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Abstract

The total conductivity of KHCO3 compound is studied in the frequency range 50 Hz–1 MHz and in

the temperature range 300–370 K. The conductivity frequency dependence relation is divided into three

regions: one at low frequency (dc conductivity), while the others appear at a moderate and relatively

higher frequency range. In general, the conductivity frequency dependence conductivity obeys a double

power law relation, σtot = σdc + Aωp+ Bωq . The powers p and q have been found to be in the range

0 to 1 and 1 to 2, respectively. The attenuation coefficient β of KHCO3 compound was studied over

a temperature range from room temperature up to 370 K. The general behavior showed two essential

activated regions. The activation energies are estimated and discussed.
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1. Introduction

Potassium bicarbonate KHCO3 belongs to the class of materials that are composed of hydrogen-bonded
dimmers. These systems provide tools for investigating the properties of hydrogen bonding, which plays
an important role in various aspects of the natural sciences, including the life science [1]. There has also
been considerable interest in the order-disorder phase transitions of these materials. KHCO3 undergoes
antiferrodistortive phase transitions of order-disorder type at Tc = 318 K [2–5]. The general feature of the
structure that was given earlier by Nitta et al [6] has been refined by three-dimensional X-ray diffraction
[7] and also by neutron diffraction[8]. Accordingly, the crystals are monoclinic, space group P21/a with
cell dimensions a = 1.51725, b = 0.56283, c = 0.37110 nm, and β = 104.631o. Spectroscopy studies [9-11],
NMR [12, 13] and quasi-elastic neutron scattering [14] converge to the conclusion that proton transfer occurs
via tunneling across a quasi-symmetric double minimum potential. Two stochastic mechanisms have been
proposed: pair-wise synchronous transfer, and the uncorrelated two-stepwise single proton transfer. The
(KHCO3)−2 dimer in KHCO3 is partially disordered at room temperature because of the two equilibrium
positions of hydrogen. According to Kashida and Yamamoto [2], the hydrogen atoms occupy the two
equilibrium positions with half occupancies in the high-temperature phase, whereas in the low-temperature
phase they are almost localized at one site. They conclud that the phase transition can be described in
terms of order-disorder of the (KHCO3)−2 dimers.

Association of the dynamic transfer of hydrogen atoms with structural phase transition has been the
subject of keen interest. Yet, special attention should be paid to determine the ac conducting properties
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of glasses which provide additional structural information [15, 16]. From ac conductivity studies, the low
frequency measurements give useful insight into the mobile ion diffusion and high frequency conductivity data
help us to investigate the short time phenomena due to the local motion of mobile ions. The present study
has been undertaken to investigate the conductivity as a function of frequency and temperature of KHCO3.
The attenuation coefficient β of KHCO3was studied over a temperature range from room temperature to
370 K to throw more light on transition of such material.

2. Experimental Technique

A finely grounded powder of the material (KHCO3) was compressed under a suitable pressure (300
kg/cm2) to form discs of diameter 1 cm and of thickness 1.5 mm. Good contact was attained by painting
both faces of the sample with air drying conducting silver paste. The sample was held between two spring
loaded electrodes was specially designed to fit the present electrical measurements. The conductivity was
measured by means of a Hioki 3532-50 Hi-tester RCL meter controlled via a personal computer in the
frequency range 50 Hz to 1 MHz and temperatures range 300 to 370 K.

For attenuation coefficient β measurement, samples in the form of rectangular of thickness 3 mm were
used. The sample was fixed between two identically ultrasonic transducers in the attenuation holder and
heated in an electrical furnace in a temperature range 300–370 K. The rate of heating was adjusted to be
2 K/min. The method used for the attenuation coefficient measurement is called a through transmission
technique[17].

3. Results and Discussion

3.1. Frequency Dependence of the Electrical Conductivity

Figure 1 shows frequency dependence of the electrical conductivity of KHCO3 compound at different
ambient temperatures. It is noticed that the graphs show two threshold frequencies, ω1 and ω2, which
separates the graphs into three regions, hence three conduction mechanisms. These graphs can be fit to the
equation

σtot = σdc + Aωp + Bωq (1)
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Figure 1. Frequency dependence of the total conductivity in KHCO3 compound at various temperatures.

In the first region (ω < ω1), σdc lies in the low frequency range, where we have found that σtot is
independent of ω, representing σdc (extrapolation of σtot at ω = 0). The values of σdc are plotted against
the inverse of temperature, as shown in Figure 2. The variation of ln σdc against 1/T yield two straight lines
of two different slopes at the temperature ranges 298–322 and 322–370K (see Figure 2). The values of E1

and E2 are found to be 1.9 eV and 1.7 eV for the lower and higher temperatures, respectively.
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Figure 2. Variation of dc conductivity (extrapolation of σtot at ω = 0) with temperature.

The theoretical approaches of this behavior may be explained via the understanding that the transport
takes place through infinite percolation path [18]. The second region lies in the frequency range ω1 < ω < ω2,
where the general behavior of σac is increasing with frequency obeying a power law: σac = Aωp where A

is a temperature dependence term and p is the frequency exponent. The exponent p corresponds to the
transnational hopping and/or reorientation motion and varies with temperature from 0 to 1. The estimated
values of p as a function of temperature are given in Figure 3a. The temperature dependence of p shows a
decreasing behavior but at certain temperature (TF ) it tends to increase. The third region lies in frequency
range ω2 < ω, where the general behavior of σac is increasing with frequency obeying a power law: σac =
Bωq , where B is a temperature dependent term and q is the frequency exponent. The exponent q corresponds
to localized hopping motion and varies with temperature from 1 to 2. The estimated values of q as a function
of temperature are given in Figure 3b. The temperature dependence of q shows decreasing behavior but at
certain temperature TF it tends to increase and decrease again at high temperatures. This behavior indicates
the presence of two types of processes, which control the mechanism of the ac-conductivity behavior.
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Figure 3. Temperature dependence of powers for KHCO3 crystal (a) power p (b) power q.

The first type is responsible for the decreasing of a power; which suggests the barrier hopping of the
ions through defects be involved in the conduction mechanism. The dispersion behavior is attributed to
the coulomb interaction effects between the mobile ions as well as the ions with the environment within
materials [19]. On the other hand the second type of mechanism is responsible for the increasing of a power;
which agrees with the mechanism proposed by the quantum mechanical tunneling model (QMT)[20] where
the temperature dependence of frequency exponent could arise from (QMT) model where the carrier motion
occurs within clusters.

3.2. Temperature Dependence of ac Conductivity

The variations of the total conductivity with the inverse of temperature at different frequencies are given
in Figure 4. From the figure it can be noticed that the ac conduction, at low frequency range (below 6 kHz),
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consists of two types of conduction. In the first one, associated with the first arm at low temperature range,
the ac conductivity increases linearly as the temperature was increased while, in the second arm at relatively
high temperature, the ac conductivity starts to decrease linearly as the temperature increased. This may be
attributed to that the ac conduction at low frequency controlled by the same processes of dc conductivity.
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Figure 4. Temperature dependence of the total conductivity in KHCO3 compound at different frequencies.

Figure 4 shows two types of ac conduction in the high frequency range. In the first one, associated with
the first arm in the low temperature range, the ac conductivity decreases linearly with temperature increase,
which may be in the high frequency, a considerable number of dipoles can’t flip to the opposite direction
and the deviations of dipole moments become small. This means that the life time of a dipole becomes long
and the transfer of a proton between two sites does not occur frequently [21]. Therefore, the movements of
the protons into neighboring dimers will not contribute to the conduction mechanism and charge carrier-
phonon scattering dominates. In the second type of conduction, associated with the second arm at high
temperature range, the ac conductivity increases linearly which may be attributed to thermally activated
process of dipoles to flip at high temperature range. Therefore, a considerable number of dipoles able to flip
to the opposite direction and the deviations of dipole moments become large. This means that the life time
of a dipole becomes short and the transfer of a proton between two sites occurs frequently. Therefore, the
movements of the protons into neighboring dimers will contribute to the conduction mechanism reflecting
the increase of ac conductivity as the temperature was increased. The activation energy of conduction and
charge carrier scattering corresponding to different temperatures and frequencies has been calculated and
listed in Table. From this Table it can be noticed that activation energy decreases with increasing frequency.

The change of the values of the activation energies is taken as evidence of the existence of a phase
transition [22]. The decreasing in the activation energy may be interpreted in terms of the transition in the
sample from order-disorder and from disorder-order phase.

The (HCO3)2 dimer consists of two HCO−
3 ions linked by two hydrogen bonds [14]. The population of

protons in the ground state decreases with increasing temperature, due to the excitation of protons to the
excited states. Also, the proton movement into neighboring dimers and correlated reorientation of the latter
will contribute to the conduction mechanism [21]. While the decrease of σdc with increasing temperature
(second range) may be attributed to the expected increase in the number of the scatters (phonon modes) in
the high temperature range, the scattering mechanism of the charge carries increase which lead to decrease
in the conduction mechanism.

From the above discussion one can conclude that the charge carrier hopping rate between two adjacent
filled and empty sites depends on: (i) phonon charge carrier coupling; (ii) the hopping distance between
filled and empty sites; and (iii) applied electric field direction and frequency.
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Table. Activation energies for KHCO3 before and after the transition temperature and at low and high frequencies.

Frequency, Activation energies of Activation energies of
Hz conduction before transition, eV attenuation before transition, eV
300 1.59 1.09
600 1.18 0.66
1000 0.86 0.75
1500 0.7 0.64
2500 0.14 0.05
5000 0.08 0.03
Frequency, Activation energies of Activation energies of
Hz attenuation before transition, eV conduction before transition, eV
100 1.11 0.76
200 0.94 0.75
500 0.93 0.75
600 0.91 0.66
800 0.84 0.63
1000 0.29 0.55

3.3. Ultrasonic attenuation Coefficient Results

The anomalous elastic behavior using ultrasonic methods between 250 and 350 K was investigated by
Hassuhl [23]. The phase transition in our KHCO3 crystal sample was followed up with an examination of
the attenuation coefficient β under ultrasound. Figure 5 shows the temperature dependence of β in the
temperature range 298–385 K. From the graph it is clear the β-T relation is distinct in three regions. The
region 298–313 K is temperature independent. In the second region, 313–343 K, the attenuation coefficient
shows a sharp increase through a narrow temperature range, indicating the presence of some thermally
activated process. The third region is characterized by temperature independence behavior.
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Figure 5. Temperature dependence of attenuation coefficient b through the transition region.

Many investigators [21, 22, 23] concluded that the hydrogen occupy two equilibrium positions in KHCO3,
with half occupancies in the high temperature range, while they are almost localized in one site in the low-
temperature range. Hence, the phase transition can be described within the framework of the order-disorder
of dimers, i.e. from monoclinic space group P21/a to monoclinic space group C2/m. Therefore the sharp
increase in β can be attributed to the large scale availability of ultrasonic wave scattering on the dimers.
Moreover, the large value of attenuation coefficient above TF may be attributed to the increase of lattice
vibration waves amplitude where the spontaneous strain above TF is removed [24]. It has been found that
thermal activation of β in the transition region can be explained by the following Arrehenus equation:

β = βoe
ΔEa/kT , (2)
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where βo is a pre-exponent constant, k is Boltzmann’s constant and Ea is the attenuation activation
energy. The relation between ln β and 1/T yield two straight-lines (see Figure 6) these lines are separated
by a kink at the transition temperature TF = 322 K, in agreement of the dc conductivity and dielectric
properties [16]. The deduced activation energy of attenuation for the two regions in the former ranges of
temperature are found to be 0.11 and 0.04 eV respectively. The obtained two different activation energies
(0.11 and 0.04 eV) can be attributed to two mechanisms associated with ferroelastic phase transition, the
dimer release randomly and crystal lattice parameters enlargement, respectively.
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Figure 6. The variation of the attenuation coefficient (b) with the inverse of temperature for KHCO3.

From the above discussion it can be concluded that the ultrasonic propagation in samples confirms the
phase transition in KHCO3 compound.
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