to the relaxation frequency. The
estimation of relaxation frequency from the tempera-
ture variation of the dielectric constant at diff erent
frequencies is shown in Fig. 9, where the top solid
line shows the static dielectric constant at differ-
ent temperatures and the bottom dashed lines
shows the estimated values of e„considering ex-
treme errors. The temperatures at which the
measured dielectric constant at a given frequency
is equal to (e, -t„)/2+ c are marked by crosses.
If we assume a maximum error of about 20% in
the estimated value of c„,then the corresponding
errors in the temperature at which the measuring
frequency becomes equal to the relaxation frequen-
cy will be s 10 'K (indicated in Fig. 9). A plot of
ln f, against I/T is shown in Fig. 10. The relaxa-
tion frequency f, can be represented by the rela-
tion f=foe v~'r, where f, ' is a constant having di-
mensions of frequency and W is the activation en-
ergy. An error of a 10'k in temperature would
correspond to a maximum error of about 100/0
in the relaxation frequency as is evident from Fig.
10. The activation energy calculated from Fig. 10
is reported in Table III.

The variation of dielectric constant with fre-
quency shown in Fig. 6 indicates a Debye-type dis-
persion but does not correspond to a single relax-
ation time. The dielectric constant in the pres-
ence of symmetric distribution of relaxation times
can be given by the Cole-Cole expression"

42
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FIG. 9. Estimation of dielectric relaxation time from
the measured temperature variation of dielectric con-
stant at different frequencies. The top solid line corre-
spond to the static dielectric constant eo. The bottom
lines (dotted) correspond to e =12, 14, and 16.
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FIG. 10. Plot of relaxation frequency fo ——1/21tr vs
1000/T for the three glasses.

B. Region II: Where ac conductivity is substantially higher
than dc

The measured conductivity at different frequen-
cies and dc conductivity level for a 67% WO, —33%
P,O, glass is shown in Fig. 11. The conductivity
up to about 1 MHz is quite close to the dc level,
while beyond this frequency the measured ac con-
ductivity is substantially higher than the dc con-

( ,ee}+-(~v}' (e, e}si-n(uv/2)
I+ 2(&v)'~ sin(nv/2)+ (n7) &

where n is an empirical distribution parameter
having the values between 0 and 1. A value of
zero corresponds to a single relaxation time. The
expected variation of dielectric constant with fre-
quency for a single relaxation time corresponding
to 0. = 0 and for finite distribution of relaxation
times (n = 0.5) calculated from Eq. (7) by taking
e, = 30, e = 14, and f,= 10' Hz, is shown in Fig. 6
for 81% WO, -P, -O, glass. It may be noted in the
figure that the experimental values closely cor-
respond to Cole-Cole distribution parameter
n = 0.5.

The analysis of the dielectric constant data of
WO, glasses indicates the existence of the dielec-
tric dispersion due to the bulk effect in the region
where ac conductivity approaches dc conductivity.
The dielectric dispersion is not characterized by
a single relaxation time, but a distribution of re-
laxation times is indicated.
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FIG. 11. The measured ac conductivity 0(co) as a func-
tion of frequency for 67/33 WO3 glass at room tempera-
ture as shown by filled circles. The calculated values
from Eq. (8) are obtained by taking ep 23 2 E =12 fp
= 105 Hz, shown by ------ for a = 0 and —.— — —for
n = 0.5. The experimental points obtained by subtracting
dc are shown by hollow circles.

ductivity. In the previous section it was shown
that a well-defined dielectric loss peak with a dis-
tribution of relaxation times (o.'= 0.5) exists in the
region where ac conductivity approaches dc con-
ductivity. It is worth seeing in the region where
ac conductivity is substantially higher than dc con-
ductivity whether the measured ac conductivity can
be accounted by the tail of the dielectric loss peak
which has a distribution of relaxation times. The
ac conductivity at different frequencies can be cal-
culated by the following relation:

(A()(to —e )(coT) cos(Qw/2)
1+ 2(~v}' sin(u vl2)+ (mr)'&'

where 8, is the free space permittivity. The cal-
culated values of conductivity a(~) from Eq. (8}by
using the measured values of e„e„,and f, for
+= 0 and o; = 0.5 are shown in Fig. 11. 'The ac con-
ductivity obtained by subtracting the dc conductiv-
ity is also shown in Fig. 11. It may be noticed that
at frequencies below the relaxation frequency the
experimental values fall on the predicted values
for o.'= 0.5. The broad distribution of relaxation
times corresponding to ~ = 0.5 gives a long tail,
and the theoretical conductivity values for & = 0.5
are substantially higher than those for & = 0 espe-
cially above the relaxation frequency. It is clear
from Fig. 11 that the measured values of ac con-
ductivity for about three decades above the relaxa-
tion frequency can be accounted by the tail of the
dielectric loss peak as they agree very well with
the theoretical values for e = 0.5. However, at
higher frequencies the measured values are higher

than the theoretical values. This is quite apparent
for the measured value at 3.6 GHz which is two
orders of magnitude higher than the theoretical
value. Apart from the discrepancy in the room-
temperature measured value at 3.6 GHz, the theo-
retical values of ac conductivity from Eq. (8) pre-
dict a slope of 0.5 for ~=0.5 at frequencies above
the relaxation frequency, while the observed slope
at 77 'K is about 0.8. Such a large slope cannot be
accounted by the tail of a well-defined loss peak.

'The next question arises whether a frequency-
dependent conductivity of slope s = 0.8 can account
for the observed behavior of ac conductivity in the
region where measured ac conductivity approaches
dc conductivity. At sufficiently low frequencies the
ac conductivity is expected to be considerably
lower than dc conductivity and the measured ac
conductivity should appear frequency independent. '
Krammers-Kronig relations suggest" that the di-
electric constant should show a continuous in-
crease with decreasing frequency for a sublinear
frequency-dependent ac conductivity. The theo-
retical values of dielectric constant will become
very large and unacceptable for very low frequen-
cies, indicating that the models which predict a
sublinear frequency-dependent conductivity are not
expected to be valid at sufficiently low frequencies
where dc conductivity is substantially higher than
ac conductivity an& the measured ac conductivity
appears frequency independent. However, these
models predict a uniform slope at all frequencies,
higher than the frequency at which they are ex-
pected to break down. This suggests that if the
contribution of dc conductivity is removed from
the measured ac conductivity in the region where
ac conductivity approaches dc conductivity, then
the slope should be uniform and have the same
value as that at higher frequencies in the region
where measured ac conductivity is substantially
higher than dc conductivity. ' However, it is clear
from Fig. 11 that the slope of ac conductivity ob-
tained by removing the contribution of dc conduc-
tivity in the region where measured ac conductivity
approaches dc conductivity is greater than 1
(close to 1.5) below 10' Hz and s = 0.5 for about
three decades of frequency above 10' Hz, that is,
the slope is not uniform in this region. A nonuni-
form slope is an outcome of the existence of well-
defined dielectric loss peaks in the region where
measured ac conductivity approaches dc conduc-
tivity; such a nonuniform slope is predicted by
Eq. (8) and is evident from the calculated values
of ac conductivity plotted in Fig. 11.

The above discussions show that the tail of di-
electric loss peaks cannot account for the ac con-
ductivity in the region where ac conductivity is
substantial higher than dc conductivity, and the
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models of sublinear frequency-dependent conduc-
tivity cannot account for nonuniform slopes and

slopes greater than unity observed at low frequen-
cies in the region where ac conductivity approaches
dc conductivity. This suggests that there are two
mechanisms responsible for the ac conductivity
and the total ac conductivity c(&u) may be expressed

C. Temperature dependence of ac conductivity

It may be noted in Fig. 2 that the conductivity at
lower frequencies show a stronger temperature
dependence as compared to that at higher frequen-
cies, which causes a decrease in slope s with tem-
perature. If we assume that the slope s of o (&o}

remains unchanged with temperature and any ap-
parent decrease is due to the contribution of o
(e), then the temperature dependence of ac con-
ductivity at different frequencies should be ex-
plained by taking into account the contributions of
o' (&o) and o' (&o). In accordance with Eq. (1) o'
(Id) can be expressed as

o ((d)=BT(d (10)

where parameters 8 and s are independent of tem-
peratures. The value of these parameters can be
calculated from the measured values of conductiv-
ity at 95 K and are given in Table II. The con-
ductivity o' (&a) at different temperatures and fre-
quencies can then be calculated from Eq. (10).
The calculated values are shown by dotted line in
Fig. 12. It may be noted that the measured values
can be entirely accounted for by the contribution
of o' (td) up to higher temperatures for higher
frequencies. However, above a certain tempera-

&r(~) = a'{~)+ o "(~)

+ . (8)
-y'(r)(Prdr -y" (r)(u rdr

]+~+2

The mechanism responsible for o'(~} almost gives
a linear dependence of conductivity on frequency,
and the distribution function y(r) may be of the
form suggested by Pollak which results in ac con-
ductivity of the form given in Eq. (1). The mech-
anism responsible for &x (~}gives a dielectric
loss peak with distribution of relaxation time.
Assuming a Cole-Cole distribution function for
y" (r) one can get expression (8) for o (u&). The
contribution of o'(a&) dominates for about two to
three decades above the relaxation frequency, and
the contribution of o'(&u) becomes dominant only at
frequencies which are very much higher than the
relaxation frequency and the measured ac con-
ductivity is substantially higher than dc conductiv-
ity.
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FIG. 12. The circles show the experimental ac con-
ductivity for 67/33 glass at different frequencies and
temperature derived by subtracting dc conductivity from
the measured conductivity. The chained line shows the
contribution of a"(~) calculated from Eq. (8). The dotted
line gives the contribution 0'(co) calculated from Eq. (10).
The solid line shows the sum of the two calculated values
0'(e)+ 0"(co).

ture the measured values at different frequencies
become substantially higher than the theoretical
value of o' (&u). Probably in this region the con-
tribution of o' (&o) starts to dominate. The values
of o (v) can be calculated from Eq. (8) in the fol-
lowing ways: The static dielectric constant c, and
the relaxation frequency f, at different tempera-
tures can be estimated from Figs. 7 and 10, re-
spectively. The infinite-frequency dielectric con-
stant can be assumed to be independent of temper-
ature and has been taken equal to the intercept in
Fig. 7. A temperature-independent" "value of
0.5 may be assumed for a. Substituting these
known values in Eq. (7), the values of o (ro) have
been computed at different temperatures. For 67%
WO, -33% P,O, glass these values are shown in Fig.
12 by chained lines. The error in calculated val-
ues of o (&u), due to the uncertainty in determining
the relaxation frequency f„is shown at different
temperatures for two frequencies. It may be noted
that due to the finite distribution of relaxation
times, the uncertainty in the calculated values of
o (~} is relatively small near the peak. The large
uncertainty in &r" (&o) at temperatures much lower
than the temperature at which the peak in o' (u&} is
observed, will not be of any consequence because
there the contribution of o~ (&o) becomes much
lower than that of o' (&o). In spite of the uncertain-
ty in the calculated values of o" (&o), the contribu-
tion of o~ (&o) is clearly much higher to the mea-
sured conductivity than that of o' (&u) in the tem-
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perature region where strong temperature depen-
dence in measured conductivity is observed.

The sum of the two contributions o' (&o) and o

(&o) is shown by solid lines in Fig. 12. The good
agreement between the measured values and these
calculated by adding the contribution of v' (co) and
&r" (&u) indicates that the variation of ac conductiv-
ity with temperature can be adequately explained
by assuming that two mechanisms contribute to the
measured ac conductivity.

It may be pointed out that in the present analysis
the slope s of o' (~) has been assumed to be inde-
pendent of temperature. However, the small vari-
ation of the slope of o' (&u) with temperature cannot
be ruled out in the region where o" (~) dominates
(Fig. 12) or in any other system in which the
mechanism for well-defined dielectric loss peaks
does not exist. The strong temperature depen-
dence in ac conductivity and the small slope of the
order of 0.5 at high temperatures and low frequen-
cies may entirely be due to o"(&u) with negligible
contribution from a' (u&).

D. Mechanism of conduction

The optical studies"'" in crystalline transition-
metal oxide (TMO) suggests that the valence band
may be assumed to be a P band arising from the
overlap of p orbitals of the oxygen. The conduc-
tion band is assumed to be a d band arising from
the d orbitals of the transition-metal ions. The
conduction band associated with empty 5d states
of tungsten is about 4.4 eV above the valence band.
The band gap of the pure transition metal oxide
corresponds to a good insulator. The much
smaller activation energy for conduction in single
crystals of these materials suggests the existence
of the extrinsic conduction. The obvious donor
sites are reduced transition-metal ions created by
an oxygen vacancy.

In a normal extrinsic semiconductor once the
electrons are excited from lower band to conduc-
tion band, they are free to move and for such a
conduction mechanism the ac and dc conductivities
should be equal. However, the crystalline V,O,"
and Mo0, 28 show a frequency-dependent conductiv-
ity. The evidence of hopping in the low-tempera-
ture phase of WO, has been reported. " However,
the low-temperature ac conductivity of WO, has
not been reported. Thus in crystalline TMO a,nd

TMO glasses, both hopping between the donor
states and excitation of the electron from these
states to the conduction band are possible. The
TM oxides are highly ionic and the hopping con-
duction has been observed at comparatively much
higher temperatures than that in doped Si and Ge.
This suggests that localization in the donor states

is strong which may be due to the strong electron
lattice interaction giving rise to the polaron for-
mation. '" The formations of small polarons in
tungsten phosphate glasses is indicated by dc con-
ductivity and thermal power studies. ~

The optical studies"'" of amorphous WO, and
MoO, films suggest a long band tail which is absent
in crystalline films. Band tails"" have also been
observed in V,O, -P,O, glasses. This suggests that
there is some change in the energy levels between
the amorphous and crystalline transition-metal
oxides. Obviously the band edges in amorphous
films and glasses may not be as sharp as in single
crystals. Crystalline WO, is adequately described
by a conventional energy-band model, "and amor-
phous WO, films or amorphous WO, -P,O, glasses
may be represented by the conventional energy-
band model of amorphous semiconductors, with
localized band tails and localized states near
Fermi level. The two mechanisms of conduction
may be associated with the hopping near Fermi
level (a linear frequency-dependent conductivity)
and hopping of the carriers excited to localized
band tails (giving rise to activated dielectric loss
peaks). However, Hench" has suggested that in the
vanadium phosphate glasses the distortion of atom-
ic arrangements in the materials is probably suf-
ficient to satisfy Anderson's criteria thus resulting
in complete localization of the energy levels. The
energy levels will be localized polarons. Electri-
cal conduction in this case can be considered ex-
clusively as hopping between the polarons states.
The possibility of such a mechanism in WO, -P,O,
glasses cannot be completely ruled out from the
present studies, because the origin of two mech-
anisms of ac conductivity can be visualized in po-
laron band model as well. The frequency-depen-
dent conductivity may be associated with tunneling
and the activated dielectric loss peaks to the hop-
ping over the potential barriers.

CONCLUSIONS

The measured ac conductivity and dielectric con-
stant in tungsten phosphate glasses show that in the
region where ac conductivity approaches dc con-
ductivity dielectric loss peaks with a distribution
of relaxation times are observed. These loss
peaks are confirmed by the dielectric constant
measurements.

In the region where ac conductivity is substanti-
ally higher than dc conductivity a sublinear depen-
dence of conductivity on frequency is observed
which cannot be explained by the tail of dielectric
loss peaks. This suggest that two mechanism con-
tribute to the measured ac conductivity.

The strong temperature dependence of ac con-
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ductivity starts at higher temperatures for higher
frequencies. The temperature dependence of ac
conductivity below 10' Hz can be explained by ex-
pressing the measured ac conductivity o (&o) as the
sum of two conductivities o' (&o) and a (e) arising
from the two different mechanisms. The mech-
anism giving rise to a~ (&u) is responsible for acti-
vated dielectric loss peaks, and may be associated
with the hopping of carriers to the localized states
in the conduction band tails. o (tu) dominates in
the region where ac conductivity approaches dc
conductivity. The mechanism responsible for 0'
(&o) gives a frequency-dependent conductivity of
the form o (&u) ~ to' which is weakly dependent on
temperature. The slope s is expected to show lit-

tie or no variation with temperature. The contri-
bution of o' (~) to the measured conductivity o (ur)
dominates where c (&u) is substantially higher than
dc conductivity.
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