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The polarization conductivity 0'(co) of Na20-3Si02 glass has been studied by impedance spectroscopy
(100 Hz-5 MHz). The results are explained on the basis of a free-volume model applied to ionically con-

ducting glasses. The experimental relationship cr'(co) = A u was found and the parameter s calculated

according to the model. The distribution of relaxation times included in the expression of 0'(co) was

evaluated by thermally stimulated polarization-depolarization current peaks attributed to the bulk polar-

ization. The experimental results related to 0'(co) and parameter s were compared with the calculations

performed by means of a distribution function, determined by the thermally stimulated current tech-

nique. There is good agreement between the results showing that the two approaches are complementa-

I. M xicODUtwxON

The interpretation of transport properties in ionically
conducting glasses actually uses different approaches.
However in most interpretations, the fundamental hy-
potheses use the same elementary mechanism to describe
the polarization conductivity, ' ' i.e., hopping ions
which cross a potential barrier separating two sites. '

The differences appear in the developments which lead to
a mathematical expression accounting for the evolution
of the hopping process as a function of time. In this con-
text the notion of mobility of charge carriers is a concept
which refers generally to statistical distributions to ac-
count for possible disparities of behavior within the pop-
ulation of the charge carriers considered. Our purpose is
to make this notion of mobility a conceptual tool
suSciently broad to interpret the characteristic proper-
ties of materials where the phenomena related to current
transport can be ascribed to ionic motion. In this view
the thermally stimulated depolarization currents (TSDC)
method which will be presented, can prove particularly
useful.

II. POLARI&ATION CONDUt:riVrr Y

A. Modeliza jion of the polarization
conductivity in ionicaiiy conducting glasses

If we are interested by solids which are poor electric
conductors, it can be shown that the electric field can
penetrate into such materials and act on the charge car-

riers present in the sample, from which comes the name
"dielectric" given to this family of compounds. But the
charge carriers found in these materials are no longer free
since they cannot move easily under the action of the
field as in the case of diffusion. They are called "bound
charges. "' From a macroscopic point of view, the
descriptions of the electric state of a dielectric by a polar-
ization distribution or by a bound-charge distribution are
equivalent.

In the case of ionic glasses, the sample can be con-
sidered as a noncompact assembly of atoms moving un-
der the action of thermal agitation. It is unlikely that an
atom set into such a medium can move if all its neighbor-
ing atoms do not move as well. ' On the contrary, the
motion of the ion considered is only due to the coopera-
tion of the motion of each neighboring atom. This ion
then cannot move unless a thermal agitation exists.
This system must then be held above a critical tempera-
fure 12, 13

When an alternating current is applied, a polarization
conductivity appears due to discrete hops of charge car-
riers. In the absence of a field these charge carriers are
localized within sites, in a given volume, called "free
volume, "where their motion is reduced to weak oscilla-
tions due to thermal agitation. The fluctuations in the
solids, around the equilibrium state, give rise to a redistri-
bution of the free volume associated with the particles
and the association of the free volumes allows the hop-
ping of ions over short ranges. ' The system of hops
can be represented as analogous to a dipole reorientation.
As long as there is no electric field applied, each dipole is
randomly distributed and the resulting dipolar moment is
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zero. When an alternating field is applied, these dipoles
are partially aligned according to the direction of the
field. A macroscopic dipolar moment appears and at-
tempts to follow the evolution of the field, i.e., its rapidly
changing direction: a polarization conductivity appears.

The polarization conductivity is then ascribed to the
local motion of ions, moving around their equilibrium po-
sition over a short period of time. They do not partici-
pate in a diffusional macroscopic motion.

Accounting for this elementary microscopic process,
we used a model of free-volume fluctuations, associated
with particles. ' In this way, we expressed the potential
barrier between localized sites as a sum of two terms, one
related to a configuration state, the other to electrostatic
forces. This barrier is then introduced in the calcula-
tions of the polarization conductivity, making use of the
models already developed. ' We point out the analo-
gies in the behavior of the different carriers moving in a
sohd.

(1) The law explaining the experimental results keeps
the same mathematical form, whatever the charge car-
riers, and has consequently been called universal'

o'(co)= A (T)a)' '

(2) The expression of the relaxation time associated
with the hop over a potential barrier 8', keeps the same
mathematical form:

8'
'7= 7 Oexp

We proceed then to a description of microscopic pro-
cess taking into account the interactions between the
charge carriers and the neighboring atoms. This means
that the potential barrier that an ion must cross is not
only a function of the hopping distance. We attempted to
account for this cooperative phenomenon by explaining
the energies involved in the elementary mechanisms of
charge transport. The motion of these ions is ascribed to
the creation of free spaces, the dimension of which
exceeds a critical value. ' ' The fluctuations induced
by the thermal agitation create spaces sufficiently large to
induce charge transport within short-range distances.

This mechanism is well adapted to describe the polar-
ization conductivity with bound charges, since it does not
involve long distance hops. Indeed, this does not mean
that these charge carriers do not participate in the
diffusion conductivity nor that the hopping process can-
not be partly included in a description of the diffusion
conductivity. We only emphasize that the mechanism
described here gives a satisfying picture of an elementary
hop implied iz. the polarization conductivity. Consider-
ing the frequency domain used in this work, we propose a
representation of one of the movements of the charge car-
riers, connected to the bound-charge notion.

We note that this description of the microscopic pro-
cess responsible for the polarization conductivity is con-
sistent with the thermodynamic interpretation proposed
to account for the displacement of charged species in
these same kinds of materials.

Ia fact, the fluctuations do not interfere in the distribu-
tion laws used in the theory of weak electrolytes, for in-

stance. In order to continue the calculations, we have
to establish a relation between the hopping distance R
and the height of the potential barrier 8'. According to
this description it seems natural to consider that this bar-
rier arises from the sum of two terms ' '

where 8'is the potential barrier, 8' the electrostatic en-

ergy, and 8'g the configuration energy of the structure.
The term 8'g is connected with the geometry of the sys-
tem and is described using the concept of fluctuation.
These fluctuations around the thermodynamic equilibri-
um state of the system, are essentially related to the tem-
perature. ' '

In first approximation we can express this energy as:
W =gkT, where g is in empirical parameter. Its physi-
cal significance has been defined in a previous study, pro-
posing a microscopic description based on fluctuations
applied to a system of interacting particles representing
the ionically conducting glass. '

B. Expression of the conductivity co'(m)

The conductivity, determined as a function of frequen-
cy, takes the form, o„oooo'(co)whatever the nature
of the solid. In this expression oo is independent of the
frequency throughout the domain studied. Henceforth
we cannot account for the behavior of the polarization
conductivity in ionically conducting glasses by expressing
hypotheses leading to"

cr'(co)= I G(r) dr .
1+co

(2)

We have shown that in this interpretation it is essential
to know the distribution function G(r)dr characterizing
the population of dipoles. ' ' Making a series of hy-
potheses on ion motion in these glasses, we were able to
propose an estimate of this distribution and we have
determined a law describing the evolution of the polariza-
tion conductivity as a function of frequency. ' We
showed that the same mathematical form is obtained
whatever the nature of the charges involved, provided
their behavior is characteristic of bound charges:
o'(co)=A (T)co' ' '

We see that the law describing the variation of the po-
larization conductivity as a function of frequency can be
discussed mathematically in the same way, whatever the
solid under study. In these circumstances the variation
of the exponent s, as a function of temperature, can give
information on the nature of the charge carriers. In fact,
in the proposed representation, the charge carrier motion
is due to the cooperative displacement of each neighbor-
ing atom. In these models the interaction between the
hops and the thermal movement of neighboring atoms is
considered. %'e showed' that the exponent s could be
written

ykT
tV, +kT ln(coro)+rlkT
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C. Physical meaning of the exponent s

Henceforth, the representation of the population con-
ductivity can be extended to all compounds where the no-
tion of discrete hops can be implemented, in an attempt
at modelization. The polarization phenomenon induced

by an alternating electric field creates a current ascribed
to the bound-charge motion similar to hops between lo-
calized sites.

It is obviously impossible to differentiate a free-charge
carrier from a bound-charge carrier since, by definition,
they are indistinguishable. It is only a matter of a suit-
able classification referring to two specific states of
charge carriers. The exponent s then appears as connect-
ed to the ratio of the thermal movement of the charge
carriers to the energies that trapped them in their sites.
In the expression of s, this ratio is weighted by a parame-
ter y, which appears to be proportional to the degree of
freedom of the movement of the considered ions.

tivity had been already measured. Finally we compared
the experimentally determined parameters in both cases,
following a procedure developed in order to confirm the
validity of the theoretical approach.

A. Measurements of the polarization conductivity

We measured the polarization conductivity of samples
between 100 Hz and 5 MHz. The use of high impedance
electrodes described in detail in a previous work, en-

abled the polarization conductivity within a temperature
range of 240-310 K to be determined.

The polarization conductivity as a function of frequen-

cy is represented in Fig. l (in a log-log scale) for three
difFerent temperatures taken as examples. We note that
over all the considered frequency range, the law,
o''(ro) = A ro' ' ', is respected. In Fig. 2, the evolution of
the exponent s, calculated at 4.5 kHz as a function of the
measured temperature has been plotted.

III. EXPERIMENTAL RESULTS

After these theoretical considerations, we have under-
taken an experimental study with the aim of validating or
refuting the fundamental hypotheses expressed to de-
scribe the model of the polarization of conducting
glasses.

It was firstly a matter of measuring the polarization
conductivity of a well-known glass so that the uncertain-
ty on the experimental values and on the derived relation-
ships were as low as possible. We chose to observe the
behavior for glassy Na20-3Si02 the properties of which
have been carefully investigated. We had then to
determine the characteristic dipole population equivalent
to the "bound charge" distribution. In this view we ob-
served the behavior of the thermally stimulated currents
TSDC in the samples on which the polarization conduc-
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FIG. 1. Polarization conductivity as a function of frequency
of Na2O-3SiO& glass at 255, 283, and 300 K.
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B. Experimental determination
of fundamental parameters of the polarization

by thermally stimulated current measurements

The experimental results have obtained on samples, the
polarization conductivity of which had been investigated
by observing the behavior, as function of temperature, of
the thermally stimulated current. The measurements
have been performed by means of a thermally stimulated
current/relaxation map analysis (TSC/RMA) spectrome-
ter, model 9100+, of Solomat Instrumentation.

The TSC method consists of determining, following a
strictly controlled temperature program, either the
current created by the return to an equilibrium state of a
dielectric which has been previously polarized (TSDC), or
the charge current resulting from a thermally activated
transition, obtained by passing from an equilibrium state
to a polarized state [thermally stimulated polarization
current (TSPC)].

This kind of experience generally takes place in four
steps:

(l) a direct voltage V is applied to the sample at tem-
perature T ( V =0 in the case of TSPC).
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(2) the sample is cooled and the voltage V remains ap-
plied, until a temperature T& is reached.

(3) the polarization voltage is modified and takes a new

value Vd ( Vd =0 in the case of TSDC).
(4) the sample is warmed up following a rigorously con-

trolled program of temperature, the law of evolution be-
ing usually linear. During this last step we can observe
the current induced by the depolarization (TSDC) or the
polarization (TSPC) of the sample.

In the cases considered, we attempt to display the po-
larization due to ion motion, with the help of a model
referring to a dipole population.

When such a sample, previously polarized, is warmed
up above a fixed temperature T, , we can observe a
current induced by the charge relaxation considering that
some motion parameters can be considered as being
characterized by this temperature. When the relaxation
time ~; of a category of dipoles in the sample becomes
comparable to that of the measurement, determined by
the heating rate, the associated phenomenon becomes
measurable and induces a current in the external circuit,
as predicted by the polarization theory.

In the case of ionically conducting glasses the observed
polarization characterizes materials containing localized
sites due to the presence of ions. It is due to the separa-
tion of the positive charge barycenter from that of the
negative charge, under the action of the electric field. It
creates a macroscopic phenomenon the relaxation time of
which can vary over a very large time scale.

Scanning the temperature domain, we can observe a
complex evolution of the polarization current (Fig. 3).
As shown in Fig. 3, the DSDC and TSPC peaks are
characterized by the same position, height, and shape.
The only di8'erence is that they appear in opposite direc-
tions. This is a clear indication of the dipolar nature of
the processes involved.

The TSDC peak can be deconvoluted by the "thermal-
windowing" technique, ' ' which consists of polariz-
ing only a fragment of the full spectrum of relaxation and
depolarizing it partially to isolate a "single" relaxation
process. By varying the value of the temperature of po-
larization T and depolarization T& ('1 —T&=5'C in our
case), and repeating the process over the entire range, the
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FIG. 4. Relaxation map obtained from TSDC elementary
peaks deconvoluted by the thermal windowing technique in the
—120 to —25 C range.

~, ( T)=roexp

The collection of relaxation lines deduced from each
deconvoluted peak (relaxation map ') is represented in

Fig. 4, and the values of the corresponding activation en-

ergies are reported in Fig. 5.
Thus the analysis of TDSC results gives the possibility

of evaluating directly the polarization distribution as a
function of temperature, as P; is proportional to the peak
ordinate on the graph I =f ( T) (Fig. 3).

elementary modes can be isolated one by one. This
unique feature of the TSD method allows the elementary
relaxation and activation energies 8'; to be determined

by assuming a classical temperature dependence of ~; fol-

lowing
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FIG. 3. Variation of polarization and depolarization current
as a function of temperature for Naz0-3Si02.

FIG. 5. Variation of the activation energies as a function of
temperature (values obtained from the straight lines of Fig. 4).
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XV. DISCUSSION

The polarization conductivity has been measured and
we have accounted for its behavior. We have seen that it
is essential to know the function G(r} characterizing the
population of dipoles.

Moreover, measurements of the thermally stimulated
currents have permitted the determination of the poten-
tial barrier energies associated with each kind of hop, and
the corresponding intensities representing the dipolar dis-
tribution. This series of measurements allows the recon-
stitution of the function G(r}. It is possible to determine
to what extent the hypothesis that we have expressed is
confirmed by experiment, when coe"(co) calculated from
the measurements obtained by TDSC is compared to
o'(co) obtained from complex impedance measurements.

-7
I

3

iong (Q. I

gfPtz}

6

A. Evolution of the energy connected to a hop

We found experimentally that the potential barrier W;
is a linear function of temperature (Fig. 5). This behavior
is consistent with the hypothesis which supposes that it is
possible to express the potential barrier in the form of
two terms: one, due to the Coulomb forces, is tempera-
ture independent; the other, resulting from the free-
volume fluctuations in the solid, varies obviously with the
thermal agitation; we have already ascribed to it an ex-
pression of the form of gkT.

If the linear behavior is analyzed by means of a least-
squares method, the following equation is found:

W;(eV) =0.0027T+ l. 165X 10

To investigate the physical signification of this energy
can prove interesting. Indeed the relaxation time ~ is the
inverse of the hoping probability of an ion out of its site.
In the glass studied the temperature for which this proba-
bility becomes a certainty is: ~=1, for T=Tg, and

Tg 756 K Tg is the glass transition temperature.
This value introduced in the expression of the relaxa-

tion time gives

W(Ts)
lux=in. o+

s

leading to

log&p'T=log&p~p+ 13.6 .

This last result confirms the significance ascribed, in
the view of our model, to the movement of the surround-
ing atoms in the hopping process. If v=1, as proposed
for T =T, ~p takes an expected value, i.e., 10 ' -10
s.

FIG. 6. Comparison between the polarization conductivity
measured by impedance spectroscopy and calculated from the
TSDC results. The solid line represents the calculated curve
(slightly shifted to make the figure clearer}.

They showed that the ion motion can be studied by the

TSPC/TSDC method and by the dielectric losses (polar-
ization conductivity}. However it is necessary to take
into account the specificity of both methods of measure-
ment: one is performed when the sample is maintained at
thermal equilibrium, the other proceeds by a program-
ming of temperature.

Several studies ' ' have underlined the consequences
of this programming on the determination of the temper-
ature of the observed phenomena. We supposed then
that it was possible to assume a linear behavior in an at-
tempt to establish a connection between both kinds of
measurement.

If we call T, the equilibrium temperature characteriz-
ing the experiments performed by complex impedance
spectroscopy, and T the temperature characterizing the
thermally stimulated currents, we thus supposed that, as
commonly used

0.8-

0.7-

B. Comparison of the results of both methods

If our hypotheses are consistent it should be possible to
obtain the measurements of the polarization conductivity
determined by impedance spectroscopy, from the param-
eters calculated when evaluating the polarization by the
technique of thermally stimulated currents. Certain simi-
larities are found between the approach developed in de-
tail here, and that mentioned in previous works.

0.6-

0.5-
I

250 270
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FIG. 7. Temperature dependence of parameter s. ( X ) exper-
imental results {o ) calculated by introducing the TSDC results.
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FIG. 8. Variation of1/1 —s as a function of the logarithm of
frequency.

FIG. 9. Variation of 1/1 —s as a function of the inverse of
temperature.

T, —aT=TO, W, /yk and the value obtained at the cross with the ordi-
nates is g/y (Fig. 9).

where To is a temperature close to that at which the ob-
served phenomenon in TSDC commences. After this ad-
justment we have compared the results obtained by
measuring the values of the polarization conductivity
directly with the values calculated from the results ob-
tained by determining the thermally stimulated currents.
As an example, a comparison is represented in Fig. 6.

Obviously the most significant parameter obtained
from the experiments is the exponent s. Any comparison
would have been lacking in significance if it was shown
unable to account for the evolution of the exponent.

In Fig. 7, we plotted the experimental points obtained
on a glass, Naz0-3SiOz, and the points calculated, as we
have already outlined, from the measurements of the
thermally stimulated currents. This figure shows that
there is good agreement between the two approaches. To
our knowledge it is the first time that the evolution of an
exponent s of the law, o'(co)= Ace', determined experi-
mentally, is obtained by the way of a calculation based on
a series of experiences of a di8'erent nature. Therefore
the study of parameter s, and especially its physical
signification, can be fruitfully undertaken by the use of
the modified form [Eq. (3)].

For example the quantity 1/(1 —s) =f (intro) should be
a straight line. The results reported in Fig. 8 show as an
example that it is the case, at T =283 K. The slope is
proportional to 1/y. In the same way, a plot of
1/(1 s)=f (1/T) give—s a straight line, the slope being

V. CONCLUSION

The polarization phenomenon has been studied, and
the corresponding current has been ascribed to bound
charges moving over short distances, on an atomic scale.
Consequently a description of a sample in terms of a dis-
tribution of polarization is equivalent to its representa-
tion as a population of bound charges. Therefore we at-
tempted, in a first approach, to show that the concept of
"bound charge" could be used for all solids studied what-
ever the nature of the charge carrier. In the case of ionic
conductors, the fluctuations near an equilibrium state
create ionic movements on a microscopic scale, satisfac-
torily explaining the results. The generalization of the
concept of "bound charge" seems a good view of the phe-
nomena, when we consider in general the movements of
the ions in ionically conducting glasses. This means that
it is possible to determine the presence of bound charges
when it is possible to measure a polarization conductivi-
ty. This led us to propose a generalization of the use of
the universal law o'(co) = A co'.

This representation gives a physical significance to the
exponent s, which appears as an evaluation of the ratio of
the thermal movement of the charge carriers to the ener-
gies required to trap them in their sites. In this way con-
ductivity measurements present a new interest and can
give quantitative information on the dynamics of ions in
ionically conducting glasses.

'Author to whom all correspondence should be addressed.
D. P. Almond and A. R. West, Phys. Rev. Lett. 47, 431 (1981).

~D. P. Almond, A. R. West, and R. J. Grant, Solid State Com-
mun. 44, 1277 (1982).

~D. P. Almond, C.C. Hunter, and A. R. Wes, J. Mater. Sci. 19,
3236 (1984).

~D. P. Almond, Mater. Chem. Phys. 23, 211 (1989).

~A. Hunt, Solid State Commun. 80, 151 (1991);Philos. Mag. B
64, 579 (1991);Phys. Condens. Matter 3, 7831 (1991);Philos.
Mag. B 64, 327 (1991);J. Non-Cryst. Solids 144, 21 (1992).

6S. I. Chan and S. R. Elliott, J. Phys. Condens. Matter 3, 1269
(1991).

7S. R. Elliott and F. Henn, J. Non-Cryst. Solids 116, 179 (1990).
F. Henn, S. R. Elliott, and J. C. Giuntini, J. Non-Cryst. Solids



50 THERMALLY STIMULATED POLARIZATION-DEPOLARIZATION. . . 12 495

136, 60 (1991).
S.R. Elliott, Solid State Ionics 27, 151 (1988).
S. W. Martin and C. A. Angell, J. Non-Cryst. Solids 83, 185
(1986);66, 429 (1984);J.Am. Ceram. Soc. C 67, 148 (1984).
M. Pollak, Philos. Mag. 23, 519 (1971).
M. Pollak and G. E. Pike, Phys. Rev. Lett. 28, 1".~". (1972).
M. Pollak and L. Friedman, Philos. Mag. B 38, 173 (1978).
M. Pollak, in Disordered Semiconductors, edited by M. Pollak
(CRC, Boca Raton, FL, 1987).

' K. Funke, Prog. Solid State Chem. 22, 111 (1993); Solid State
Ionics 28-30, 100 (1988);Philos. Mag. A 64, 1025 (1991).
K. Kunke and R. Hoppe, Solid State Ionics 40-41, 200 (1990).
A. K. Jonscher, Nature (London) 267, 673 (1977); J. Mater.
Sci. 16, 2037 (1981);Dielectrique Relaxation in Solids (Chelsea
Dielectrics, London, 1983).
F. Buet, J. C. Giuntini, F. Henn, and J. V. Zanchetta, Philos.
Mag. B 66, 77 (1992).
O. L. Anderson and D. A. Stuart, J. Am. Ceram Soc. 37, 573
(1954).
N. F. Mott and E. A. Davis, Electronic Processes in Non-

Crystalline Materials (Clarendon, Oxford, 1979).
W. Kauzmann, Chem. Rev. 43, 219 (1948).
L. Landau and E. Lifchitz, Physique Statistique (MIR, Mos-
cow, 1960).
D. Turnbull and M. H. Cohen, J. Chem. Phys. 34, 120 (1961);
52, 3038 (1970).

24M. H. Cohen and D. Turnbull, J.Chem. Phys. 31, 1164 (1959).
C. A. Angell, J. Phys. Chem. 70, 2793 (1966); Solid State Ion-
ics 9-10, 3 (1983);18-19,72 (1986).
J. Kawamura and M. Shimoji, Mater. Chem. Phys. 23, 99
(1989).
D. Ravaine and J. L. Souquet, Phys. Chem. Glasses 18, 27

(1977).
28J. Philibert, Diffusion et Transport de Matiere dans les So!ides

(Edition de Physique, Paris, 1985).
O. K. Rice, Statistical Mechanics Thermodynamics and Kinet-
ics (Freeman, San Francisco, 1967).
J. C. Giuntini, B. Deroide, P. Belougne, and J. V. Zanchetta,
Solid State Commun. 62, 739 (1987).
J. C. Giuntini, J. V. Zanchetta, and F. Henn, Solid State Ion-
ics 28-30, 142 (1988).
A. R. Long, Adv. Phys. 31, 553 (1982).
L. P. Boesch and C. T. Moynihan, J. Non-Cryst. Solids 17, 44
(1975).
W. K. Lee, J. F. Liu, and A. S. Nowick, Phys. Rev. Lett. 67,
1159 (1991).

D. Y. Wang and A. S. Nowick, Phys. Chem. Solids 44, 639
(1983).
F. Henn, J. C. Giuntini, and J. V. Zanchetta, Phys. Rev. B 48,
573 (1993).
J. Vanderschueren and J. Gasiot, in Field Induced Thermally
Stimulated Currents, edited by P. Braunlich, Topics in Ap-
plied Physics Vol. 37 (Springer-Verlag, Berlin, 1979).
S. W. S. McKeevor and D. M. Hughes, J. Phys. D 8, 1520
(1975).
T. Hino, Jpn. J.Appl. Phys. 12, 611 (1973).

~C. Lacabanne and D. Chatain, Phys. Status Solidi A 16, 225
(1973).

~tJ. P. Ibar, Fundamentals of Thermal Stimulated Current and
Relaxation Map Analysis (SLP, New Canaan, 1993).
Chi-Ming Hong and D. E. Day, J. Mater. Sci. 14, 2493 (1979).
A. Doi, Phys. Chem. Glasses 33, 184 (1992).

~J. Van Turnhout, Thermally Stimulated Discharge in Polymer
Electrolytes (Elsevier, Amsterdam, 1975).


