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Abstract.

The measurements of the complex impedance Z*, the conductivity o, the dielectric permittivity €’;, and the
complex modulus M* were carried out on the RoNOs compound at frequencies ranging between 1 and 10° Hz. In fact, the
conductivity follows the Arrhenius law in the different temperature ranges oT = goexp (-AEa/kT). Actually, the resulting
curve shows an anomaly between 425 and 436 K and a sudden increase in conductivity to 436 K causing o to pass from
1.6x10° Q" .cm™ to 9.3x10° Q*.cm™. This behavior clearly confirms the ionic character of the phase transition at this
temperature. The main objective of this research study is to show the correlation between the ionic conductivity and the
relaxation mechanisms during this transition.
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1. INTRODUCTION

Just like all the compounds of the alkali nitrates family [1, 2], RbNO3 is crystallized in the trigonal system P3;.
The material under investigation is known to have four stable phase transitions at atmospheric pressure [3]. Actually, its
structure has been solved by neutron diffraction [3] and confirmed by X-ray diffraction single-crystal investigations [1].

The research studies of Sadananda [4] on the variation of ionic conductivity with temperature on the single
crystals of RbNO3 have been an attempt to show that there are variations in the conductivity corresponding to these phase
transitions. However, no exhaustive studies on the electrical properties during the transition detected at 436 K, especially
the ionic conductivity, have been reported. So the originality of the present study is to look up the electrical properties and
show the importance of the conductivity as well as the conduction property of the material in this transition. Likewise, by
further studying the real relative dielectric permittivity €'r, and complex modulus M*, we have been able to show the
contributions of the polarization phenomena during this transition.

2. MATERIALS AND METHODS

The RbNO3 compound was obtained from an agueous solution of a mixture of Rb2C0O3 and HNO3. The resulting
solution was kept under ambiant conditions, which allowed slow evaporation. Fourteen days later, we obtained transparent
and lamellar-shaped colorless crystals with a size of about (0.25 x 0.25 x 0.30) mm3. The crystals were severely selected
from using a polarizing microscope for different analysis.

The electrical properties were collected under stagnant air atmosphere. The measurements of the complex
dielectric permittivity (¢* = €' - je") were performed over a frequency interval of 1-106 Hz and in a temperature range of
393-469 K. To cover the above frequency range, a Novocontrol spectrometer integrating an ALPHA dielectric interface
was employed with a precision in tgd=¢"/¢'=10-5. In these experiments, the temperature was controlled by a nitrogen jet
(QUATRO from Novocontrol) with a temperature error during every single sweep in frequency of + 0.1 K.

3. RESULTS AND DISCUSSION

The study of the variation of ionic conductivity with temperature on RbNO3 single crystals showed that only the
transition detected at 436 K was associated with a maximum variation of the conductivity.

3.1. Impedance analysis

Single crystal RbNO3 has been investigated by impedance spectroscopy and conductivity phenomena in an
attempt to understand the relaxation mechanisms so as to find a correlation between the conductivity and dielectric
relaxation processes.

The evolution of the curves, -Z” versus Z’, between 393 and 433 K of the RbNO3 compound are illustrated in
Figure-1. It can be noted that the Cole-Cole model is rather valid in representation €" (¢ ') than in representation Z" (Z') and
the material under study is proven to follow the Cole—Cole law. The difference between the Cole—Cole and the Debye law
is also determined (a = 0.12) from this figure. The bulk ohmic resistance relative to a given temperature can be calculated
from the intercept on the real axis of the zero phase angle extrapolation of the highest-frequency curve. The impedance
curves -Z” as a function of Z’ shows a thermal behavior of the material resistance, which in turn confirms the conducting
property of our compound.
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Fig.1. Variation of the imaginary part -Z" versus Z', for RoNOs at various temperatures.
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The RbNO3 compound’s evolution of the conductivity versus inverse temperature 10g10(oT) = f(1000/T) between
393 and 469 K, is shown in Figure (2-a). The experimental points demonstrate the Arrhenius law in various temperature
ranges oT= coexp (-Eo /kT) where oo is a pre-exponential factor and Eo, k and T are the activation energy for conduction
process, Boltzmann’s constant and the absolute temperature, respectively. The resulting curve indicates an anomaly
between 425 and 436 K. Regarding the activation energy for the conduction process (Eo), which reached 0.76 eV in this
temperature range, it was extracted by the slope of the straight line in the log (oT) against reciprocal temperature 1/T plot.

Moreover, the increase in temperature causes a sudden jump in conductivity at 436 K. Indeed, from the
temperature T = 425 K to T = 436 K, o increases from 1.6x10-6 Q-1.cm-1 to 9.3x10-5 Q-1.cm-1. This obviously
substantiates the presence of a phase transition at 436 K. In fact, for the ionic conductors (IC), the conductivity can attain
10-5 Q-1.cm-1 while for the superionic conductors (SIC), it is at least equal to 10-4 Q-1.cm-1. The main difference
between these two groups of materials can be attributed to the activation energy (AEo). In the case of (SIC), AEo is less
than 0.4 eV, whereas in (IC), the commonly observed values [5, 6] vary between 0.6 and 1.2 eV.
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Fig.2a. Temperature dependencies of log (oT) versus (1000 / T) for RbNO3.

Figure (2-b) shows the variation of conductivity as a function of frequency logarithmic, at several temperatures.
From this growth, we can deduce an evolution in the conductivity values. This suggests that more than one conduction
mechanism can be responsible of this conductivity in this material. A good agreement between experimental and
theoretical fitting is observed [7]. Depending on the measurement temperature a dc plateau precedes an increase of
conductivity with frequency.
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Fig.2b Variation of conductivity as a function of frequency logarithmic, at several temperatures.

3.2. Modulus spectroscopy analysis

The dielectric spectroscopy in the frequency range of mHz to GHz is an important tool to study many relaxation
processes in solids [8-10]. Figure 3 represents the variation of the imaginary part Z” as a function of frequency. In fact, the
curve -Z” = f (log f) demonstrates that the relaxation frequency shifts to higher frequencies and its intensity decreases with
the increase in temperature. This behavior leads to the conclusion that the ionic species are becoming increasingly mobile

at high temperature [11].
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Fig.3 Variation -Z" versus frequency at different temperatures.
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Aiming at the determination of the relaxation time of conductivity of the compound under study, the use of the
complex modulus formalism is an alternative approach to investigate the electrical response of materials that present
some degree of ionic conductivity:

M™ (W) =1/¢ = jwCoZ (w)

This formalism is particularly suitable to detect phenomena as electrode polarization [12] and bulk property as
average conductivity relaxation times 1o [13-15].

When the electrical behavior of RbNO3 was studied by this formalism, we have firsty made sure that the
polarization phenomena at the electrodes were characterized by a minor contribution in M*. Indeed, the variation of the
real component M’ of the complex modulus at different temperatures as a function of the frequency (Figure-4) has shown
that M’ reaches a constant value at high frequency with the right (M '= 1 / €'«) as asymptote, in the fields of swept
temperature and frequency, at all temperature investigated. This indicates that the electrode polarization phenomena
make a negligible contribution to M* [16] and may be ignored when the electrical data are analyzed in this form [17].
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Fig.4. Plots of log M’ versus log (f) for RbNO3 at various temperatures.

The curves representing the variation of the imaginary part of M* modulus normalized as a function of log (f) for
different temperatures are reported in Figure 5. They appear as peaks in the asymmetric relaxation maxima and move
towards higher frequencies with the increase in temperature [18, 19]. To this maximum of M” corresponds a characteristic
frequency fp. This behavior is in line with the non-exponential approach of electrical functions, which are defined by the
empirical stretched Kohlrausch24 function ¢ (t) = exp [-(t/T0)B].

Regarding the full width at half maximum (FWHH) of the M’/ M” max, it is found to be close to that of a Debye
peak (1.14 decade) [18], from which results a parameter value of Kohlrausch B that is smaller than 1. This can be
accredited to the existence of time relaxation distribution in the material, which is an interpretation that has been adopted
for numerous solid electrolytes [20-24].

The fp peak frequency corresponding to maximum in M”/ M”’max as a function of logarithmic of
frequency, shown in Figure 5, is typically correlated to the average conductivity relaxation time or most probable ion
relaxation time 1 (1 = 1/21fp). As for the log(1T) as a function of reciprocal temperature 1/T, it is shown in Figure 6.

Besides, the experimental data are well described by the expression type Arrhenius, given as follows: 1T =
Toexp(ET/kT)
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Fig.6. Arrhenius plot of relaxation time of the sample: The log(tT) as a function

of reciprocal temperature 1/T,

where 10 is the pre-exponential factor and ET is the activation energy for the conductivity relaxation. The
activation energy of the relaxation process ET was extracted by the slope of the straight line in the log(1T), reaching 0,95
eV (Figure 6), which is different from Ec value. The latter represents the activation energy for the conduction process that
is calculated from relaxation time plots (see Figure-2-a). However, Réau et al. [15] and Naili et al. [25] have suggested that
whether Ec and Et are similar or equal, this is further evidence for ionic-hopping mechanism for transport. So far, it is
worthy to note that all these observations about the energy values may be considered as a proof for ionic conduction in
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the sample. Then, a conduction mechanism type can be explained by the presence of a correlation between the ionic
conductivity and the relaxation phenomenon during this transition.

Figure (7-a), shows the frequency evolution of the dissipation factor (tand). The values of (tand) are relatively
important, indicating a significant contribution of the conductivity in this material. The dielectric loss presents a maximum

then it decreases.

Tang (3)

log(f) Hz

Fig.7a. Thermal evolution of the dissipation factor & as a function of temperature, for different frequencies.

The position of tand maximum depends on the frequency; it shifts to higher temperatures with the increase in the
frequency.

The important evolution of the permittivity as a function of frequency is attributed to the relaxation phenomenon,
i.e. the amortization of reorientation movements that are causing the dipole moment.

Figure (7-b) represents the variation of the real part Z' and imaginary part Z" of the impedance Z for the

temperature T = 425 K, as a function of log (w). We note that the maximum of Z"(w) corresponds to the inflection point of
Z' (w). The same behavior of Z'(w) and Z" (w) was observed in the temperature range 397-433 K (see Figure(7-c)).
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Fig.7b. Variation as a function of log (w), the real part of Z 'and of the imaginary part Z" of the sample for the
temperature T =425 K.
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Fig.7c. Behavior of Z'(w) and Z" (w) in the temperature range 397-433 K for RbNO3.

Indeed in the Debye model, the position (frequency) of the maximum of tand does not coincide with the position
of the maximum of Z"(w) [26]. The result we reached is not surprising. On the other hand, the behavior of the relaxation
frequency as a function of temperature shows that when approaching the transition temperature Tr, the minimum of
frequency is obtained, therefore a longer time (1 = 1 / 2mfp) is necessary for the relaxation of the material after its
modification [27]. The lattice relaxation is probably correlated to the process of intrinsic polarization of the material. In this
temperature range, the displacement could be coupled with the lattice dynamics [28].

It is worthwhile to mention that Figure-8 has shown the evolution of permittivity as a function of temperature at

different frequencies.
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Fig.8. Temperature dependence of the permittivity €'r as a function of temperature, for different frequencies.

Indeed, the evolution of €'r for various frequencies has shown a significant variation of the permittivity in this
material. It seems to be very low between room temperature and 428 K, which rules out the possibility of any major
structural change inducing polar evolution in the system. Above this temperature, and when reducing the frequency (from
1.34 kHz to 100 kHz), €'r increases gradually from 458 K to reach a peak at 473 K. The maximum &'max decreases when
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the frequency increases which characterize an important dispersion linked to the presence of conductivity in this material.
The dielectric anomaly in the permittivity can characterize a structural transition in the salt [29]. Consequently, two
polarization mechanisms are possible and the real part of dielectric constant can be presented as:

€'r=g'r (latt) + €'r (carr)

where ¢'r(latt.) represents the lattice response related to permanent dipole orientation, and €'r(carr.), represents
the conductivity relaxation. The second contribution is slightly linked to the frequency, especially in the low frequency
domain. This part of the permittivity characterizes the conductivity mechanisms [11, 17].

The orientational disorder and the increased rotation of the nitrate ion are supposed to be the main factors
responsible for the abrupt change in conductivity and dielectric permittivity € [30]. However, the important values of the
permittivity at low frequency, below this temperature (T= 436 K) could be due to the cumulative contributions of different
phenomena in the crystal such as (i) ionic polarization (ii) orientation polarization.

4. CONCLUSION

We have determined the electrical properties of RoONO3 compound over a wide frequency range, as a function of
temperature. The impedance curves -Z” = f (Z’) of the studied material obey the Cole - Cole law, showing the conducting
property of the compound.

Besides, the transition detected at 436 K was found to be dominant and associated with a maximum variation of
the conductivity. It goes from 1.6x10-6 Q-1.cm-1 to 9.3x10-5 Q-1.cm-1, thus confirming the presence of a phase
transition at this temperature. We detect a difference between the value of activation energy for conduction Eo = 0.76 eV
and that for the relaxation process E1= 0,95 eV. This leads to the conclusion that there is a correlation between the
phenomenon of ionic conduction and dielectric relaxation. We have also shown that the contributions of polarization
phenomena occurring during this transition at the electrodes are negligible.
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FIGURE CAPTIONS

Fig.1l. Variation of the imaginary part -Z" versus Z', for RbNOs at various temperatures.

Fig.2a. Temperature dependencies of log (oT) versus (1000 / T) for RbNO3.

Fig.2b Variation of conductivity as a function of frequency logarithmic, at several temperatures.

Fig.3 Variation -Z" versus frequency at different temperatures.

Fig.4. Plots of log M’ versus log (f) for RbNO3 at various temperatures.

Fig.5. Variation of M "/ M" max versus log (f).

Fig.6. Arrhenius plot of relaxation time of the sample: The log(1T) as a function of reciprocal temperature 1/T,
Fig.7a. Thermal evolution of the dissipation factor & as a function of temperature, for different frequencies.

Fig.7b. Variation as a function of log (w), the real part of Z 'and of the imaginary part Z" of the sample for the
temperature T = 425 K.

Fig.7c. Behavior of Z'(w) and Z" (w) in the temperature range 397-433 K for RbNO3.

Fig.8. Temperature dependence of the permittivity £'r as a function of temperature, for different frequencies.
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