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a b s t r a c t   

High-quality single crystals of Ag6+x(P1−xGex)S5I (0.25, 0.5, 0.75) solid solutions are grown from the solu
tion–melt by vertical zone crystallization method. In order to study the crystal structure and to establish the 
mechanism of formation of Ag6+x(P1−xGex)S5I solid solutions as well as to explain the peculiarities of ion 
transport, the investigation of the single crystals was carried out using XRD analysis by the Rietveld method 
based on the refined models of initial Ag6PS5I and Ag7Ges5I structures. The measurements of electrical 
conductivity of single-crystal Ag6+x(P1−xGex)S5I samples was performed using impedance spectroscopy 
method in frequency range of 1 × 101–2 × 106 Hz and temperature interval of 293–383 K. Ionic and electronic 
components of electrical conductivity are determined using Nyquist plots. Based on the analysis of com
positional dependences, it was found that for solid solutions the maximum of the ionic component of 
electrical conductivity and the minimum of its activation energy are observed. The features of the ion 
transport mechanism in Ag6+x(P1−xGex)S5I solid solutions with a heterovalent substitution are explained. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Argyrodites as a wide class of tetrahedrally densely packed 
ternary and quaternary compounds got its name from the mineral 
Ag8GeS6 [1]. At present, a significant number of argyrodite structure 
representatives [1–3] are known, the general formula of which is 
given in Ref. [2]. The argyrodite structure always includes two types 
of cations: single-charge (type A) and multi-charge (type B). Cations 
of type B, with valence from 3 to 5, are tetrahedrally coordinated by 
anions and form a rigid anionic frame, as well as the single-charged 
(rarely two-charge) type A cations are in the voids between them 
and have different crystallographic positions [1,2]. 

The most studied are ternary and quaternary argyrodites, which 
include multi-charge (Si4+, Ge4+, P5+) and single charge (Cu+, Ag+, Li+) 
cations [3–9]. It should be noted that single- and multi-charge ca
tions are subject to isomorphic substitution, resulting in a large 
number of existing solid solutions [10–14]. Argyrodite structure 
compounds have interesting physical properties and can be suc
cessfully used as optical, ferroelastic, thermoelectric materials  

[7–11,14–18]. However, due to the peculiarities of their crystal 
structure providing high ionic conductivity due to the disordered 
sublattice of type A cations, the greatest number of investigations is 
devoted to compounds of argyrodite structure as promising solid- 
electrolytic materials. 

To improve the physico-chemical parameters of the aforemen
tioned materials, studies of both isovalent and heterovalent sub
stitution of atoms are actively performed [19–24]. Thus, in Refs.  
[21–24] the possibility of increasing ionic conductivity and reducing 
activation energy by P5+↔Ge4+ (Li6+xP1−xGexS5I) та P5+↔Si4+ 

(Li6+xP1−xSixS5Br) heterovalent substitutions is shown. 
Ag+-containing materials have high values of electrical con

ductivity. Thus, for Ag6PS5I the value of the total electrical con
ductivity is 1.2 × 10−4 S/cm (300 K) [7]. For Ag7GeS5I the value of the 
total electrical conductivity is 4.7 × 10−2 S/cm [20], while the value of 
the ionic component of electrical conductivity is 7.98 × 10−3 S/cm 
(298 K) [19]. The proximity of values of Ag6PS5I and Ag7GeS5I lattice 
parameters [7,25] indicates the possibility of the formation of solid 
solutions based on them. That is why it was decided to study the 
P5+↔ Ge4+ heterovalent substitution within Ag6PS5I—Ag7GeS5I 
system. 

In this respect, the aim of this paper is to grow Ag6+x(P1−xGex)S5I 
(0.25, 0.5, 0.75) single crystals, study the interrelation between 
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structure and electrical properties, investigate the compositional 
behavior of electrical conductivity, compositional disordering pro
cesses and ion transport mechanism. 

2. Experimental 

Alloys of Ag6PS5I – Ag7GeS5I system were synthesized by direct 
one-temperature method from pre-synthesized tetrahedral Ag6PS5I 
and Ag7GeS5I. Synthesis of Ag6PS5I and Ag7GeS5I was carried out 
from simple substances: silver (99.995%), phosphorus (99.99%), 
sulfur (99.999%), germanium (99.99%) and presynthesized binary 
argentum (I) iodide, additionally purified by directional crystal
lization method, taken in stoichiometric ratios in vacuumed up to 
0.13 Pa quartz ampoules. Synthesis mode for Ag6PS5I and Ag7GeS5I 
included a stepped heating up to 723 K at a rate of 100 K/h (exposure 
during 48 h), a further increase in temperature to 1100 K for Ag6PS5I 
and 1273 K for Ag7GeS5I at 50 K/h and exposure at this temperature 
for 24 h. Synthesis mode of alloys within Ag6PS5I – Ag7GeS5I system 
included stepped heating at a rate of 100 K/h to 1273 K and exposure 
during 72 h. The annealing temperature was 733 K (120 h shut
tering). Cooling to room temperature was carried out in the oven 
off mode. 

Growing of Ag6+x(P1−xGex)S5I (0.25, 0.5, 0.75) crystals was carried 
out by crystallization from solution-melt in a two-zone tubular re
sistance furnace using a quartz container of special configuration. 
Technological conditions for growing Ag6+x(P1−xGex)S5I crystals are 
given in Table 1. In order to homogenize the melt, 24 h of ampoule 
exposure was carried out at temperatures in the range 1143–1203 K 
(~50 K more than Tm) in the melt zone (Table 1). The process of the 
crystal growing consists of the formation of the embryo in the lower 
conical portion of the container by the method of recrystallization in 
the course of 24 h and the crystal build-up on the formed seed. The 
optimum rate of crystallization front movement was 0.4–0.5 mm/h, 
annealing temperature determined as ~2/3 Tm was in the range 
730–770 K (72 h), cooling to room temperature at a rate –5 K/h. By 
this method, the crystals of Ag6+x(P1−xGex)S5I solid solutions of dark 
gray color with a metallic luster, 30–40 mm in length and 10–12 mm 
in diameter were obtained. 

In order to study the crystal structure peculiarities of Ag6+x 

(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions caused by P+5↔ Ge +4 

heterovalent cationic substitution, and to determine their effect on 
ionic conductivity, the study of the obtained single crystals was 
carried out by the Rietveld XRD analysis [26,27]. Determining basic 
structural parameters was carried out on the basis of refined models 
of initial structures of Ag6PS5I and Ag7GeS5I [25]. Experimental data 
(Fig. 1) were obtained using the AXRD Benchtop (Proto Manu
facturing Limited) diffractometer (hybrid photon counting detector) 
DECTRIS MYTHEN2R 1D, shooting geometry – Bragg-Brentano θ/2θ, 
CUKα radiation (Ni - filter), angle scanning range –10–120° 2° θ with 
dynamic ROI (dynamic region of interest), exposition 1 s. Calculation 
and refinement of the model was carried out using the program 
EXPO 2014 [28,29], visualization – using VESTA 3.4.4 [30]. 

Investigations of electrical conductivity of Ag6+x(P1−xGex)S5I 
(x = 0.25, 0.5, 0.75) solid solutions performed out by impedance 
spectroscopy [31] in frequency range (1 ×101–2 ×106 Hz) and tem
perature interval (293–383 K) using high-precision LCR meters 
Keysight E4980A and AT 2818. The amplitude of the alternating 
current constituted 10 mV. Measurements were carried out by a 

two-electrode method on blocking (electronic) gold contacts, which 
were applied by chemical precipitation from solutions. The analysis 
of the received dependencies using the Nyquist plots was carried out 
in the program ZView 3.5. 

3. Results and discussion 

3.1. Crystal structure 

Ag6PS5I and Ag7GeS5I compounds crystallize in a face-centered 
cubic cell of argyrodite structure [1,2], SG (spatial group F-43 m, Z=4) 
with lattice parameters a= 10.4745 (1) for Ag6PS5I and a= 10.6832 (4) 
for Ag7GeS5I, respectively, which are well consistent with the lit
erature data [7,13,19,20,25]. Based on the results of the full-profile 
analysis by the Rietveld method (Fig. 1), it is established that a 
continuous series of Ag6+x(P1−xGex)S5I solid solutions is formed in 
Ag6PS5I – Ag7GeS5I system. The latter is also confirmed by the 
compositional dependence of the lattice parameter, which is shown 
on the insert in Fig. 1. Thus, the investigated Ag6+x(P1−xGex)S5I 
(x = 0.25, 0.5, 0.75) solid solutions crystallize in the structure of ar
gyrodite SG (spatial group F-43 m, Z = 4). The change of the cubic 
lattice parameter (insert to Fig. 1) occurs with insignificant positive 
deviations from the Vegard law, which indicates the compositional 
disordering of the crystal structure in the formation of a solid 
solution. 

Let us consider in more detail the mechanism of heterovalent 
P+5→Ge+4 cationic substitution within an anionic sublattice for Ag6+x 

(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions on the example of 
coordination polyhedra. The basis of the anionic framework of 
Ag6PS5I and Ag7GeS5I compounds consists of [P(Ge)S4], [S3I] and 
[SI4] tetrahedra, of which icosahedra are formed, and that is char
acteristic for all compounds with the argyrodite structure [2]. In the 
process of solid solutions formation phosphorus substitution on 
germanium occurs in position P1 (4b), which causes the formation of 
common position P1Ge1. As a result, the structure of Ag6+x(P1−xGex) 
S5I (x = 0.25, 0.5, 0.75) anionic sublattice appears to have [(PGe)S4] 
tetrahedra in its basis (Fig. 2a). Icosahedra (Fig. 2b) formed from 
[(PGe)S4], [S3I] and [SI4] tetrahedra, are coordinated around the 
sulfur atom S1 (16e), which is simultaneously the vertex of the 
tetrahedra [(PGe)S4]. Since the structure of argyrodite is character
ized by the presence of interpenetrating icosahedra, the sulfur atom 
S1 (16e) is also the vertex of the next [SS9I3] icosahedron. 

Obviously, the heterovalent substitution P+5→Ge+4 causes the 
disordering of the anionic sublattice of crystalline structures of Ag6+x 

(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions. This leads to the 
disordering of the mobile cationic sublattice, which is due to the 
presence of doubled [AgS3I2] tetrahedra, the last are components of 
icosahedra (Fig. 2b). The doubled tetrahedra are coordinated around 
Ag1 and Ag2 positions (Fig. 3) by S1, S2 sulfur atoms and I1 io
dine atom. 

Thus, in the structure of Ag6+x(P1−xGex)S5I (х = 0.25, 0.5, 0.75) 
solid solutions, two symmetrically independent silver atoms can be 
distinguished in the positions Ag1 (24 g) and Ag2 (48 h), with Ag1 
atom being in triangular coordination of sulfur atoms (S1S2S1) with 
a slight displacement to the S1S2 edge, while the Ag2 atom is tet
rahedrally coordinated (S1S2S1I1) with displacement to the planes 
of triangles (S1S2S1) and (S1S2I1) (Fig. 3). 

Table 1 
Technological conditions for growing of Ag6+x(P1−xGex) S5I (x = 0.25, 0.5, 0.75) crystals.      

Composition Temperature of the melt zone (K) Temperature of the annealing zone (K) Time of growth (hours)  

Ag6.25P0.75Ge0.25S5I  1143  733  168 
Ag6.5P0.5Ge0.5S5I  1183  763  168 
Ag6.75P0.25Ge0.75S5I  1203  773  168 
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Fig. 1. Experimental and calculated diffractograms of Ag6+x(P1−xGex)S5I. The insert shows the compositional dependence of the parameter of the elementary cell for Ag6+x 

(P1−xGex)S5I. 
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3.2. Electrical conductivity 

Fig. 4. shows the frequency dependences of the total electrical 
conductivity for Ag6+x(P1−xGex)S5I solid solutions. The frequency 
dependences of the total electrical conductivity showed a growth of 
conductivity with increasing frequency for all compositions. For 
detailed studies of frequency dependences of electrical conductivity 

Fig. 2. [(PGe)S4] tetrahedra (a) and [SS9I3] icosahedron (b) in the structure of 
Ag6.5P0.5Ge0.5S5I solid solution. 

Fig. 3. [S3I2] doubled tetrahedra in the structure of Ag6+x(P1−xGex)S5I solid solutions: 
(a) Ag6.25P0.75Ge0.25S5I, (b) Ag6.5P0.5Ge0.5S5I, (c) Ag6.75P0.25Ge0.75S5I. 

Fig. 4. Frequency dependences of total electrical conductivity for Ag6+x(P1−xGex)S5I 
solid solutions at T = 298 K: (1) Ag6.25P0.75Ge0.25S5I, (2) Ag6.5P0. 5Ge0.5S5I, 
(3) Ag6.75P0.25Ge0.75S5I. 

Fig. 5. EEC and Nyquist plots for Ag6+x(P1−xGex)S5I solid solutions at different tem
peratures: (a) Ag6.25P0.75Ge0.25S5I, (b) Ag6.5P0.5Ge0.5S5I, (c) Ag6.75P0.25Ge0.75S5I. 
Experimental data correspond to the solid dots, calculated data correspond to the 
open dots. 
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and its separation into ionic and electronic components, a standard 
approach with the use of electrode equivalent circuits (EEC) and 
analysis of the Nyquist plots was used [31–33]. The parasitic in
ductance of the cell (~2 × 10−8 H) was taken into account during the 
analysis. 

Single-crystal samples of Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) 
solid solutions are characterized by a rather low value of electronic 
conductivity (σion > σ el), which led to the displacement of the low- 
frequency semicircle in the low-frequency region, which is the evi
dence of the influence of diffusion and relaxation processes. On the 
Z′-Z dependencies, two semicircles are observed for all solid solution 
compositions at a temperature of 298 K, and the high-frequency 
semicircle is very weakly expressed (Fig. 5), and when the tem
perature rises, they degenerate into one semicircle. For the de
scription of Nyquist plots of all solid solutions, one EEC is chosen, 
which can be divided into two parts, describing the processes as
sociated with ionic and electronic components of electrical con
ductivity, respectively. 

Diffusion relaxation processes at the electrode/crystal boundary 
correspond to low-frequency semicircles on Nyquist plots, which is 
expressed by the included capacity of the double diffusion layer Cdl 

(Fig. 5). The prevailing influence of diffusion and relaxation ion 
processes, against the background of sufficiently low values of 
electronic and ionic components of electrical conductivity, leads to a 
fuzzy representation of high-frequency semicircles, which in turn 
are described by the processes of electrical conductivity on domain 
boundaries, which is represented on EEC by the serially connected 
resistance Rdb (Fig. 7) with parallel-connected capacitance Cdb. Thus, 
the ionic conductivity of Ag6+x(P1−xGex)S5I (х = 0.25, 0.5, 0.75) solid 
solutions is determined by the resistance of domain boundaries Rdb. 
Nature of domains in Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid so
lutions, as in the case of Ag6PS5I and Ag7GeS5I, is possibly associated 
with the presence of a mosaic texture of a crystal. In this case, the 
domain boundaries represent a structural heterogeneity, which 
manifests itself in the disorientation of texture elements <1° [34]. 

Parallel to the elements responsible for the ionic processes, the 
EEC includes elements responsible for the electronic component of 
electrical conductivity, namely the electronic resistance Re and the 
electronic resistance of the domain boundaries Rdbe with parallelly 
connected capacitance Cdbe, which contributes to the representation 
of both semicircles on Nyquist plots. Consequently, the electronic 
component of the electrical conductivity of Ag6+x(P1−xGex)S5I 
(x = 0.25, 0.5, 0.75) solid solutions is determined by the sum of the 
resistance of the domain boundaries Rdbe and the resistance Re. 

EEC, which is shown in Fig. 5, well describes the temperature 
behavior of impedance of single crystals of solid solutions in the 
temperature interval 293–383 K, as well as ionic and electronic 
processes occurring in the materials under study. This is evidenced 
by the sequential degeneration of two semicircles into one observed 
at a temperature above 323 K, due to a significant increase in the 
ionic component of electrical conductivity. 

The analysis of impedance spectra made it possible to investigate 
compositional (Fig. 6a) and temperature (Fig. 7) dependences of 
ionic and electronic components of electrical conductivity of single 
crystals of Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions. 

It is established that the compositional dependence of the ionic 
component of electrical conductivity (Fig. 6a, curve 1) has a non
monotonous nonlinear character, which manifests itself in its sharp 
growth at P+5→Ge+4 cationic substitution within the anionic sub
lattice, compared with initial ternary Ag6PS5I and Ag7GeS5I. Thus, 
the value of the ionic component of electrical conductivity is 
1.79 × 10−3 S/cm for Ag6PS5I and 7.98 × 10−3 S/cm for Ag7GeS5I [19], 
whereas for Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions its 
value is in the range from 2.4 × 10−2 S/cm to 2.9 × 10−2 S/cm. Instead, 
the value of the electronic component of electrical conductivity 
(Fig. 6a, curve 2), which for Ag6PS5I is 1.64 × 10−6 S/cm at P+5→Ge+4 

cationic substitution decreases without any features on the com
positional dependence. On the insert to Fig. 6a the compositional 
dependence of the ratio of the ionic component of electrical con
ductivity to electronic one is shown. It is established that for Ag6+x 

(P1−xGex) S5I (x = 0.25, 0.5, 0.75) solid solutions the ionic component 
is more than 104 times higher than the electronic one. 

In Fig. 7 the temperature dependences of the ionic (curve 1) and 
electronic (curve 2) components of electrical conductivity in Ar
rhenius coordinates are shown. It is established that they have a 
linear character and are described by Arrhenius law, which indicates 
the thermoactivation mechanism of electrical conductivity. With 
their help, the activation energies of both ionic and electronic con
ductivity components were determined (Fig. 6b). The compositional 
dependence of the activation energy of ionic conductivity (Fig. 6b, 
curve 1) shows a nonlinear decrease in the activation energy in solid 
solutions, which for Ag6.75P0.25Ge0.75S5I reaches a minimum 
(0.092 eV). In this case, the activation energy of electronic con
ductivity at P+5→Ge+4 cationic substitution (Fig. 6b, curve 2) in
creases nonlinearly without any features. 

3.3. Mechanism of ionic conductivity 

Let us consider the mechanism of ion transport for Ag6+x 

(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions. Although Ag1 (24 g) 
is located in the plane of the triangle S1S2S1, the moving in the 

Fig. 6. Compositional dependences of ionic (1) and electronic (2) components of 
electrical conductivity (a) as well as the activation energies (b) of ionic (1) and 
electronic (2) components of electrical conductivity at T = 298 K for Ag6+x(P1−xGex)S5I 
solid solutions. The insert shows the compositional dependence of the ratio of the 
conductivity components for Ag6+x(P1−xGex) S5I solid solutions. 
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structure is an atom in position Ag2 (48 h), which is shifted to the 
plane S1I1S2 and to the edge S2I. This is explained by the smaller 
values of SOF (site occupancy factor) Ag2 vs. Ag1, so the mechanism 

of ion transport can be considered as ion diffusion through “chan
nels” Ag2–Ag2 (Fig. 8). 

To estimate the efficiency of ion transport in Ag6+x(P1−xGex) S5I 
solid solutions we use the SOF parameters and dmax, the first of 
which shows the disordering (mobility) of the position, and the 
second is limiting distance in the “grid” of mobile cations migration 
in Ag2 position. 

As can be seen from Fig. 9a (curve 1), the maximal Ag2–Ag2 
distance at cationic P+5→Ge+4 substitution is characterized by a 
tendency to increase, but within small limits (2.88 – 3.09 Å). Instead, 
the compositional dependence of SOF for Ag2 (Fig. 9a, curve 2) is 
characterized by the presence of a minimum for the solid solution 
Ag6.25P0.75Ge0.25S5I (0.228) in comparison with the initial quaternary 
Ag6PS5I and Ag7GeS5I, for which the SOF value is 0.239 and 0.273, 
respectively. Noteworthy is the fact that both dmax and SOF for Ag6+x 

(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions are smaller than for 
the Ag7GeS5I crystal, for which the value of the ionic component of 
conductivity is 7.98 × 10−3 S/cm [19], which should lead to better ion 
transport efficiency. However, for Ag6PS5I the ionic component 
(1.79 × 10−3 S/cm) of electrical conductivity is lower than for 
Ag7GeS5I, even if there are more favorable structural parameters. In 
addition, the nonlinear behavior of the compositional dependence of 
the ionic component of electrical conductivity (Fig. 6a, curve 1) and 
its activation energy (Fig. 6b, curve 1) can not be explained using 
parameters such as SOF for Ag2 and the maximal distance in the 
“grid” of mobile cations migration into position Ag2 (Fig. 9a). 

Let us consider in this respect the Ag6+x(P1−xGex) S5I (x = 0.25, 0.5, 
0.75) solid solutions. Thus, for Ag6.25P0.75Ge0.25S5I the smallest 

Fig. 7. Temperature dependences of ionic (1) and electronic (2) components of electrical conductivity for Ag6+x(P1−xGex)S5I solid solutions.  

Fig. 8. The mechanism of ion transport for Ag6.5P0.5Ge0.5S5I solid solution on the 
example of “grid” of mobile cations migration at Ag2 position. 
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values of dmax Ag2–Ag2 and SOF are observed on the compositional 
dependence of structural parameters (Fig. 9a). However, the highest 
value of the ionic component of electrical conductivity (Fig. 6a, curve 
1) is observed not for Ag6.25P0.75Ge0.25S5I solid solution (2.41 × 10−2 

S/cm), but for Ag6.75 P0.25Ge0.75S5I (2.88 ×10−2 S/cm), as well as for 
Ag6.75P0.25Ge0.75S5I on the compositional dependence of the activa
tion energy there is a minimum of 0.092 eV (Fig. 6b, curve 1). It 
becomes obvious that with all the importance of the influence of the 
above-described structural parameters on the efficiency of ion 
transport, its limiting factor may be somewhat different. 

In this regard, let us consider the triangular pyramids Ag2S1S1S2 
([AgS3]) (Fig. 10), which are a component of the doubled [AgS3I2] 
tetrahedra (Fig. 3), which will allow estimating the displacement of 
the atom in position Ag2 relatively to the triangular plane S1S2 of 
[S3I2] polyhedron. 

To quantify the degree of displacement of Ag2 atom relatively to 
the triangular plane S1S1S2, we use the value of the distortion index 
D [30,35] and the effective coordination number ECoN [30, 36–39]. 
The distortion coefficient D is defined as the average value of the 
relative deviation of the Ag-S bond lengths in the above pyramid, 
whereas ECoN is defined as the sum of the contributions of each 
bond to the effective coordination number. The above parameters 
were calculated using VESTA 3 [30] program, and their composi
tional dependencies are shown in Fig. 9b. 

It is established that the compositional behavior of the distortion 
index D (Fig. 9b, curve 1) and the effective coordination number 
ECoN (Fig. 9b, curve 2) for Ag6+x(P1−xGex)S5I solid solutions is non
monotonous and nonlinear, which is manifested in the presence of 
the distortion index D maximum and, accordingly, the ECoN 
minimum observed for Ag6.75P0.25Ge0.75S5I. From this, it follows that 
for Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) solid solutions, the dis
placement of the atom at the Ag2 position relative to the S1S2 tri
angular plane is greater than for Ag6PS5I, and for Ag6.75P0.25Ge0.75S5I, 
this displacement is greater than for both initial quaternary halogen- 
chalcogenides, which certainly contributes to the Ag2 ion transport 
in the “grid” of mobile cation migration (Fig. 8). 

We would analyze the nonlinear change of the ionic component 
of electrical conductivity (Fig. 6a, curve 1) using the distortion index 
D and the activation energy (Fig. 6b, curve 1) of ionic conductivity 
using ECoN. In the process of heterovalent cationic P+5→Ge+4 sub
stitution for Ag6.25P0.75Ge0.25S5I solid solution there is a sharp in
crease in the ionic component of electrical conductivity (Fig. 6a, 
curve 1), which is associated with the growth of the distortion index 
D (Fig. 9b, curve 1) and SOF minimum (Fig. 9a, curve 2). With further 
increase in the number of Ge+4 cations, despite the rapid increase in 
the distortion index D, the ionic component of electrical con
ductivity increases gradually enough, which is associated with the 
gradual increase in SOF, and for Ag6.75P 0.25Ge0.75S5I solid solution, it 
reaches its maximum value, like the distortion index. 

A similar compositional behavior is observed for the activation 
energy of the ionic component of electrical conductivity (Fig. 6b, 
curve 1), which almost completely depends on the change in the 
ECoN parameter (Fig. 9b, curve 2). 

Thus, it can be concluded that in the presence of favorable 
structural parameters (small values of SOF and dmax), which allow 
evaluating the efficiency of ion transport, no less important are the 
parameters that allow to determine the degree of displacement of 

Fig. 9. Compositional dependences of dmax Ag2–Ag2 (a, curve 1) and SOF (a, curve 2) 
in the “grid” of mobile cations migration as well as the distortion index D (b, curve 1) 
and effective coordination number ECoN (b, curve 2). 

Fig. 10. [AgS3] triangular pyramid in the structure of Ag6+x(P1−xGex)S5I: (a) Ag6PS5I, (b) Ag6.25P0.75Ge0.25S5I, (c) Ag6.5P0.5Ge0.5S5I, (d) Ag6.75P0.25Ge0.75S5I, (e) Ag7GeS5I.  
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the mobile cation within the polyhedra (D, ECoN) and explain in 
detail the features of ion transport in the material under study. 

4. Conclusions 

Synthesis of Ag6+x(P1−xGex)S5I (x = 0.25, 0.5, 0.75) compounds 
was carried out as well as the single crystals of dark gray color with 
metallic luster, 30–40 mm in length and 10–12 mm in diameter were 
grown from solution-melt using vertical crystallization method. 

Using the full-profile analysis by the Rietveld method, we es
tablished that a continuous series of solid solutions is formed in 
Ag6PS5I – Ag7GeS5I system. The crystal structure of Ag6+x(P1−xGex)S5I 
(x = 0.25, 0.5, 0.75) is calculated, as a result of which the basic 
structural parameters are determined. The main structural features 
caused by heterovalent cationic P+5↔Ge+4 substitution within an 
anionic sublattice are established and discussed as well as their in
fluence on the cationic sublattice on the example of structure- 
forming polyhedra is shown. 

Total electrical conductivity is measured by impedance spectro
scopy using gold contacts in the frequency range from 10 Hz to 
2 MHz and temperature interval 293–383 K on single-crystal sam
ples of Ag6+x(P1-xGe x) S5I (x = 0.25, 0.5, 0.75) solid solutions. Based on 
the frequency dependences of the total electrical conductivity, 
Nyquist plots were constructed, which were further analyzed using 
electrode equivalent circuits. Using this approach, the total electrical 
conductivity was divided into ionic and electronic components, 
which allowed to build their compositional dependence and de
termine the σion/σel ratio. It is established that the temperature de
pendences of the ionic and electronic components of electrical 
conductivity are linear and are described by Arrhenius law, which 
indicates the thermoactivation mechanism of electrical conductivity. 
According to the results of temperature studies, activation energies 
of both ionic and electronic component of electrical conductivity 
were determined. 

The peculiarities of ion transport mechanism in Ag6+x(P1−xGex)S5I 
(х = 0.25, 0.5, 0.75) solid solutions are explained on the basis of 
analyzing the features of crystal structure, compositional behavior of 
the ionic component electrical conductivity and its activation 
energy. 
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