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Abstract. Samples of Ag8Ge1−xMnxTe6 solid solutions with varying manganese content (x = 0, 0.05, 0.1, 0.2)

were synthesized by fusing and subsequently pressing the powdered precursors under a pressure of 0.6 GPa. X-

ray diffraction analysis revealed that the introduction of manganese atoms led to a compression of the Ag8GeTe6

crystal lattice. All p-type samples exhibited high resistance below the transition region, with resistivity values

measured in the temperature range of 180–220 K. The electrical conductivity of all compositions in the temper-

ature range of 220–300 K increased via a hopping conduction mechanism, and for temperatures above 320 K,

semiconductor-like behavior was observed. Impedance spectroscopy analysis showed that at 80 K, the solid solu-

tions exhibited behavior characteristic of a homogeneous dielectric material. At elevated temperatures and under

high-frequency external electric fields, the role of grain boundaries in electrical conductivity became significant.

Additionally, the dielectric anomaly observed at low frequencies was attributed to the influence of grain boundary

effect.
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1 Introduction

Over the past few decades, the study of ionic crystals has become increasingly prevalent due
to their extensive applications in electronics and energy technologies. Devices in these fields
frequently rely on ion-conducting solid crystals. The investigation of ion transport processes
in solid-state materials has significantly broadened the range of systems that exhibit ionic con-
ductivity. As a result, ionic conductors are now widely employed in various devices used in
electronics and power engineering (Hoang et al., 2025). These devices typically incorporate
solid crystalline or polymer-based ionic conductors. The operation of such devices is funda-
mentally governed by electrochemical processes occurring both at the interface between the
electrode and the ionic conductor and within the polycrystalline electrolyte itself. Among the
most accessible and informative methods for investigating electrochemical and electrophysical
phenomena in ion-conducting materials is impedance spectroscopy. This technique has become
a valuable analytical tool across multiple disciplines, including electrochemistry, physics, and
materials science. In recent years, scientifically validated approaches have been developed to ob-
tain detailed insights not only into the intrinsic properties of the materials under investigation
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but also into the mechanisms underlying the observed processes. Currently, impedance spec-
troscopy is primarily utilized to quantify ionic conductivity. For such measurements, a medium
frequency range is typically sufficient. The ionically conductive ternary compound Ag8GeTe6,
due to its complex crystal structure (Bendorius et al., 1975, Rysanek et al., 1976, Geller, 1979)
and large unit cell, exhibits several unusual physical properties. These include low thermal
conductivity, a narrow band gap (∼0.4 eV) (Fujikane et al., 2005), and superionic conductivity.
Additionally, it demonstrates promising thermoelectric performance at temperatures of 500 K
and above. Owing to these characteristics, Ag8GeTe6 is considered a prospective material for
thermoelectric applications, functioning both as a converter of thermal energy into electrical
energy and as an electrolytic material for energy storage in batteries. Consequently, in the last
two decades, there has been growing interest in the study of such materials (Fujikane et al.,
2005, Charoenphakdee et al., 2008, Zhu et al., 2010). It is well established that the properties
of solid solutions and the temperatures of their phase transitions can be effectively tuned by
varying their composition. Impurity atoms, which are part of the alloy, lead to violations of the
potential field and periodicity of the crystal. A deformation region forms around defects and
impurity atoms, which distorts the crystal lattice. Such distortions reduce the mean free path
of phonons and charge carriers, thereby significantly altering the material’s physical properties.
In this study, new alloys were synthesized by adding highly soluble and diffusible manganese
to the Ag8GeTe6 ternary compound. The incorporation of Mn atoms as magnetic impurities
induces significant lattice distortions, which in turn affect the transport of phonons and charge
carriers (Bekpulatov et al., 2025). Preliminary structural analyses indicate that the synthesized
alloys retain the primary structure of AAg8GeTe6; however, the diffraction peaks for the com-
position containing 10% Mn exhibit a slight shift toward lower angles. This suggests that the
incorporation of Mn leads to lattice compression in the host matrix (Gahramanova et al., 2018).
Moreover, the addition of Mn results in the formation of a weakly antiferromagnetic material
(Rahimov et al., 2021). In this article, we investigate the electrical conductivity under a con-
stant electric field, as well as the impedance spectroscopy of theAg8Ge1−xMnxTe6 solid solution
system.

2 Experimental

Solid solutions of Ag8Ge1−xMnxTe6 (x = 0, 0.05, 0.1, 0.2) were synthesized in two stages. In
the first stage, stoichiometric amounts of Ag, Ge, Te, and Mn were loaded into an ampoule,
which was then evacuated to a pressure of 1.3 mPa and sealed. The ampoule was vibrated and
gradually heated to 1250 K, held at this temperature for 4 hours, and then annealed at 900
K for 50 hours. In the second stage, the synthesized material was ground into powder using
an agate mortar and passed through a 100-micron sieve. The sieved powder was placed into a
parallelepiped-shaped steel mold and compressed under a pressure of 0.6 GPa. The resulting
samples were annealed at approximately 800 K for 10 hours to achieve homogenization.

XRD analysis of the samples was conducted using a Bruker D2 Phaser diffractometer with
CuKα radiation over a 5−−80◦ 2θ range. Calorimetric studies were performed under an argon
atmosphere in the 100–900 K temperature range using a NETZSCH DSC 204F1 Differential
Scanning Calorimeter. Sapphire was used as a reference material, with a heating rate of 10
K/min and an argon gas flow rate of 20 mL/min.

Electrical conductivity and Hall coefficient measurements under constant electric and mag-
netic fields were carried out in the 80–700 K temperature range using the four-probe method.
For frequency dependent specific conductivity measurements, disk-shaped samples with a di-
ameter of 6 mm and a thickness of 1 mm were prepared. Silver paste was applied to the flat
surfaces of the disks, and copper contacts were attached. The frequency dependence of specific
conductivity and capacitance was measured using a Precision LCR Model 1920 (IET Labs).
The applied voltage during the measurements was 200 mV. Based on the measured capacitance
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and conductivity data, the real and imaginary parts of the dielectric constant were calculated.

Experimental results were analyzed using an equivalent circuit model with a parallel RC con-
tour. Frequency-dependent impedance measurements were also conducted at room temperature
and at 80 K (liquid nitrogen temperature).

3 Results and discussion

The diffraction patterns of the Ag8Ge1−xMnxTe6 solid solutions (x = 0, 0.1, 0.2) are presented in
Figure 1. Investigations indicate that the synthesized solid solutions exhibit a crystal structure
identical to that of the Ag8GeTe6 ternary compound. However, for compositions containing 10%
and 20% manganese, the diffraction peaks exhibit slight shifts toward lower angles, suggesting
that the incorporation of manganese atoms induces a minor lattice expansion (Tran et al., 2025).
As shown in Figure 1, in the sample with x = 0.20, all major diffraction peaks correspond to the
Ag8GeTe6 ternary compound, while the relatively intense reflections at 28.8◦ and 31.5◦, along
with other weaker reflections, are presumed to correspond to the MnTe2 phase (Szwacki et al.,
2004, Ibaeva et., 2024).

Figure 1: XRD patterns of the Ag8Ge1−xMnxTe6 solid solutions.

It should be noted that the information in the literature regarding the low-temperature
structure of Ag8GeTe6 is ambiguous. The compound is reported to belong to a space group,
with a lattice constant is a = 11.58 ± 0.02A (Bendorius et al., 1979, Ibragimov., et al, 2024).
According to Geller’s research (Geller, 1979), the Ag8GeTe6 compound belongs to the F43m
space group with Z = 4 and a lattice constant of a = 11.58± 0.02Å. In studies (Gaudin et al.,
2000), it is shown that compounds belonging to the argyrodite family exhibit numerous struc-
tural transitions at temperatures below room temperature. According to the studies by Kawaji
and Atack, four transitions are observed in the Ag8GeTe6 compound: first-order (structural)
transitions at 223K and 245K, and second-order transitions at 156K and 170K (Kawaji & Atake,
1994). Some authors, however, consider all transitions to be first-order, while others suggest
that these transitions are related to the ordering of Ag+ ions (Evain et al., 1998, Gaudin et al.,
2000).

To identify the structural changes induced by manganese in the Ag8Ge1−xMnxTe6 alloys,
Differential Scanning Calorimetry (DSC) was employed to study variations in heat flow within
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the samples. The DSC curve of the Ag8Ge1−xMnxTe6 (x = 0, 0.05, 0.1, 0.2) solid solutions
presented in Figure 2. As seen in the Ag8GeTe6 compound endothermic peaks are observed
at 225 K, 243 K, and 638 K. Similarly, in the Ag8Ge1−xMnxTe6 solid solutions, the same two
endothermic peaks below room temperature are present. However, additional endothermic peaks
are observed above room temperature, approximately at 340 K and 626 K.

Figure 2: Results of DSC analysis for Ag8Ge1−xMnxTe6 solid solutions.

Figure 3: Elemental analyses for Ag8Ge1−xMnxTe6 alloys (x = 0.05, 0.1and0.2).
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As shown in Figure 3, elemental analysis performed using a “JEOL 6610LV SEM” confirms
that the composition corresponds to that of the solid solution. Electrical conductivity mea-
surements of Ag8Ge1−xMnxTe6 alloys (x = 0, 0.05, 0.1, and0.2) were carried out under a static
electric field in the temperature range of 100–650 K. The results are presented in Figure 4(a)
and 4(b) with the inset showing the dependence of ln(T−1/4).

Figure 4: a - Temperature (T,K) dependence conductivity of Ag8Ge1−xMnxTe6 solid solutions;
Temperature (T0.25,K0.25) dependence conductivity of Ag8Ge1−xMnxTe6 solid solutions.

All samples exhibit high resistivity at temperatures below 180 K. In the temperature range of
200–650 K, the electrical conductivity of all samples demonstrates activated behavior, increasing
by nearly two to three orders of magnitude. It is noteworthy that in the temperature range of
180–300 K, the conductivity exhibits a hopping mechanism. According to Mott’s theory (Mott,
1969), electrical conduction in this regime occurs via a hopping between localized states situated
within a narrow energy band near the Fermi level. Transport through these localized states
results from charge carriers hopping from one localized site to another.

Hopping conduction typically occurs in compensated semiconductors at low temperatures,
involving transitions between nearest neighboring sites. In cases of weak donor compensation
within the impurity band, the density of states as a function of energy exhibits a maximum
corresponding to the ionization energy of the most isolated donor. When the initial and final
hopping sites are spatially close, their energies approximate this maximum density of states.
For a hopping event to occur, the target site must be unoccupied. The hopping conductivity
strongly depends on impurity concentration and typically follows an exponential relationship,
which serves as key experimental evidence supporting this conduction mechanism.

Accordingly, we analyzed the temperature dependence of the electrical conductivity, σ(T),
in the 220–300 K range using Mott’s variable-range hopping (VRH) relation (Mott 1969; Fateev,
2010):

σ(T ) = σ0 exp

[
−
(
T0
T

)1/4
]

(1)

where T0 = β/g(µ)r3kB, g(µ) is the density of localized states at the Fermi level, r is the radius
of localized states near the Fermi level, kB is Boltzmann’s constant, and β depends on the
dimensionality of the system (β = 21 in three dimensions (Ragimov et al., 2020)). The data
yield linear Mott plots in the specified temperature range, indicating that charge transport in
this regime occurs via hopping between localized states near the Fermi level. Structural disorder,
interstitial impurities, vacancies, and dislocations disrupt the periodicity of the crystal lattice,
creating localized states with in the band gap of an ideal crystal. As shown in Figure 4, the
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Mott relation (1) is valid in the 220–300 K temperature range for Ag8GeTe6. The value of T0
is determined by the inclination of the line in the coordinates ln(T−1/4):

T
1/4
0 =

lnσ1 − lnσ2

T
1/4
1 − T 1/4

2

(2)

Using the experimental data, we calculated the density of localized states g(µ)g(µ)g(µ) for the
Ag8Ge1−xMnxTe6 solid solutions as follows: Ag8Ge1−xMnxTe6: g(µ) = 1, 378× 1018 eV −1cm−3

(for x = 0); g(µ) = 1.684 × 1019 eV −1cm−3 (for x = 0.05); g(µ) = 6, 381 × 1018eV −1cm−3 (for
x = 0.1) and g(µ) = 4, 06× 1019eV −1cm−3 (for x = 0.2). These results support the assumption
that, in this temperature range, charge transport in these materials occurs through hopping
between localized states in a narrow energy band near the Fermi level (Ibayeva et al., 2025).

Given the granular nature of the studied samples, grain boundaries play a significant role
in charge transport via the hopping mechanism. Grain size calculations based on the Debye–
Scherrer model indicate that the average grain size in these solid solutions is approximately
1.5µm. Charge accumulation at intergranular boundaries can significantly influence conductiv-
ity and alter the dielectric properties of the material. The effect of grain boundaries on con-
ductivity can be further investigated using alternating current (AC) measurements. Impedance
spectroscopy provides valuable insights into charge transport mechanisms by accounting for the
microstructure of the sample, transport properties in layered structures (Sardarly et al., 2014),
phase transitions in ionic crystals (Alekperov et al., 2015), the impact of impurities on electro-
physical properties in doped materials (Ivanov et al., 2000), and the role of crystallites and their
interfaces in electrical conductivity (Yakimchuk et al., 2005).

The frequency-dependent dielectric permittivity of Ag8Ge1−xMnxTe6 solid solutions (x =
0, 0.05, 0.1, and 0.2), calculated from experimental conductivity and capacitance data, is pre-
sented in Figure 5(a) and 5(b) for temperatures of 80 K and 300 K, respectively. At 80 K,
the sample with 5% manganese exhibits a maximum dielectric permittivity (ε) of 40 at 20 Hz,
decreases to 30 at a frequency of 2× 105 Hz. At 300 K, these values increase anomalously. The
sharp rise in permittivity with increasing temperature is attributed to the enhanced concentra-
tion of ionic charge carriers at elevated temperatures.

Figure 5: a - The dependencies of the dielectric permittivity of Ag8Ge1−xMnxTe6 solid solutions
at 80 K; b-The dependences of the dielectric permittivity of Ag8Ge1−xMnxTe6 solid solutions at 300

K.

For the solid solution Ag8Ge1−xMnxTe6 (x = 0to0.2), the frequency dependence of the real
part Z′ and the imaginary part Z′ of the impedance is presented in Figure 6. At 80 K, the Z′(f)
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component exhibits a more pronounced decrease (from 109 Ohm to 102 Ohm) compared to the
Z′(f) component, which decreases from 109 Ohm to 104 Ohm. At 300 K, the Z′(f) dependence
changes very slightly up to a frequency of 105 Hz, after which it begins to decrease. For the
composition with x = 0.05, this decrease is more significant. Conversely, the Z′′(f) component
increases with frequency at 300 K. At this temperature, Z′′(f) exceeds Z′(f), and their ratio
varies from approximately hundred to one with increasing frequency.

Figure 6: a-Frequency dependencies of the real Z ′ and imaginary parts Z ′′ of the impedance at
80KAg8Ge1−xMnxTe6 solid solutions; b- Frequency dependencies of the real Z ′ and imaginary parts

Z ′′ of the impedance at 300 K for Ag8Ge1−xMnxTe6 solid solutions.

To gain insight into the polarization mechanism in the investigated solid solutions, impedance
spectroscopy (i.e., analysis of the dependence of Z′′ on Z′) was performed. Figure 7 presents the
Nyquist plots (hodographs) at temperatures of 80 K and 300 K. At 80 K, the Nyquist plots pass
through the origin and form semicircular arcs. The arc radii differ depending on the composition:
the smallest radius is observed for x = 0.1, while the largest is for x = 0.2. Such behavior suggests
that the material is homogeneous at this temperature. At 300 K temperature two arcs of circles
are observed in the hodograph, the sites of which are shifted from the ZI axis and with an
increasing composition approaching the origin of coordinates. It is important to note that no
form of lattice polarization is expected in this frequency range. Typically, the high-frequency
arc corresponds to charge transport within the grain volume, and the arc corresponding to lower
frequencies reflects the contribution of the intercrystalline boundary (Ivanov-Shits et al., 2000).
An equivalent circuit of such a spectrum is a parallel RC circuit.

Figure 7: a,b-The hodograph at 80 K and 300 K for Ag8Ge1−xMnxTe6 solid solutions.

The dielectric anomaly observed at low frequencies is also associated with effects occurring
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at intergranular boundaries (Irvine et al., 1990). Charges accumulate at the grain boundaries,
altering the dielectric constant of the material. According to the authors (Zukovskiy et al.,
1997), at low temperatures, the majority of defects reside in a neutral charge state. As the
temperature increases, charge exchange between defects can occur via hopping Mechanisms. As
the temperature increases, charge exchange occurs between defects through hopping processes.
A defect becomes temporarily charged and subsequently returns to its neutral state. This
dynamic, where in the charge state of defects changes via hopping, creates deep levels within
the forbidden energy gap and leads to an increase in dielectric permittivity under an external
electric field.

In heterogeneous systems with dielectric constant exceeding 1000 at low frequencies, the
role of grain boundaries in polarization can be analyzed using the concept of the “electrical
module” (Kudryashov et al., 2014). To correlate the features observed in impedance spectra
with capacitance behavior, complex conductivity or the electric modulus has been calculated
using the standard formulas (3) and (4).

Y =
1

ZI(f) + iZII(f)
=
ZII

Z2
− iZ

II

Z2
= Y I(f)− iY II(f) (3)

Y II = ∼ωCef (4)

The results derived from these expressions are presented in Figure 8.

Figure 8: a- The real YI and imaginary parts YII of the complex conductivity at 80 K for
Ag8Ge1−xMnxTe6 solid solutions; b-The real YI and imaginary parts YII of the complex conduc-

tivity at 300 K for Ag8Ge1−xMnxTe6 solid solutions.

At a temperature of 80 K, the real and imagunary parts of the complex conductivity follows
a frequency dependence of YI ∼ f0.96. This indicates that the effective capacitance parameter
Cef shows very weak frequency dependence, according to Equation (4). For the solid solutions
Ag8Ge1−xMnxTe6 (x = 0, 0.05, 0.10), the reduced capacitance Cef/C0 (where C0 = ε0S/d - is
the geometric capacitance of the sample, ε0- is the absolute dielectric constant, S is the contact
area, d is the distance between contact) has values ranges from 27 to 38 at 80 K and low
frequencies, as seen in Figure 9. At frequencies above 500 Hz, the effective capacitance remains
stable for all compositions. This behavior indicates that, at 80 K, the solid solutions act as
homogeneous dielectric materials. Indeed, in a homogeneous system, the parameter Cef would
correspond to the capacitance C of flat capacitor with dielectric constant ε. At 300 K and low
frequencies, the value of Cef/C0 ratio reaches approximately 107 , then decreases by three or four
orders of magnitude as frequency increases, whereas for a solution with composition x=0.05, this
ratio becomes constant for f > 20 kHz. Therefore, the parameter Cef/C0 cannot be considered
a reliable measure of the dielectric constant of the material. The parameter calculated using
expression (4) is significantly large within the examined temperature range, and due to its strong
frequency dependence, it cannot be interpolated as the material’s dielectric constant. In practical
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terms, while the parameter YI remains nearly unchanged, the measured capacitance decreases
with increasing frequency and approaches a limiting value. The extremely high capacitance
values observed at low frequencies cannot be attributed solely to lattice polarization. The
frequency corresponding to the observed effect is much higher than the frequencies at which the
measurements were conducted.

Figure 9: Frequency dependencies of the specific capacitance (Cef/C0) at 80 K and 300 K for
Ag8Ge1−xMnxTe6 samples.

It is important to note that a decrease in capacitance with decreasing frequency is fre-
quently observed. In many cases, capacitance decreases with increasing frequency. Under such
conditions, the effective capacitance at low frequencies becomes anomalously high, and the re-
calculated value of capacitance (Cef/C0) exceeds 103 − 104. At frequencies below 1012 Hz, such
behavior cannot be attributed to conventional polarization mechanisms namely ionic, electronic,
or orientational polarization since these are associated with rapid electronic processes.The au-
thors of (Lunkenheimer et al., 2002) have shown that even in systems where dipole moments
do not form due to the characteristics of the crystal lattice, anomalously high capacitance can
be observed as a result of structural inhomogeneity. Accordingly, the Cef/C0 parameter, calcu-
lated using Equation (3), becomes significantly large and exhibits a strong frequency dependence
within the given temperature range. In contrast to the practically unchanged parameter Y I ,
described capacitance decreases with an increasing frequency and approaches the value. Under
an alternating electric field, charge redistribution occurs gradually within the electronic sub-
systems between crystallites, giving rise to additional capacitance at low frequencies. As the
frequency increases, this contribution diminishes, and the high-frequency capacitance converges
to the intrinsic dielectric constant of the material.This phenomenon is commonly referred to as
the Maxwell–Wagner effect in the literature. In polycrystalline materials, such effects can arise
due to polarization processes occurring in the intercrystalline regions (Adams et al., 2006). As
the frequency of the external field increases, the slowest repolarization processes associated with
structurally inhomogeneous regions become ”frozen.” Consequently, the contribution of these
relaxation processes particularly those involving charge carriers near structural inhomogeneities
to the overall capacitance decreases with increasing frequency.

4 Conclusion

X-ray diffraction (XRD) and differential scanning calorimetry (DSC) analyses were employed
to confirm the structural identity of Ag8Ge1−xMnxTe6 solid solutions (x = 0, 0.05, 0.1, 0.2) in
comparison with the Ag8GeTe6 ternary compound. The incorporation of manganese atoms
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into the Ag8GeTe6 framework led to lattice compression and the formation of a deformation
field, resulting in a changes in lattice periodicity. Due to the anharmonicity of the lattice
vibrations, the alloy exhibits low thermal conductivity. Impedance spectroscopy revealed that
at liquid nitrogen temperatures, the complex conductivity increased with the frequency of the
external electric field following the relation YI ∼ f0.96. At 80 K, the reduced capacitance
remained nearly constant at frequencies above 100 Hz, suggesting that the solid solution behaves
as a homogeneous dielectric material at low temperatures. At room temperature, the reduced
capacitance exhibited anomalously high values at low frequencies, which decreased by three to
four orders of magnitude as the frequency increased. Complex conductivity at room temperature
remained constant up to a frequency of 105 Hz. These observations highlight the significant role
of intergrain boundaries in the electrical conductivity and dielectric response of the material.
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