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ABSTRACT 

In this paper, we are reporting on specific heat and complex conductivity measurements in crystalline -RbAg4I5 

close to the -to- phase transition at 120 K. Using the electric modulus formalism for analysis of ionic conductivity 

relaxation in - RbAg4I5, microscopic interaction energy for a single-mobile ion whose temperature derivative is 

proportional to the specific heat was found. The results suggest that a common ion-ion and ion-lattice mechanism for both 

ionic migration and thermodynamic energy (i.e., the enthalpy) of mobile defects are present in this highly-dense system. 

The cooperative behavior observed in this transition region drives the phase transition at 120 K in -RbAg4I5. 
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INTRODUCTION 

Interest in the dynamics of mobile ions in solid 

state has increased over the last few years [1−4]. Silver-

ion conductors have been considered as model compounds 

to study fast ionic conducting behavior, with RbAg4I5 [5, 

6] being the ionic solid with the highest dc conductivity 

near room temperature. The high mobility of silver ions in 

the -RbAg4I5 cubic phase is known to be responsible for 

the high ionic dc-conductivity value (0 = 0.21(6) S/cm) at 

300 K [7]. Upon cooling, the -RbAg4I5 phase transforms 

into the rhombohedral -RbAg4I5 phase at 209 K and into 

the trigonal -RbAg4I5 at 120 K. The - RbAg4I5 phase 

shows no appreciable self-diffusion and its dc conductivity 

is low and highly activated as a normal salt (0 < 10-4 

S/cm). The -to- phase transition is a first-order transition 

which has been partially characterized [8], showing a 

discontinuous change of the dc-conductivity with an 

associated peak in the excess specific heat excess. 

Moreover, with decreasing temperature, the disorder in the 

silver sublattice decreases, so that at low-temperature -

phase point defects serve as a vehicle for its poor ionic 

conduction. Previously, theoretical models based on trial 

free energy densities of cooperative effects in ionic solids 

have been proposed [9, 10], which points to the ionic 

carrier density as the main source of the anomalous 

behavior found in many solid ionic conductors, so their 

thermodynamic properties also follow in a straightforward 

way. In these models, a trial free energy function is 

proposed in which it is assumed that the ground state of an 

ionic solid is a perfectly ordered crystal with no defect 

present, with a given number of interstitial sites available 

per ion. As the temperature increases, the system exhibits 

disorder by forming point defects such as Frenkel pairs 

that contribute to the ionic conductivity as follow: 

 

= 𝑒2𝑁�̅�(𝑇)𝜇(𝑇)                                                              (1) 

 

where 𝑁 is the total number of ions, 𝑒 their charge, �̅� the 

fractional number of cations in interstitial sites, and 𝜇 their 

mobility. In these models of lattice defects, both phonon 

entropy and the attractive pair interaction play a central 

role in determining whether the transition to a disordered 

state takes place in a continuous or abrupt way. For the 

case in which the models allow for first-order phase 

transitions in the lattice order parameter to take place, a 

consequent increase in the number of ionic carriers and, 

therefore, in the ionic conductivity are observed, according 

to Eq. (1). 

A detailed study of the crystal structure of -

RbAg4I5 has been reported by Funke et al., in which it is 

considered that localized displacive motion performed by 

individual silver ions are in “clusters” or “pockets” [11, 

12]. These regions are interconnected by three 

dimensional passageways through which silver ions might 

diffuse. Previously reported ac ionic conductivity data for 

-RbAg4I5 at fixed temperatures, 83 K, 103 K, and 113 K 

[13], far below the -to- phase boundary at 120 K, have 

shown independent of temperature dispersions due to ion-

ion correlation in ion hopping, indicating that the ionic 

transport mechanism is preserved at those temperatures. 

Funke and Banhatti formulated a set of phenomenological 

rules that are written as rate equations in terms of 

correlation functions [12]. 

In this paper, we present results of specific heat 

and complex conductivity data (in the radio frequency 

range) in a temperature range close to and below the -to- 

phase transition of RbAg4I5 at 120 K. The temperature 

dependence of these thermodynamics and transport data 

are compared to analyze the disordering of the Ag-ion 

sublattice as temperature is increased towards 120 K. In 

other words, in a larger view, the present work is aimed to 

establish that the ionic transport behavior is a 

manifestation of a common mechanism that connects the 

microscopic energy for ions, obtained by impedance 

measurements, and the thermodynamic energy (i.e. the 

enthalpy) of a dense system of interacting mobile defects 

that might drive to the first-order phase transition. 
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EXPERIMENTAL DETAILS 

Crystals of RbAg4I5 were grown at 318 K using 

the solution technique with high-purity reagents [4], and 

then dried at 390 K for 6 hours. Crystals were chosen as 

representative specimens for crystallographic 

identification. XRD patterns showed quite uniform 

alignment and a cubic unit cell with a lattice constant of 

11.24 Å, in good agreement with previous determinations 

[14, 15]. 

The specific heat data of RbAg4I5 single crystals 

were continuously obtained by using the ac-calorimetry 

technique [16, 17]. Crystal slices were thinned to 0.1 mm 

using dry abrasives. The sample was heated by light 

chopped at 1.5 Hz. The temperature oscillations induced in 

the sample, inversely proportional to the specific heat, 

were monitored using a 25 m type-K thermocouple. 

From the amplitude of the temperature oscillations, Tac, 

the specific heat at constant pressure, cp(T), was obtained 

as a function of the temperature as the sample was swept 

slowly through the region of the phase transitions. 

On the other hand, crystals were cut into wafers. 

An electrical measurement was made using the two-

electrode configuration Ag|RbAg4I5|Ag with silver paste 

as electrodes. The electrical characterization was made by 

admittance spectroscopy in the 20 Hz−3 MHz frequency 

range using a precision LCR meter HP 4284A, and at 

different fixed temperatures between 105 K and 121 K 

under a dry N2 atmosphere. The amplitude of the applied 

ac signal was 10 mV. Possible nonlinear effects were 

absent at amplitudes up to 0.1 V over the entire frequency 

range for a typical cell. 

 

RESULTS AND DISCUSSIONS 

Specific heat behavior of RbAg4I5 as a function 

of temperature over the 110−130 K temperature range, 

verifying the existence of one phase boundary between the 

- RbAg4I5 and -RbAg4I5 at 120 K [5, 6], is shown in 

Figure-1. The transition phase with approximately 1.5 K 

hysteresis on successive heating and cooling runs, and a 

large latent heat of 190.9  0.8 cal/mol [5] is found being 

of first-order. 

The angular frequency () dependence of the real 

part of the ac conductivity (T, ω) at several isotherms in 

the (117.5−119.6) K temperature region (chosen as the 

most representative), obtained from the conductance data, 

G'(T, ω) = A(T, ω)/d, where A is the electrode sample 

contact surface and d the thickness of the sample, is shown 

in Fig. 2. The research results should be presented clearly 

and right to the point with accompanying figures and 

tables. These figures and tables should be referred to in the 

content. Explanation must not repeat what is already given 

in the content. 

A typical behavior consisting of a crossover 

region to a power-law dependence at higher frequencies is 

observed. In ionically conducting materials, the frequency 

dependence (ω) is usually described in the crossover 

region by using a power law of the form [18]: 

 

′(𝑇, 𝜔) = 𝜎0 [1 + (
𝜔

𝜔𝑝
)
𝑛

]                                              (2) 

 

 
 

Figure-1. Specific heat behavior of RbAg4I5 as a function 

of temperature over the 110−130 K temperature range. 

The large latent heat of 190.9  0.8 cal/mole [5] is for 

this first-order transition at 120 K. 

 

 
 

Figure-2. Frequency dependence of the real part of the ac 

conductivity ′ as function of frequency 𝜔 in the 

(117.5−119.6) K temperature range. The solid line 

represents the theoretical results what is expressing in Eq. 

(2). 

 

where 𝜎0 is the dc conductivity, ωp is a 

characteristic relaxation or crossover frequency, and n is 

the power law exponent which is related to the degree of 

correlation among moving ions [19]. The decrease 

observed for ′(ω) at lower frequencies is due to the 

blocking of ions at grain boundaries or at electrodes, but 

these blocking effects do not affect the analysis on the 

frequency dependence of the bulk conductivity in terms of 

Eq. (2). 

By fitting the (ω) data at various isotherms to 

expression (2), we obtained the fitting parameters σ0(T) 

and ωp(T). The Arrhenius plot of the dc-conductivity data 

as a function of the inverse of temperature in the 114.5-
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119.8 K temperature range is shown in Figure-3. It is 

apparent that activation energy, Eact = ∂ln(0)/∂(1/T), is 

not constant or non-Arrhenius. It is quite apparent that as 

the temperature increases toward 120 K, Eact increases 

monotonically from 0.44 eV at 117.5 K comparable to 

literature reported [20]. Close to first-order phase 

transition at 120 K an anomalous behavior in the dc 

conductivity attributed to this transition is observed. 

 

 
 

Figure-3. The Arrhenius plot of the dc-conductivity data 

as a function of the inverse of temperature in the 

114.5−119.8 K. 

 

The experimental information regarding electrical 

relaxation at a given temperature is usually obtained from 

the modulus formalism, M*(ω) = M'(ω) + iM''(ω) where ω 

= 2πf is the angular frequency [18, 21]. To analyze the 

relaxation behavior, the electric modulus representation 

for the impedance data has commonly been used, 

considering that the main contribution to ionic conduction 

in the frequency range studied is due to silver ions [12]. 

This analysis starts with the argument that for the mobile 

ions the appropriate quantity to be considered is the decay 

of the electric field E(t) = E(0)ϕ(t) where initial electric 

field applied and ϕ(t) is the electric field relaxation 

function (0 ≤ ϕ(t) ≤ 1). The complex electric modulus 

M*(ω) in the frequency domain is related to the more 

familiar complex conductivity σ*(ω) and ϵ*(ω) permittivity 

through 

 

𝑀∗(𝜔) =
1

𝜖∗(𝜔)
=

𝑖𝜖0(𝜔)

𝜎∗(𝜔)
                                                   (3) 

 

Thus M*(ω), ϵ*(ω), and σ*(ω) are just alternative 

and interchangeable representations of the same 

impedance data. 

Frequency dependence of the imaginary part of 

the electric modulus [M''(ω)] for some typical isotherms 

(chosen as the most representative), in the range between 

116.0 K and 119.8 K, in crystalline -RbAg4I5 phase, close 

to the -to- phase boundary, is shown in Fig. 4. Not all 

isotherms were taken into account in order to avoid data 

overload. The electric field decay function ϕ(t) is obtained 

as [21, 22]: 

𝑀(𝜔) =
1

𝜖∞
[1 − ∫ (−

𝜕𝜙

𝜕𝑡
)

∞

0
𝑒−𝑖𝜔𝑡𝑑𝑡]                             (4) 

 

where ϵ∞ is the high frequency dielectric 

permittivity. Kohlrausch-Williams-Watts (KWW) 

“stretched” exponential decay function of the form: 

 

𝜙(𝑡) = 𝑒
(−(

𝑡

𝜏
)
𝛽
)
                                                               (5) 

 

have been used to fit the modulus plots to expression (3) 

where  is a characteristic relaxation time and 0 ≤ β ≤ 1 is 

a temperature dependence function, and is referenced in 

literature as the correlation function between mobile ions. 

 

 
 

Figure-4. Frequency dependence of the imaginary part of 

the dielectric modulus 𝑀′′(𝜔), for some typical isotherms 

close to the transition temperature. The solid lines 

represent the fit to expression (4). 

 

Solid lines in Figure-4 are fit to expressions (3) 

and (4) where a dispersive peak is observed for each 

electric modulus curve at fixed T. The -correlation 

function can be obtained from this fit, which is plotted in 

Figure-5. Decreasing values between 0.6 and 0.4 for the -

correlation function are obtained with increasing 

temperature in the 116.0−119.8 K temperature range. 

Since  < 1 indicates stronger correlation among ion 

hopping [21, 22], then the results indicate that ion-hopping 

correlations are increasing with increasing temperature. 

This behavior of ion-hopping correlations is quite different 

to what is observed in -RbAg4I5 far below the -to- 

phase boundary where the transport mechanism is 

preserved as the temperature is changed [12]). 

The coupling parameter n = 1 - β, according to 

the coupling model [23, 24], increases from 0 to 1 as the 

interaction strength or ion-ion constraints increase. This 

seems not to be the case for -RbAg4I5, in which the 

concentration of mobile defects, serving as vehicles for the 

translational motion of Ag-ions, and the conductivity is 

dramatically increased when the temperature approaches 

120 K from below, as can be evidenced by the data 

behavior. This indicates that the interaction among mobile 
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ions decreases with increasing temperature. However, 

since the concentration of mobile defects also increases, 

that may enhance instead cooperative correlations among 

them, leading to a decrease of  (or an increase of n, as 

observed in Figure-5). We have used the electric modulus 

representation of our ac conductivity data, which has been 

widely used in the analysis of correlated ion motion in 

ionic conductors [25, 26]. Moreover, it has been shown 

that the relaxation of experimental data is directly related 

to the microscopic dynamics of ion hopping [21−24]. 

 

 
 

Figure-5. Temperature dependence of “stretched” -

correlation function and the energies Eact, Emic, and 

Emig as a function of the temperature T. 

 

According to Ngai's coupling model [23, 24] the 

dc conductivity activation energy (Eact = ∂ln(σ0)/∂(1/T)) 

and the exponent  can be used to obtain the single ion 

microscopic energy, Emic, 

 

𝐸mic(𝑇) = 𝛽𝐸act(𝑇)                                                        (6) 

 

and 

 

𝐸act(𝑇) = 𝐸mic(𝑇) + 𝐸mig(𝑇)                                         (7) 

 

being Emig(T) the migration energy. 

Since we have simultaneously measured the 

specific heat and the electrical conductivity of -RbAg4I5 

close to its -to- phase transition at 120 K, we examined 

the relative behavior of the temperature derivatives of Eact, 

Emic, Emig, and we then compared them with the cp data in 

the same narrow temperature region below 120 K. It is 

evident from Figure-6, where the results of d(Eact)/dT and 

cp are plotted, that these quantities exhibit similar 

behavior with temperature. 

Since cp is related to the temperature derivative 

of the enthalpy h of the mobile Ag-ion subsystem, then the 

results show an accurate proportionality between Eact or 

Emig and h in this transition region near 120 K. No attempt 

has been made to subtract the temperature dependence 

portion of the lattice specific heat, and this undoubtedly 

causes some deviations of the linear relations between the 

curves far below 120 K since the excess specific heat, cp 

due to mobile ions subsystem are very small. 

On the other hand, the lattice dynamics effect on 

the ionic motion must include an active free energy for 

ionic migration Emig. Thus, activation energy must include 

the energy “barrier” separating one minimum energy 

configuration from a neighboring one, i.e., the difference 

between a mean potential field associated with a minimum 

energy configuration P1 and the saddle point P2: 

 

 
 

Figure-6. Temperature dependence of d(nEact)/dT (solid 

line) and cp(T) (filled spheres) in the transition region 

below 120 K. 

 

𝐸mig = Φ(𝑃2) − Φ(𝑃1)                                                   (7) 

 

𝐸mig = Φ(𝑃2) − Φ(𝑃1),                                                  (8) 

 

where Φ is the potential function of the ionic 

system. Furthermore, Φ also includes the pairwise 

interactions among the occupied lattices sites. Thus, an 

additional contribution to Eact resulting from the thermal 

average of this interaction must be considered, this being 

just the enthalpy of interaction per interstitial, h. Taking 

this additional contribution to Eact, proportional to h, then 

 

𝐸act = 𝐸mic + 𝛾ℎ                                                             (9) 

 

where  is temperature-independent and by 

microscopic details of interaction among the mobile ion 

defects is determined. Assuming the current view of the 

coupling model [23, 24] of associating the activation 

energy Eact with single ion migration energy Emig = (1 - 

β)Eact, The relationship between the activation energy and 

the microscopic energy for -RbAg4I5 near the phase 

transition can be write as follow: 

 

Δ𝑐𝑝 ≡
𝑑ℎ

𝑑𝑇
=

1

𝛾

𝑑(𝑛𝐸act)

𝑑𝑇
=

1

𝛾

𝑑𝐸mig

𝑑𝑇
                                     (10) 
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CONCLUSIONS 

Simultaneous measurements of the ionic 

conductivity and the specific heat in -RbAg4I5 near the -

to- at 120 K, establish an accurate proportionality 

between the interaction enthalpy h [i.e., Eq. (10)], obtained 

from specific heat data and the migration activation energy 

Emig obtained from impedance spectroscopy data. Here we 

have used the Ngai coupling model for ionic migration, in 

which a single ion activation microscopic energy is 

associated with that of ionic conduction [i.e., Eq. (6)]. In 

other words, this concordance between the cp and the 

Emig provides evidence that the energetics of the partially 

occupied silver sites as described by the enthalpy and the 

availability of these sites for Ag-ion displacement are 

closely related, indicating that they obey the same 

mechanism. We emphasize the importance of using these 

different experimental techniques, such as specific heat 

measurements and impedance spectroscopy, in a highly 

correlated ionic motion, as these allowed us to find 

matching energy results. 
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