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Ac conductivity and dielectric losses are measured on a sodium aluminosilicate glass using various exper-
imental conditions. Data obtained using metallic contacts and insulating barriers are compared. The
influences of the thermal environment, i.e. iso versus non-isothermal, and of the application of a constant
dc electric field, i.e. BIAS, are also investigated. It is thus shown that the use of non-isothermal conditions
and insulating barriers is a convenient tool for extracting and hence for analyzing the bulk intrinsic polar-
ization response of the sample. The analysis of this response with a simple model based on distribution of
energy barriers gives some insights into the glass structure which turns out to be rather homogeneous.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ments causing dipolar reorientation and thus resulting in the
Solid ionic conductors have been extensively studied in the last
decades due to their ability to conduct electrical current caused by
ionic motion. This phenomenon is dominant in solid state electro-
lytes for rechargeable batteries or fuel cells, sensors, ion exchange
membranes, etc. and hence is crucial for numerous practical appli-
cations [1,2]. Meanwhile, the understanding of ion motion in solids
and more particularly in glasses is still under debate and, so far, no
universal model exists to account for the broad diversity [3–6] in
experimental behavior. Further investigations focussed on the fun-
damental aspects of ionic conductivity in solids are therefore
needed.

The atomic structure of the ionic glassy conductors is formed by
a relatively rigid charged matrix on the one hand and ions of oppo-
site charge occupying potential minima on the other hand. The
ions are able to diffuse through the matrix by means of thermally
activated hops between different potential minima. Depending on
the time scale at which the ionic current density is measured, one
may observe either (i) long-range redistribution of ions that gives
rise to ion diffusion or dc conductivity or (ii) local ionic rearrange-
ll rights reserved.

n).
intrinsic bulk polarization. In most cases, it is experimentally
observed that the so-called Barton–Nakajama–Namikawa (BNN)
proportionality [7,8]:

rdc ¼ pe0Dexc; ð1Þ

relates excess polarization (or dielectric strength) De and dc con-
ductivity rdc. In Eq. (1), p is a proportionally parameter of the order
of 1, and xc the frequency characterizing the threshold between lo-
cal polarization to non local dc conductivity contributions. Eq. (1)
would suggest that dc conduction and excess of polarization share
the same physical origin, i.e. redistribution of ion position.
Although both long and short range ionic redistribution rely on
the same microscopic ion hopping process, the former is more
likely to be a cooperative phenomenon related to strongly coupled
hops while the latter one can be assumed as resulting from a
superimposition of individual or localized, i.e. limited in a finite
volume [9], independent ionic hops taking place throughout the
glassy network. In this sense, analysis of the intrinsic bulk polari-
zation in ionic conductors is expected to provide information about
the localized ion hopping mechanism and hence about the micro-
scopic glass structure [9,10].

In this paper, we aim at providing new experimental insights in
the intrinsic polarization behavior of ionically conducting glasses
by investigating the dielectric losses measured under non-isother-
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mal conditions in the case of a test case sodium aluminosilicate
glass ‘sandwiched’ between electrical insulating barriers. The stud-
ied glass is Na2O–0.4Al2O3–2.2SiO2 and the electrical barriers are
thin films, i.e. 10 lm, of PolyTetraFluoroEthylene (PTFE also known
as Teflon).

The structure of the paper is the following. In Section 2, we
briefly recall the main features of the dielectric response of ionic
glasses on the one hand, and on the other hand, the reasons that
led us to use insulating barriers and non-isothermal conditions
for studying the intrinsic bulk polarization of the sample. In Sec-
tion 3, we report and discuss the experimental data thus obtained.
A comparison between dielectric losses measured using isothermal
and non-isothermal conditions is given as well as a detailed anal-
ysis of the data obtained when the sample is submitted to different
experimental conditions: heating versus cooling ramp and BIAS
versus no BIAS. Data analysis and discussion are given, before con-
clusion, in Section 4.
0 2 4 6 8
7

8

9

10

11

ωc

ω-1

ω1-s

lo
g 

(ε
" ac

(ω
)/σ

dc
)

log(ω/2π)

b

Fig. 1. Schematic log–log representation (normalized to dc conductivity rdc) of the
ac conductivity r0acðxÞ (a) and the corresponding dielectric losses e00acðxÞ (see Eq. (2))
(b) spectra as a function of frequency, f = x/2p, in ionically conducting glasses. Dash
line would represent the signal if no dc contribution occured.
2. General features of dielectric losses (or ac conductivity) in
ionic glasses and proposal for using insulating barriers and
non-isothermal conditions

The intrinsic disordered environment of charge carriers, i.e.
ions, in glasses is believed to give rise to distributed hopping mech-
anisms such as the usually observed frequency-dependent conduc-
tivity r0polðxÞ which obeys an approximate power-law of the type
[11–14]:

r0polðxÞ / xs; ð2Þ

where the exponent s is usually comprised between 0.5 and 1. It
must be emphasized at that point that the parameter s is not strictly
constant but a increasing function of frequency at a given fixed
temperature.

So, in common to many other disordered materials, the high
frequency domain of the ac conductivity spectrum r0acðxÞ of ionic
oxide glasses is found to follow Eq. (2) while at low frequencies it
exhibits the frequency independent behavior (Fig. 1(a)) related to
dc conductivity rdc. The transition from rdc to r0(x) is marked by
the characteristic frequency xc (Fig. 1(a)). For frequencies x� xc,
conduction appears to be homogeneous at all spatial scales as ex-
pected for ordinary (Fickean) diffusion, while for x� xc the ions
move following a sub-diffusive regime [15,16], featured by the
exponent s (Eq. (2)), which can be related to the bulk intrinsic
polarization. If one assumes r0polðxÞ arises from the superposition
of localized thermally activated ionic hops characterized by a
relaxation time spol and hence by the associated energy barrier
DEpol:

spol ¼ s0 � exp
DEpol

kT

� �
; ð3Þ

then the power-law parameter s can be seen as resulting from the
shape of the distribution function of relaxation times. Moreover, if
s is a decreasing function of temperature then it can be assumed
that the distribution function of relaxation time results from a dis-
tribution of energy barriers DEpol. In Eq. (3), the pre-exponential
term s0 is a constant related to the ion hopping attempt frequency
x0ðx0 ¼ s�1

0 Þ which is in the order of 1013 s�1, k the Boltzman con-
stant and T the temperature.

When investigating polarization, it can be more convenient to
plot the experimental data using the complex permittivity repre-
sentation providing that dielectric losses e00acðxÞ are related to
r0acðxÞ via:

e00acðxÞ ¼
r0acðxÞ

e0
� x�1: ð4Þ
Then, it follows from Eqs. (2) and (4) that e00acðxÞ obeys, at high
frequency, a power-law of the type e00polðxÞ / xs�1 whereas, at low
frequency, rdc dominates and e00acðxÞ follows x�1 (Fig. 1(b)). If ionic
glasses behaved as pure dielectric materials, i.e. with no dc con-
ductivity rdc, e00acðxÞ would exhibit a peak where the maximum
would correspond to the resonant frequency of the dipolar relax-
ation associated to the predominant ion hopping barrier
(Fig. 1(b)). As far as we know, this behavior has never been ob-
served. However, as schematized in Fig. 1b, it has been reported
that the frequency of the e00acðxÞ peak that can be visualized from
a Kramers–Kronig transformation of the real part e0acðxÞ [16],
was strongly related to the characteristic frequency xc, i.e. to its
activation energy DEc.

Nevertheless, it must be emphasized that the x�1 contribution,
i.e. rdc, governs the ac response over a large frequency domain so
that the detailed investigation of the polarization contribution
e00polðxÞ and hence the exact determination of xc can be tricky. Fur-
thermore, the blocking of ions at the surface of metallic electrode
creates an interfacial polarization which also strongly modifies
the shape of the ac conductivity (or permittivity) spectrum thus
making the extraction of the e00polðxÞ contribution even more
problematic.

In order to discard this drawback and thus to make the
investigation of e00polðxÞ more reliable some of us have proposed
[17] to study the ac electrical response of ionically conducting
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materials by placing the sample between two insulating barri-
ers. By insulating barriers, we mean materials that can be con-
sidered as pure dielectrics, i.e. materials which the resistance is
high enough to ensure that no polarization relaxation occurs in
the investigated time (or frequency) domain. In the present
study, the insulating barriers are made of thin (10 lm) PTFE
films. The basic idea behind this proposal is that no direct cur-
rent can thus flow through the sample and, hence, that interfa-
cial polarization effects can be limited as much as possible.
However, it results from the arrangement in series of the insu-
lating barriers, i.e. capacitances, with the sample dc conductivity
a dielectric losses peak which the single Debye, i.e. lorentzian,
contribution partly overlaps to the sample dielectric response.
It can thus be demonstrated from a RC circuit representation
that depending on the sample resistance, i.e. its geometry, the
intensity of the Debye-like relaxation induced by the set-up is
such that the shape of the bulk intrinsic polarization response
e00polðxÞ extracted from the measured e00acðxÞ spectrum can be sig-
nificantly altered.

More recently, some of us suggested [18] to improve this meth-
od by using non-isothermal measurements. In this case, the dielec-
tric response is measured upon varying temperature conditions,
e.g. heating or cooling, while the measurement frequency is main-
tained constant. The spectrum thus obtained is noted e00xa;�q

ðTÞ
where xa is the fixed frequency and q the linear heating (+) or
cooling (�) rate. This proposal was merely inspired from the basic
principle of Thermally Stimulated Current spectroscopy [19,20]
which was proven to be successfully when applied to ionic con-
ductors [21–24]. For instance, it was shown in the case of a zeolite
that the space-charge polarization due to the blocking of ions at
the insulator/sample interface could be clearly separated out as
long as the experimental parameters xa and q were properly ad-
justed [18]. It was also emphasized that the shape of the measured
e00xa ;�qðTÞ spectrum did not depend on the sample geometry in con-
trast to the isothermal e00acðxÞ spectrum.

In this work, we apply this method to a test case ionic glass, i.e
Na2O–0.4Al2O3–2.2SiO2, in order to check whether the sample
intrinsic dielectric signal e00ðbulkÞ

xa ;�q ðTÞ can be appropriately extracted
from the set-up experimental response and then, to see whether
it corresponds to a standard polarization behavior which can be
associated to the superposition of single localized ion hopping
motions.
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Fig. 2. Isothermal ac conductivity measured without insulating barriers (a) and
dielectric losses obtained with insulating barrier (b) versus frequency. Spectra are
recorded under isothermal condition every 20 K from 273 K to 473 K (full lines). The
dash line in (a) features the high frequency xs contribution (Eq. (1)).
3. Experiments

3.1. Sample and dielectric measurement

The sample used in this work is an aluminosilicate ionic glass of
chemical formula Na2O–0.4Al2O3–2.2SiO2 obtained by melting
mixtures of Na2CO3–10H2O, SiO2 and Al2O3 in platinum crucibles
in air at 1500 �C for 1 h and casting into ingots. Samples were an-
nealed at 500 �C during 1 h, and then cooled to room temperature
in order to remove internal mechanical stress due to quenching.
The so-prepared piece of glass was shaped as a cylinder which
diameter is 30 mm and thickness 2.1 mm. Its parallel faces were
optically polished with diamond paste. Ac conductivity (or dielec-
tric losses (Eq. (2))) measurements were performed, both under
isothermal and non-isothermal conditions, using a Novocontrol
Broad Band Dielectric Spectrometer.

When ac conductivity or dielectric losses were measured while
the sample was not sandwiched between insulating barriers, the
parallel faces of the sample were covered with a sputtered thin
film of gold. When the sample was placed between insulating bar-
riers, i.e. 10 lm thin films of PTFE, the sample faces were uncov-
ered with gold electrodes.
Under isothermal condition, the spectra were recorded between
0.1 Hz and 2 MHz every 20 K from 273 K to 473 K. Under non-iso-
thermal condition, the explored temperature domain was 173–
473 K. The sample temperature was first stabilized for 15 min at
the starting temperature, i.e. 173 K or 473 K, and then heated or
cooled at a given constant ramping rate q down or up to the ending
temperature, i.e. 173 K or 473 K. Three fixed frequencies (xa = 1 Hz,
10 Hz, 10 kHz) and three ramping rates (q = 2, 5, 10 K min�1) were
tested. It was checked by comparing data obtained upon cooling or
heating after several temperature cycles with or without isother-
mal step, i.e. rest time at the extreme temperatures, that the ther-
mal history had no influence on the measured e00ðbulkÞ

xa ;�q ðTÞ spectra.
Noteworthy, this result is not surprising since the temperature do-
main explored here is well below the glass transition, i.e. >800 K
[18], of the studied glass so that its chemical and physical features
are not significantly altered.

3.2. Isothermal conductivity and dielectric spectra

The sample was first studied under isothermal conditions with
and without insulating barriers. We report in Fig. 2, the ac conduc-
tivity and dielectric losses spectra obtained without (Fig. 2(a)) and
with (Fig. 2(b)) insulating barriers. As expected (see Fig. 2(a)), the
ac conductivity spectra (Fig. 2(a)) exhibit a low frequency ‘pseu-
do-plateau’ partly corresponding to rdc and a high frequency con-
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tribution r0polðxÞ obeying approximately Eq. (2) at low temperature.
The low frequency behavior is called ‘pseudo-plateau’ since a more
detailed analysis of the signal reveals a complex shape, i.e. not flat,
which is commonly ascribed to electrode polarization due to ionic
charge accumulation at the metallic contact/sample interface.

At high temperature, rdc becomes more and more predominant
so that r0polðxÞ is not observable in the explored frequency range.
Likewise, the unevenness of rdc appears more and more significant
at low frequency. Nevertheless, an approximate determination of
rdc is still possible by extracting the value of r0acðxÞ at the first
inflection point as shown in Fig. 2(a). The parameter s, which can
be determined at low temperature (Fig. 2(a)), appears to be equal
to about 0.78 at 273 K. This value falls within the range of values
usually reported in literature [3,14]. The temperature evolution
of rdc follows an Arrhenius law (Fig. 2), i.e. rdc ¼ r0

dc � exp �DEdc
kT

� �
,

with r0
dc ¼ 3103 X�1 m�1 and DEdc = 0.64 eV. Again, these values

are similar to those commonly reported for this type of ionic mate-
rial [25].

The use of insulating barriers visibly suppresses the occurrence
of the low frequency rdc contribution and hence, yields a dielectric
loss peak with a maximum xmax which increases with temperature
(Fig. 2(b)). The increase of e00acðxÞ observed at low frequency can be
ascribed, as for the unevenness of rdc, to interfacial space-charge
polarization and thus emphasized that the use of thin insulating
barriers does not totally prevent the accumulation of ionic charge
at the metallic electrode/insulating barrier/ionic sample interface.
Worth of noting, the use of thicker barriers that would reduce this
undesirable electrode polarization would also significantly weaken
the overall dielectric signal and thus would impede the measure-
ment of the intrinsic bulk polarization contribution.

The temperature dependence of xmax exhibits (Fig. 3), as for rdc,
an Arrhenius behavior, i.e. xmax ¼ x0

max � exp �DExmax
kT

� �
, with

DExmax ¼ 0:64 eV and x0
max ¼ 4:2� 1012 s�1. It is thus shown that

DExmax ffi DEdc and that x0
max is close to the expected value for ionic

vibration.
The superposition of the spectra obtained at 273 K with and

without insulating barrier is reported in Fig. 4(a). As an example,
the low temperature spectra, i.e. 273 K, clearly show that the use
of insulating barriers does not modify the high frequency domain
where intrinsic polarization dominates. It can also be seen that
xmax does not equal xc when comparing the e00acðxÞ (Fig. 3) and
r0acðxÞ (Fig. 1(a)) spectra obtained at 273 K. This absence of simple
connection between xmax and xc emphasizes that the determina-
tion of the later is not as simple as it might be expected from the
drawing schematized in Fig. 1.
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On the other hand, it must also be emphasized that the various
isothermal e00acðxÞ spectra (Fig. 2(b)) normalized to the peak coordi-
nates cannot be rigorously superimposed (Fig. 4(b)) or, in other
terms, that there is no master curve. The deviation which becomes
more pronounced with the increasing frequency, i.e. the lower the
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Fig. 5. Dielectric losses versus frequency spectra measured at 293 K using insula-
ting barriers with (full square) or without (dash line) a BIAS (40 V).
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temperature the larger the e00acðxÞ spectrum, indicates that the Time
Temperature Superposition principle is not obeyed as one can ex-
pect from a system characterized by a distribution of energy
barrier.

Finally, Fig. 5 shows that the application of a BIAS, i.e. 40 V,
corresponding to a constant electric field of about 19 kV m�1 in
the case studied here, does not influence at all the shape of the
dielectric losses spectrum measured using insulating barrier. It
can thus be assumed that the polarization phenomenon measured
here is not influenced by any space-charge polarization effects
which are known to be non-linear even for weak applied dc electric
field.

3.3. Non-isothermal dielectric spectra

In the following, dielectric losses spectra were always measured
using the sample/insulating barrier set-up.

3.3.1. Influence of the fixed frequency
First, we report the influence of the fixed frequency xa on the

e00xa ;�qðTÞ signal measured upon a linear heating ramp of 5 K min�1

(Fig. 6) when no BIAS is applied.
The non-isothermal dielectric response appears to be consti-

tuted of two distinct domains: a clearly defined peak at low tem-
perature followed by a signal increase at high temperature. It is
observed that in the explored temperature domain, i.e. 173–
473 K, the e00xa ;�qðTÞ peak is shifted toward lower temperature and
becomes narrower when xa decreases as expected from a system
characterized by a distribution of energy barrier (see Fig. 4(b)). This
result is further confirmed by comparing (Fig. 6) data obtained
from non-isothermal measurements to the corresponding isochro-
nal points that can extracted from the isotherms reported in
Fig. 2(b). The second observation that can be drawn from this com-
parison is that this accordance is only valid for the low tempera-
ture peak and not for the higher temperature domain in which
the signal increases. Finally, a small but broad hump is sometime
observed between the main peak at low temperature and the sig-
nal increase at high temperature. Noteworthy this hump is not al-
ways observed (see Figs. 6–8) and consequently cannot be
considered as reproducible in position and intensity. We do not
have detailed explanation for this phenomenon. The only assump-
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tion that could be proposed is that it is likely due to some polari-
zation relaxation related to space-charge effect at the Teflon/
sample or metallic electrode/Teflon interface. A systematic study
searching for the influence of the sample, metallic electrode and
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PTFE surface state and of the pressure applied on the set-up by the
metallic electrodes should provide insights in this experimental
observation.

3.3.2. Effect of the ramping rate
Spectra recorded upon heating and cooling are compared for a

given rate, i.e. q = 5 K min�1, and for two values of xa in Figs. 7. It
can then be seen that the peak maxima Tmax occur systematically
at higher temperature upon cooling than upon heating. This means
that thermal ramping induces a gradient between the sample tem-
perature Tsamp and the temperature measured by the sensor Tmeas.
The temperature shift, noted DTmax = Tmax,cool � Tmax,heat, is about
8 K for the two examples reported in Fig. 6(a). Providing that these
maxima must correspond to the same relaxation time spol imposed
by the fixed frequency xa, i.e. spol ¼ x�1

a , Eq. (2) leads to Tsamp < Tmeas

upon cooling and oppositely to Tsamp > Tmeas upon heating. It can
thus be revealed from this observation that Tmax,samp corresponding
to the sample intrinsic dielectric relaxation is comprised between
the temperature maxima measured upon heating and cooling, so
that the error on the determination of Tsamp is at maximum equal
to DTmax. In the case reported here as well as in the other experi-
ments carried out in this work, DTmax never exceeds 10 K. We can
therefore deduce from Eq. (2), i.e. DðDEpolÞ ¼ k � ln x0

max
xa

� �
� DTmax,

that the maximum error which can be made on the value of the en-
ergy barrier DEpol falls in the order of a few meV for the values of xa

tested in this study. This error is therefore negligible in regards to
the value of DEpol which is in the order of 0.6 eV in the present case
(Fig. 3).

However, it must be emphasized that the shape of the normal-
ized e00xa ;�qðTÞ peaks are, for a given value of xa, almost identical
(Fig. 6(b)). This result emphasizes that the information contained
in the e00xa ;�qðTÞ peak is the same both upon heating and cooling.
On the contrary, at high temperature the e00xa ;�qðTÞ spectra cannot
be superimposed (Fig. 7(b)), as expected for electrode polarization.

The influence of the heating rate, q = 2, 5, 10 K min�1, for differ-
ent values of xa, was then studied. The data (not reported here)
yield exactly the same conclusion as those drawn from the exper-
imental behavior reported in Figs. 6 and 7. The main outcome is
again that the peaks of the normalized e00xa ;�qðTÞ spectra can be
superimposed whereas the high temperature part of the spectra
cannot.

3.3.3. Effect of a BIAS
Finally, we studied the effect of a BIAS, i.e. 40 V, on the shape of

the e00xa ;�qðTÞ spectra. It can then be seen in Fig. 8 that the shape and
the position of the peak are not altered whereas the application of
a BIAS induces a significant raise of the signal at higher tempera-
ture. On the one hand, this outcome confirms that the high temper-
ature part of the spectrum can be ascribed to space-charge
polarization and on the other hand it shows that, at least in the
case studied here, the use of a BIAS is not recommended since it
significantly disturbs the high temperature part of the dielectric
peak. Therefore, this result allows us to clearly isolate the part of
dielectric spectra that must not be taken into account when ana-
lyzing the intrinsic polarization of the studied sample.
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Δ E pol
(eV)

0.50 eV

Fig. 9. Normalized non-isothermal dielectric losses measured using insulating ba-
rriers (open square) with xa = 1 Hz and q = 5 K min�1 and fit (full line) using Eqs. (7)
and (8) (see text) with s0 = 2.38 � 10�13 s, DExmax ¼ 0:64 eV and the distribution
function plotted in (b) (a); distribution function of energy barriers, g(DEpol), which
characterizes the material intrinsic dielectric response. g(DEpol) is decomposed in
three Gaussian contributions (dot lines) (b).
4. Discussion

The first and main important information which can be drawn
from the data reported in Section 3 is that the use of insulating bar-
riers and of non-isothermal condition for measuring dielectric
losses allows us to clearly discriminate between a low temperature
peak and a high temperature signal increase. The former exhibits
the usual characteristics expected for a dielectric relaxation associ-
ated to a localized re-orientational mechanism: its shape does not
depend on the experimental conditions, i.e. heating versus cooling
and ramping rate, and on the application of a constant dc electric
field. On the contrary, the later is significantly altered by the exper-
imental environments. It can therefore be concluded that it arises
from complex polarization mechanism which corresponds to the
building of capacitance due to the diffusion and thus of accumula-
tion of ionic charges at the sample/insulating barriers. This phe-
nomenon which implies long-range ionic diffusion is known to
be very sensitive to the thermal history and to the application of
an external constant electric field, i.e. BIAS. Noteworthy, such a
space-charge polarization signal also occurs when no insulating
barrier is used but, in that case, it is even more pronounced and
less easily separated out from the intrinsic dipolar response.

It is also pointed out that the temperature shift resulting from
the temperature gradient induced by non-isothermal condition
yields a negligible error on the determination of DEpol. Therefore,
choosing appropriate ramping rate q and fixed frequency xa, the
use of insulating barriers and non-isothermal conditions appears
to be a convenient experimental tool to isolate the material dielec-
tric response and consequently to analyze it with more confidence.

As an example, a more detailed analysis of the e00xa ;�qðTÞ peak
measured with xa = 1 Hz and q = 5 K min�1 was carried out
(Fig. 9). As already emphasized from the comparison of the various
isothermal spectra, i.e. the absence of master curve (Fig. 4(b)), a
simple model based of a distribution of energy barriers DEpol was
then assumed, so that the corresponding dielectric losses relaxa-
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tion function used for the fit of the experimental peak could be de-
duced from the following assumptions.

First, if the bulk response of the sample corresponds to that of
an ensemble of independent ionic hops maintained at a constant
temperature T, then dielectric losses relaxation function obeys:

e00ðbulkÞ
ac ðxÞ ¼

Z 1

0
gðln spol;DeÞ � De � xspol

1þ x2s2
pol

dspol; ð5Þ

where g(lnspol, De) is the statistical weight of dipoles featured by the
same relaxation time spol and dielectric strength De. Assuming, in
first approximation, that all the dipoles have the same dielectric
strength De and pre-exponential factor s0, Eq. (5) can be simplified
so that using Eq. (2), the isothermal dielectric losses spectrum
becomes:

e00ðbulkÞ
ac ðxÞ ¼ De �

Z 1

0
gðDEpolÞ

xs0 exp DEpol
kT

� �

1þ x2s2
0 exp 2�DEpol

kT

� � dDEpol: ð6Þ

Finally, De being weakly temperature dependent [9], the non-iso-
thermal dielectric losses signal e00ðbulkÞ

xa ;�q ðTÞ due to the sample can be
written as:

e00ðbulkÞ
xa ;q ðTÞ ¼ De �

Z 1

0
gðDEpolÞ

xas0 exp DEpol
kT

� �

1þ x2
as

2
0 exp 2�DEpol

kT

� � dDEpol: ð7Þ

The raw e00xa ;�qðTÞ spectrum measured with the insulating barriers
does not correspond to Eq. (7) since a Debye-like peak due to the
set-up is added to the sample signal. It results that the raw spec-
trum follows:

e00xa ;q
ðTÞ ¼ e00ðbulkÞ

xa ;q ðTÞ þ Debarrier �
xas0 exp DEx max

kT

� �
1þ x2

as
2
0 exp 2�DEx max

kT

� � ; ð8Þ

where Debarrier is the excess of polarization introduced by the insu-
lating barrier.

The fit of the raw e00xa ;�qðTÞ spectrum measured with xa = 1 Hz
and q = 5 K min�1, and normalized to 1 is plotted in Fig. 9. It is ob-
tained by using Eqs. (7) and (8) with s0 = 2.38 � 10�13 s (see text
Section 3.2 and Fig. 2), DExmax ¼ 0:64 eV and the distribution func-
tion reported in Fig. 9(b). The discrepancy observed at high tem-
perature (Fig. 9(a)) can be assigned to the occurrence of space-
charge polarization as revealed by data reported in Fig. 8.

A further analysis of the distribution function characterizing
dielectric losses of the sodium aluminosilicate glass studied in this
work shows that it can be decomposed in three Gaussians
(Fig. 9(b)). According to our assumptions, i.e. the dielectric re-
sponse corresponds to the superposition of individual dipolar re-
orientational motions, these contributions can be related to three
different types of ionic hops. The weaker contribution is centered
at 0.50 eV while the more important one is around 0.62 eV very
close to the threshold value DEc in connection with dc conductivity,
i.e. 0.64 eV. Although the barriers are distributed, they do not differ
very much from DErdc

, i.e. the distribution function is relatively
narrow. This result is in full accordance with the fact that the
superposition of the isothermal spectra (Fig. 4(b)) pointed out that
their shape was slightly temperature dependent. The moderate
spreading of the values of the energy barriers is not astonishing
since one may expect from simple chemical considerations that
the sodium cations are always engaged in Na+� � �O� bonds whose
energies range in a limited energy domain accordingly to the solid
framework chemical composition and topology. Meanwhile, the
distribution obtained here is significant and clearly emphasizes
that the sodium cation environment varies throughout the glassy
structure. The lack of structural data for the glass studied here pre-
cludes a straightforward assignment for each Gaussian contribu-
tion. However, if we refer to similar investigations led on sodium
crystalline aluminosilicates, i.e. zeolites [26], it can be supposed
that these different types of cationic sites differ by the strength
of the negative charge hold by the aluminosilicate framework
and/or by the number of the oxygen atoms located in their sur-
rounding. The oxygen atom negative charge is likely to increase
with the number of aluminum atoms situated in the sodium site
vicinity. Indeed, aluminum atoms being more electron donor than
silicium ones, the oxygen atoms surrounding aluminum bear a
stronger negative charge which induces more iononicity and con-
sequently stronger sodium cation/glassy framework interaction.
Furthermore, for a given number of aluminum atoms surrounding
a given cationic site, one expect the shorter the Na+� � �O� bond the
stronger the energy barrier for hopping.

Finally, it can be noticed (Fig. 9(b)) that the higher the energy
barrier the larger the statistical weight. It means that the most
probable cationic sites implicated in the sample intrinsic polariza-
tion resembles to those involved in dc conductivity. This result
which is in accordance with the concepts of percolation and of
energetic clusters [9] indicates that, in this glass, the cationic sites
are rather well randomly distributed throughout the structure and
hence that no preferred path with low energy barrier exits for dc
conductivity. By considering the polarization model of energetic
clustering, the energy distribution reported in Fig. 9(b) would en-
tail that clusters are in fact small in size (containing a few sites
for ion hopping). That is to say that such small-size clusters homo-
geneously occupy all the glass volume.

In order to verify this assumption, the cluster size Lc can be esti-
mated from the energetic clustering model (see Eq. (12) in [9]):

Lc ¼
e2xð1� xÞ
3kTe0De

; ð9Þ

where e is the cation elementary charge and x the molar alkali con-
tent, i.e. 	0.175 in the present case. The sample dielectric strength
De is determined from the real part of permittivity e0acðxÞ spectrum
measured under isothermal condition and with metallic contact to
be equal to about 12 at 273 K (Fig. 10). Input in Eq. (8), it yields
Lc 
 3 nm. This result enforces our assumption that the polarizing
domains are nanoscopic and hence, homogeneously distributed all
over the glassy matrix.

Nevertheless these last derivations should be taken with cau-
tion because in the energy analysis conducted using Eqs. (7) and
(8) two strong conditions have been imposed: similar dielectric
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strength and non-correlated polarization (ensemble of indepen-
dent ionic hops). These constraints are rather reasonable [27] when
individual dipolar processes are regarded but seem not to be of
straightforward application when the polarizing units, i.e. clusters,
are bigger than elementary ion hopping between neighboring sites
and when they are close to each others. Nevertheless, our experi-
mental observations entails that cluster and elementary polariza-
tion share common trends, presumably because of the small
cluster size as discussed above.

5. Conclusion

First of all, it is pointed out that from the proposed experimental
methodology that is based on the combined use of insulating barri-
ers and non-isothermal experimental conditions allows us to
clearly separate the bulk intrinsic polarization relaxation from the
extrinsic polarization induced by dc conductivity and the resulting
blocking of cations at the sample/metallic electrodes interface. By
choosing suitable experimental parameters: (i) heating or cooling
rate, (ii) fixed measurement frequency and (iii) the application or
not of a constant dc electric field (BIAS) superimposed to the ac
field, it is thus possible to access and hence to analyze with more
confidence, compared to the analysis of isothermal spectra, the bulk
intrinsic polarization response of the studied sample. The combined
use of insulating electrodes and of non-isothermal modus operandi
thus provides experimental conditions of great interest for the
investigation of bulk polarization in ionic materials.

In the case of the sodium aluminosilicate glass investigated
here, the data obtained by using this methodology show that the
intrinsic bulk response complies with a ‘simple’ linear dipolar
behavior. This outcome supports the assumption that bulk polari-
zation arises from the superimposition of local ionic re-arrange-
ment via simple thermally activated hopping mechanism. Beyond
the initial goal of this work, i.e. the development and refinement
of a new methodology for measuring dielectric properties of ioni-
cally conducting solids, it is also shown that the determination of
energy barriers involved in ion hopping mechanism can be used
as a complementary mean for accessing information about the lo-
cal framework structure where cations are embedded.

Although the signal analysis does not allow us a detailed exam-
ination of the glass structure, it shows that different types of cat-
ionic site, characterized by energy barriers ranging from 0.50 to
0.64 eV, exit in this glass. Noticeably, this result highlights the dis-
order character, which can be related to both chemical and topo-
logical aspects, around the sodium sites. Finally, it could be
concluded from the fact that the activation energy for dc conduc-
tivity (0.64 eV) is very close to the most probable energy barrier
that we can observe for the bulk polarization (0.62 eV) that no pre-
ferred, i.e. ‘low barrier’, long scale conduction path probably exists
in this glass. This would mean that the structure of this glass is
rather homogeneous or, in other terms, that the polarizing units
larger than elementary ionic hops are small and homogeneously
distributed throughout the sample. This conclusion is in full agree-
ment with the size of the ‘energetic’ clusters, i.e. 3 nm, determined
from the analysis of the dielectric strength measured on the same
sample.
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