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M. Azhniuk a,c, D.R.T. Zahn d 

a Uzhhorod National University, 46 Pidhirna Str., 88000 Uzhhorod, Ukraine 
b Comenius University, Mlynska Dolina, 84248 Bratislava, Slovakia 
c Institute of Electron Physics, Ukr. Nat. Acad. Sci., Universytetska Str. 21, Uzhhorod 88017, Ukraine 
d Semiconductor Physics, Chemnitz University of Technology, D-09107 Chemnitz, Germany   

A R T I C L E  I N F O   

Keywords: 
Mixed crystals 
Electrical conductivity 
Fast-ion conductors 
Raman spectroscopy 

A B S T R A C T   

The structure of (Cu1–xAgx)7GeSe5I mixed crystals with Cu+↔Ag+ substitution is described and compared to 
(Cu1–xAgx)7GeS5I employing the results of X-ray diffraction (XRD) and the atomic coordinates by Rietveld 
refinement. Based on the electrical measurements, the compositional behaviour of ionic and electronic con-
ductivity as well as the ratio of ionic and electronic components of conductivity for (Cu1–xAgx)7GeS5I and 
(Cu1-xAgx)7GeSe5I is discussed. Raman spectra of (Cu1-xAgx)7GeSe5I and (Cu1-xAgx)7GeSe5I are consistent with 
the XRD data regarding their cubic structure. A one-mode compositional behaviour of the most prominent peak 
(corresponding to the vibrations of GeS4 or GeSe4 tetrahedra) under Cu→Ag cation substitution is observed, an 
unexpectedly strong shift of the peak frequency with x reveals its marked effect on the dynamics of GeS4 or GeSe4 
tetrahedra. Compounds with high Ag content undergo photochemical surface transformations under laser irra-
diation during Raman measurements.   

1. Introduction 

The large family of argyrodite crystals is characterised by a common 
chemical formula Am+1

(12−n−x)/mBn+X2−6−xY1− (0< x <1) with mono- or 
divalent cations A and cations B with higher valence as well as chalco-
gens X and halogens Y. It includes numerous materials with structures 
ranging from cubic to monoclinic [1,2]. Lithium- [3–8], copper- [9–12], 
and silver-containing [13–16] argyrodites are known for high ionic 
conductivity and are promising for solid-electrolyte accumulators, 
supercapacitors, and electrochemical sensors. Composites, ceramics as 
well as thin films based on these materials were prepared for application 
purposes [10,12,17,18]. Cu7GeS5I and Ag7GeS5I compounds as well as 
their selenium-containing counterparts Cu7GeSe5I and Ag7GeSe5I 
belong to the argyrodite family and possess high ionic conductivity [9, 
11,15,16,19,20]. The total electric conductivity of (Cu1-xAgx)7GeS5I 
mixed crystals was found to exhibit a non-monotonous compositional 
behaviour with a minimum at x = 0.75 [15]. For (Cu1-хAgx)7GeSe5I the 
compositional dependence of the ionic conductivity is non-monotonous 
with a maximum near x = 0.5, whereas the electronic conductivity for 

(Cu1-xAgx)7GeSe5I mixed crystals nonlinearly decreases with x [16]. 
Important information with regard to the crystalline structure can be 

acquired from Raman spectroscopy. Among the crystals from the 
argyrodite family, vibrational spectra of phosphorus-based compounds 
with copper cation Cu6PS5Hal (Hal = Cl, Br, I) were studied most 
extensively [21–24]. Meanwhile, to our knowledge, the Raman spectra 
of (Cu1-хAgx)7GeS5I and (Cu1-хAgx)7GeSe5I mixed crystals have not been 
reported so far. Here we present a study of X-ray diffraction, Raman 
spectra, and electrical characteristics of germanopentasulphoiodide 
(Cu1-хAgx)7GeS5I and germanopentaselenoiodide (Cu1-хAgx)7GeS5I 
argyrodites with Cu→Ag substitution. 

2. Materials and methods 

Cu7GeS5I, Cu7GeSe5I, Ag7GeS5I, and Ag7GeSe5I crystals were ob-
tained by directed crystallization from the melt while (Cu1-xAgx)7GeS5I 
and (Cu1-xAgx)7GeSe5I mixed crystals on their base were obtained by 
vertical zone crystallization from the melt (for details see our recent 
studies [15,16]). 
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The analysis of the mechanism of Cu+↔Ag+ substitution and the 
calculation of atomic coordinates in the unit cell was carried out using 
the Rietveld refinement method [25,26]. The experimental data were 
obtained using a DRON 4-07 diffractometer (Cu Kα radiation, 2Θ angle 
scanning step 0.02◦, acquisition time 1 s). The calculation and refine-
ment of the structural models were performed using EXPO 2014 soft-
ware [27,28], while the VESTA 3.4.4 software [29] was used for 
visualisation. 

The electrical conductivity of (Cu1-xAgx)7GeS5I mixed crystals was 
investigated by impedance spectroscopy in the frequency range of 
10 Hz – 3 × 105 Hz using a high-precision AT 2818 LCR meter. The AC 
amplitude was 10 mV. (Cu1-xAgx)7GeS5I single crystal samples for the 
measurements were prepared in the shape of rectangular parallelepipeds 
with lateral area S = 0.560–0.315 cm2 and thickness 
l = 0.150–0.221 cm. The measurements were carried out by a two- 
electrode method with blocking gold contacts. The gold contacts were 
deposited by chemical precipitation from solutions. 

Raman spectra of (Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I mixed 
crystals were measured at room temperature using a Horiba LabRAM 
800 spectrometer. Excitation was provided by solid-state lasers (488.0 
and 514.7 nm) or a He–Ne laser (632.8 nm). The scattered light was 
detected by a cooled CCD camera. The instrumental resolution was 
better than 2.5 cm–1. 

3. Results and discussion 

3.1. Crystal structure 

Cu7GeS5I, Cu7GeSe5I, Ag7GeS5I, and Ag7GeSe5I compounds are 
known to crystallise with a face-centred cubic cell of the argyrodite 
structure (F–43m space group, Z = 4) with lattice parameters 
а = 9.9669(5) Å for Cu7GeS5I, а = 10.3598(5) Å for Cu7GeSe5I, 
а = 10.6691(1) for Ag7GeS5I, and а = 10.9884(2) for Ag7GeSe5I [2,13, 
14,23,30–32]. Continuous rows of solid solutions are formed in the 
Cu7GeS5I–Ag7GeS5I and Cu7GeSe5I–Ag7GeSe5I systems by Cu+↔Ag+
substitution. 

Fig. 1 shows an example of a Rietveld plot for the (Cu0.5Ag0.5)7GeSe5I 
solid solution crystal. The X-ray diffractogram calculated from the 
refinement results (the red curve) is in a good agreement with the 
experimentally observed one (blue curve). The violet curve shows the 
difference between the refinement and the experiment. 

The Rietveld refinement analysis enabled us to confirm the lattice 
parameter values for the end-point Cu7GeS5I, Cu7GeSe5I, Ag7GeS5I, and 
Ag7GeSe5I compounds as well as to determine the lattice parameter 
values for Cu1–xAgx)7GeS5I (x = 0.25, 0.5, 0.75) and (Cu1–xAgx)7GeSe5I 
(x = 0.25, 0.5, 0.75) mixed crystals (Fig. 2). For the Cu7GeS5I–Ag7GeS5I 
system the lattice parameter varies with composition with a slight 
downward bowing while for (Cu1–xAgx)7GeSe5I mixed crystals a linear 
dependence is observed in accordance with the Vegard law. 

The study of the structure of (Cu1–xAgx)7GeS5I mixed crystals and the 

analysis of structural units of its anionic core were performed in our 
earlier paper [33]. Therefore, here we pay more detailed attention to the 
Cu7GeSe5I–Ag7GeSe5I system. The unit cell contains two symmetrically 
distinct selenium positions Se1 (4c) and Se2 (16e), one position of 
germanium Ge1 (4b) and one iodine I1 (4a), for which the site occu-
pancy factor (SOF) is 1. Base units of the anionic core of (Cu1-x-
Agx)7GeSe5I crystals are [GeSe4], [Se3I], and [SeI4] tetrahedra, on the 
faces and in the centre of which copper and/or silver atoms are located 
(Fig. 3). In the structure of Cu7GeSe5I and Ag7GeSe5I the [GeSe4] tet-
rahedron is symmetric, i.e. the Ge atom is in an absolutely central po-
sition, Ge–Se bond lengths for Cu7GeSe5I are 2.144 Å, Se–Se distances 
are 3.502 Å, the tetrahedron volume is 5.06 Å3 while for Ag7GeSe5I 
these values are 2.240 Å, 3.658 Å, and 5.77 Å3, respectively. Similar to 
Cu7GeSe5I and Ag7GeSe5I, in mixed (Cu1-xAgx)7GeSe5I crystals the 
[GeSe4] tetrahedra remain symmetric (Fig. 3). The Ge–Se bond lengths, 
Se–Se distances, and the tetrahedra volumes for the (Cu1-xAgx)7GeSe5I 
mixed crystals are listed in Table 1. 

A comparison of (Cu1–xAgx)7GeS5I and (Cu1–xAgx)7GeSe5I mixed 
crystals shows that the main parameters related to the anionic core at 
Cu+↔Ag+ substitution behave similarly as revealed by a similar 
monotonous compositional behaviour of the lattice parameters (Fig. 2), 
densities, etc. A more complicated behaviour is observed when the 
mobile cationic sublattice is considered. For (Cu1-xAgx)7GeS5I mixed 
crystals the Cu+(Ag+) ion mobility in the cationic sublattice is smaller 
than for the end-point compounds, which follows from the higher site 
occupancy factor (SOF) in the mixed crystals (Fig. 4a). On the contrary, 
for (Cu1-xAgx)7GeSe5I mixed crystals the mobility of the cationic sub-
lattice increases (the SOF decreases) with respect to that of the end-point 

Fig. 1. Rietveld refinement plot for the X-ray diffractogram of (Cu0.5Ag0.5)7GeSe5I solid solution crystal.  

Fig. 2. Compositional dependence of the lattice parameter for the 
(Cu1–xAgx)7GeS5I and (Cu1–xAgx)7GeSe5I mixed crystals. The errors of the lat-
tice parameter determination are below the symbol size. 
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crystals (Fig. 4b). A similar behaviour is observed for the distances be-
tween the Cu+(Ag+) mobile positions: for the sulphur-containing system 
an increase of maximal distances between the Cu+(Ag+) mobile ion 
positions is observed for the mixed crystals (Fig. 4a) while for the 
selenium-containing system an opposite dynamics is observed (Fig. 4b). 

One may thus conclude that the cationic sublattice of the mixed 
(Cu1-хAgx)7Ge[S(Se)]5I crystals is formed in a rather complicated way. In 
the mixed crystals, ion transport can be either enhanced (due to an 
increasing mobility and decreasing distances), or weakened (decreasing 
mobility and increasing distances), which actually occurs in both sys-
tems, but in different compositional intervals. It is especially noticeable 
for (Cu0.25Ag0.75)7GeS5I and (Cu0.5Ag0.5)7GeSe5I mixed crystals, for 
which a minimum and a maximum, respectively, are observed in the 
compositional dependences of the ionic conductivity. 

3.2. Electrical conductivity 

Our earlier papers were devoted to the study of the electrical con-
ductivity of mixed (Cu1-xAgx)7GeS5I [15] and (Cu1-xAgx)7GeSe5I [16]. 
As mentioned above, for (Cu1-xAgx)7GeS5I only total electrical conduc-
tivity was investigated [15] while for (Cu1-xAgx)7GeSe5I the ionic and 
electronic components of the total electrical conductivity were sepa-
rated [16]. Here, in order to check how the electrical properties change 
from the sulphur-containing (Cu1-xAgx)7GeS5I to the 
selenium-containing (Cu1-xAgx)7GeSe5I crystals, we present additional 
data which enabled us to separate the ionic and electronic components 
of the total conductivity. Note that for all single crystals of the (Cu1-x-
Agx)7GeS5I and (Cu1-xAgx)7GeSe5I systems the total electrical conduc-
tivity increases with frequency, typically for ion-conductive solids [15, 
16]. For detailed studies of the frequency behaviour of the electric 
conductivity and for its separation into ionic and electronic components, 
a standard approach using electrode equivalent circuits (EECs) [34] and 
their analysis using Nyquist plots was applied. The parasitic inductance 
of the cell (~2 × 10−8 H) is taken into account during the analysis of all 
samples. Note that detailed studies of the electric conductivity of 
(Cu1-xAgx)7GeSe5I solid solutions and there analysis using Nyquist plots 

in order to determine the contributions of the ionic and electronic 
components in the electric conductivity was performed in our earlier 
study [16]. 

For both the end-point Cu7GeS5I and Ag7GeS5I crystals and the (Cu1- 
xAgx)7GeS5I solid solutions (x = 0.25, 0.5, 0.75) two semicircles are 
observed in Nyquist plots in the frequency range under study. 

Fig. 3. Unit cell (a) and [GeSe4] tetrahedron (b) in the structure of (Cu0,5Ag0,5)7GeSe5I mixed crystals.  

Table 1 
Ge–Se bond lengths, Se–Se distances, and tetrahedra volumes for (Cu1-xAgx)7-
GeSe5I mixed crystals.  

Compound Ge–Se, Å Se–Se, Å Vtet, Å3 

Cu7GeSe5I 2.144 3.502 5.06 
(Cu0,75Ag0,25)7GeSe5I 2.149 3.510 5.10 
(Cu0,5Ag0,5)7GeSe5I 2.227 3.637 5.67 
(Cu0,25Ag0,75)7GeSe5I 2.269 3.705 5.99 
Ag7GeSe5I 2.240 3.658 5.77  

Fig. 4. Dependences of the SOF for mobile atoms (a) and the maximal distance 
between the Cu+(Ag+) mobile ion positions in the cationic sublattice (b) on the 
(Cu1-хAgx)7GeS5I and (Cu1-xAgx)7GeSe5I mixed crystal composition. 
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Separation of contributions to the electric conductivity can be explained 
by an example of Nyquist plot analysis for (Cu0.5Ag0.5)7GeS5I mixed 
crystal. 

Lower-frequency semicircles in the Nyquist plots are determined by 
diffusion relaxation processes at the electrode/crystal boundary and the 
electronic component of the conductivity what corresponds to a double 
diffusion layer capacitance Cd included in the ЕЕC in parallel to the 
resistance Re (Fig. 5). Besides, in course of the Cu+→Ag+ cationic sub-
stitution the lower-frequency semicircle is shifted towards lower fre-
quencies which can be related to an increasing effect of ion diffusion 
processes due to a decreasing electronic component of the conductivity 
and, as a consequence, an increasing ion relaxation time. 

Higher-frequency semicircles are characterised by ionic conductivity 
at domain boundaries which in the ЕЕC corresponds to an ionic resis-
tance Rdb with a domain boundary capacitance Cdb connected in parallel. 
An electronic resistance Re is connected in parallel to them in the ЕЕC 
(Fig. 5). Hence, the ionic component of the conductivity is determined 
by the domain boundary resistance Rdb and the electronic one by Re. 

Analysis of the impedance spectra by means of ЕЕC was performed 
for all the (Cu1-xAgx)7GeS5I crystals. It is observed that with increasing 
temperature the increase of the electronic conductivity gradually 
counterbalances the effect of ion diffusion processes at the domain 
boundaries which is evidenced by a decrease of the higher-frequency 
semicircle at 323 K. With further increase of temperature to 373 K the 
effect of ion diffusion processes further decreases and this, together with 
a decrease of the double diffusion layer finally results in a complete 
vanishing of the higher-frequency semicircle. One should note that the 
presence of domains can be related to the presence of a mosaic texture in 
the crystals under study, the domain boundaries being structural in-
homogeneities revealed in misorientation of the texture elements [35]. 

Compositional dependences of both the ionic and the electronic 
conductivity are presented in Fig. 6. With Cu+→Ag+ cationic substitu-
tion the ionic component of the electric conductivity for the two mixed 
crystal systems behaves non-monotonously, but in a different way, 
exhibiting a minimum near x = 0.75 for (Cu1-xAgx)7GeS5I and a 
maximum near x = 0.5 for (Cu1-xAgx)7GeSe5I (Fig.6a). 

An attempt to explain the mechanism of the electric conductivity and 
the specific features of the compositional behaviour of the ionic and 

electronic conductivity components for the (Cu1-xAgx)7GeSe5I solid so-
lutions can be made based on the peculiarities of their crystal structure. 
In order to explain structural changes at Cu+↔Ag+ substitution consider 
doubled [Cu(Ag)Se3I2] tetrahedra. In the Cu7GeSe5I structure there are 
two symmetrically independent copper atoms in Cu1(24 g) and Cu2 
(48 h) positions, the Cu1 position being trigonally coordinated by sele-
nium atoms Se2Se2Se1 while the Cu2 atom is tetrahedrally coordinated 

Fig. 5. Nyquist plots in Z’-Z" coordinates for different temperatures: experi-
mental data (black ciecles), calculation data (open circles), and the EEC for the 
(Cu0.5Ag0.5)7GeS5I mixed crystal. 

Fig. 6. Compositional dependences of ionic σion (a) and electronic σel (b) 
conductivity as well as the ratio σion/σel (c) at 298 K for (Cu1-xAgx)7GeS5I and 
(Cu1-xAgx)7GeSe5I mixed crystals. The experimental errors are below the sym-
bol size. 
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(Se2Se2Se1I) with a displacement towards the Se2Se2Se1 and Se2Se1I1 
triangle planes (Fig. 7a). In a solid solution silver is located both in Cu1 
(24 g) and Cu2(48 h) positions with a displacement. The Cu1Ag1 posi-
tion is located within the Se2Se2Se1 triangle plane, the Cu2Ag2 position 
is tetrahedrally coordinated (Se2Se2Se1I) with a strong displacement 
towards the ISe1 rib and the Se1ISe2 triangle plane for (Cu0.75Ag0.25)7-
GeSe5I) or Se2I1Se2 plane for (Cu0.5Ag0.5)7GeSe5I (Fig. 7b). This leads to 
a strong disordering of the cation sublattice due to the introduction of 
Ag+ ions and finally results in a splitting of the common Cu2Ag2 posi-
tion, observed for (Cu0.25Ag0.75)7GeSe5I. Ag7GeSe5I compound, simi-
larly to Cu7GeSe5I, contains two symmetrically independent silver 
atoms in Ag1(24 g) and Ag2(48 h) positions, Ag1 being located in a 
trigonal coordination of se atoms Se2Se2Se1, while Ag2 atom is tetra-
hedrally coordinated (Se2Se2Se1I) with a slight displacement towards 
the planes of Se1Se2Se1 and Se2Se1I1 triangles (Fig. 7c). 

Such features of the Cu+↔Ag+ cationic substitution in the argyrodite 
structure for (Cu1-xAgx)7GeSe5I solid solutions affect the mechanism of 
the ionic conductivity. In Cu7GeSe5I and Ag7GeSe5I compounds mobile 
are Cu1 and Ag1 positions located in the trigonal coordination of sele-
nium atoms. Mobile positions for the solid solutions are Ag1+Cu1 
(trigonal coordination of selenium atoms for (Cu0.75Ag0.25)7GeSe5I) and 
Ag2+Cu2 (tetrahedral coordination with displacement towards the 
[Se2I1Se2] triangle plane for (Cu0.5Ag0.5)7GeSe5I and (Cu0.25Ag0.75)7-
GeSe5I) related to the cation sublattice disordering processes. In view of 
the above, we built compositional dependences of the mobile atom SOF 
(Fig. 4a) and the maximal distance between the CuAg mobile positions 
in the cationic sublattice (Fig. 4b). 

It should be noted that the aforementioned compositional behaviour 
of the ionic and the electronic conductivity is in good agreement with 
the variation of both the Cu+(Ag+) site mobilities and the distances 
between the corresponding mobile ion positions (Fig.4). For (Cu1-x-
Agx)7GeS5I mixed crystals, the Cu+(Ag+) cationic position mobilities 
decrease with respect to those of the end-point compounds. This cor-
responds to an increasing SOF for the mixed crystals in comparison with 
Cu7GeS5I and Ag7GeS5I [15]. Simultaneously, an increase of the dis-
tances between the mobile ion positions is observed, finally resulting in 
a corresponding minimum (Fig. 4b). For (Cu1-xAgx)7GeSe5I mixed 
crystals, on the contrary, an increasing mobility of the Cu+(Ag+) cation 
sublattice positions (decreasing SOF) and decreasing distances between 
the mobile ion positions in the cationic sublattice are observed 
compared to the Cu7GeSe5I and Ag7GeSe5I crystals. This results in the 
maximum of the ionic conductivity for (Cu0.5Ag0.5)7GeSe5I [16]. 
Ag7GeS5I and Ag7GeSe5I compounds are known to be characterised by 

the presence of symmetrically distinct Ag1 (24 g) and Ag2 (48 h) posi-
tions [15,16]. It is also worth notice that the value of the ionic con-
ductivity component for Ag7GeS5I (7.98 × 10−3 S/cm) is higher than for 
Ag7GeSe5I (3.36 × 10−3 S/cm). This is also related to the structural 
features discussed above: the maximal distance dmax (Ag1–Ag1) for 
Ag7GeS5I is smaller than dmax (Ag1–Ag1) for Ag7GeSe5I (3.187 Å and 
4.360 Å, respectively), the SOF (Ag1) value for Ag7GeS5I is smaller than 
SOF (Ag1) for Ag7GeSe5I (0.265 and 0.490, respectively). 

The compositional behaviour of the electronic component of the 
conductivity (Fig.6b) for both (Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I 
systems is monotonous. Its values gradually decrease with Cu+→Ag+
substitution. Meanwhile, the electronic conductivity values for (Cu1-x-
Agx)7GeS5I mixed crystals are lower than for the selenium-containing 
counterparts. This is, first of all, related to differences in the band 
structure leading to a narrower bandgap for (Cu1-xAgx)7GeSe5I in com-
parison with (Cu1-xAgx)7GeS5I. These differences are mainly related to 
the different properties of S2− and Se2− since the S→Se→Te row is 
characterised by increasing ionic radii (ri(S2−) = 0.182 nm, ri(Se2−) =
0.193 nm, ri(Te2−) = 0.211 nm). This reduces the ionisation energy, 
resulting, in turn, in an increasing amount of charge carriers in the 
conduction band. 

It should be noted that the ionic-to-electronic component ratios for 
both (Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I mixed crystals exhibit 
monotonous increases (Fig.6c). Due to the lower electronic conductivity 
values for a number of (Cu1-xAgx)7GeS5I crystals, especially for 
Ag7GeS5I, the σion/σel values are noticeably higher than for the similar 
selenium-containing compounds. 

3.3. Raman scattering 

Fig. 8 shows experimental Raman spectra of (Cu1-xAgx)7GeS5I and 
(Cu1-xAgx)7GeSe5I for different x values in panels (a) and (b), respec-
tively. It is known that Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I mixed 
crystals are characterised by the F43m space group belonging to the 
cubic crystal system [2]. The much more extensively studied Cu6PS5Hal 
(Hal = Cl, Br, I) argyrodites belong to the same symmetry group [2], 
hence it is reasonable to compare the Raman spectra of Fig. 6a with the 
Raman data for Cu6PS5Hal [21,22,24]. Note that all spectra in Fig. 6a 
were measured at a low laser power density Pexc (12 kW/cm2). The 
Raman spectrum of Cu7GeS5I (bottom curve in Fig. 8a) is dominated by 
an intense relatively narrow (10 cm–1) maximum near 407 cm–1. It 
strongly resembles the case of Cu6PS5Hal with the most prominent peak 
observed near 425 cm–1 which corresponds to А1-symmetry vibrations 

Fig. 7. Dynamics of Cu+↔Ag+ subsitution in the Cu7GeSe5I–Ag7GeSe5I system through the example of [Se3I2] doubled tetrahedra: (a) Cu7GeSe5I, (b) 
(Cu0.5Ag0.5)7GeSe5I, and (c) Ag7GeSe5I. 
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of PS4 tetrahedra [21,22,24]. Consequently, we can ascribe the peak at 
407 cm–1 in the Cu7GeS5I spectrum to similar vibrations of Ge–S bonds 
in GeS4 tetrahedra. Even though a simple comparison of the square root 
of the GeS4 and PS4 tetrahedra mass ratio (1.12) and the inverse vi-
bration frequency ratio (1.04) only shows a fair correlation, one should 
keep in mind that the relevant tetrahedra are not isolated in the argyr-
odite structure and evidently their vibration frequency does not depend 
solely on their mass. This is clearly confirmed by a quite significant 
downward shift of the discussed peak frequency with partial substitution 
of copper in Cu7GeS5I by heavier silver atoms: the corresponding intense 
narrow Raman peak is observed at 395 cm–1 for (Cu0.75Ag0.25)7GeS5I 
and at 380 cm–1 for (Cu0.5Ag0.5)7GeS5I. This clearly indicates that Cu+

or Ag+ cations, external with respect to the GeS4 tetrahedra, noticeably 
affect their dynamics. Note that no such effect was observed for 
phosphorus-based argyrodites when Cu+ cations were replaced by 
lighter potassium species [36]. 

Lower-frequency Raman features in the (Cu1-xAgx)7GeS5I spectra are 
much less intense and broader. This is also typical for other argyrodites 
with cubic structure [21,22,24], hence their correct assignment is 
encumbered. As can be seen from Fig. 8a, partial Cu→Ag substitution 
results in an even stronger broadening of these features due to compo-
sitional disorder. 

Further substitution of Cu by Ag unexpectedly leads to a dramatic 

change in the Raman spectra: for (Cu0.25Ag0.75)7GeS5I the Raman 
spectrum exhibits only a quite broad maximum at 213 cm–1 with weak 
shoulders at 260 cm–1 and 324 cm–1 while in the range of the expected 
prominent peak only a hardly visible broad feature near 385 cm–1 is 
revealed (Fig. 8a). It is reasonable to assume that such difference can be 
explained by some photochemical transformations in (Cu0.25Ag0.75)7-
GeS5I at Pexc value of 12 kW/cm2 which does not lead to any noticeable 
damage of samples with lower silver content. A confirmation for the 
(Cu1-xAgx)7GeS5I surface degradation under laser illumination, espe-
cially at a higher power density, can be seen from Fig. 9 illustrating the 
rapid change of the Raman spectrum of a (Cu0.5Ag0.5)7GeS5I sample with 
increasing Pexc. Note that the initial spectrum shows only a partial re-
covery at a repeated measurement with reduced Pexc from the sample 
spot illuminated by a higher laser power density. Hence, the degradation 
of the sample surface under laser illumination is related to the (Cu1-x-
Agx)7GeS5I compound decomposition and formation of new phases. 
Note that examination of these new phases by X-ray diffraction is 
extremely problematic because the laser-induced transformations on the 
surface are strongly localised (the laser spot diameter is 1.3 μm). 

It can be seen from Fig. 8a that for the (Cu0.25Ag0.75)7GeS5I crystal 
the laser-induced degradation of the Raman spectrum is observed 
already at minimal laser power density (12 kW/cm2) and the spectrum 
evidently characterises not the (Cu0.25Ag0.75)7GeS5I crystal, but the 

Fig. 8. Raman spectra of (Cu1-xAgx)7GeS5I (a) and (Cu1-xAgx)7GeSe5I (b) mixed crystals.  
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products of a photochemical reaction on its surface. Generally, one can 
assume not only photochemical, but also thermochemical trans-
formations or even evaporation of the sample material under laser beam. 
However, it was shown in our recent paper that at similar experimental 
conditions (the same LabRAM setup with the same 50x lens and the laser 
spot diameter of 1.3 μm at the laser wavelength 514.7 nm) the laser 
power density of 180 kW/cm2 led to heating of a semiconductor chal-
cogenide sample with roughly similar absorption characteristics by 
nearly 100 K [37]. Hence, for 12 kW/cm2 one should not expect the 
sample temperature at the laser spot to increase by more than 10 K, 
therefore thermochemical transformations at such experimental condi-
tions are hardly possible. In particular, there is no chance for the ma-
terial amorphisation or evaporation induced by the laser heating 
because the melting temperatures of the (Cu1-xAgx)7GeS5I crystals under 
study are above 1100 K. 

The Ag7GeS5I spectrum, in particular the bandwidths and intensities 
of its features in Fig. 8a, can also be an evidence for photochemical 
changes on the crystal surface under laser irradiation. Note that the 
bands in the Ag7GeS5I spectrum are narrower than for (Cu0.25Ag0.75)7-
GeS5I. In our opinion, this is related to the additional effect of compo-
sitional disorder in the (Cu0.25Ag0.75)7GeS5I mixed crystal. 

The Raman spectra of (Cu1-xAgx)7GeSe5I mixed crystals (Fig. 8b) 
show that, at least at a first glance, these materials do not reveal 
noticeable degradation under laser irradiation during the Raman mea-
surement. All spectra are typical for argyrodites, with the most intense 
narrow peak at 245 cm–1 for Cu7GeSe5I evidently corresponding to the 
vibrations of GeSe4 tetrahedra. Similarly to the spectra of the (Cu1-x-
Agx)7GeS5I compounds (Fig. 8a), this peak shifts with Cu→Ag substi-
tution gradually down to 207 cm–1 for Ag7GeSe5I. Such one-mode type 
compositional behaviour for the vibration of a pronounced structural 
group (GeSe4 tetrahedron) is quite reasonable since the cation substi-
tution occurs outside the GeSe4 structural group and affects its vibra-
tions as a whole contrary to the case of possible chalcogen substitution 
where one would expect a much more complicated compositional 
transformation similarly to the one observed for phosphorus-based 
complex chalcogenides and chalcohalogenides with pronounced PS4 or 
PS3 structural groups [21,38]. 

The compositional behaviour of the lower-frequency bands of 
(Cu1-xAgx)7GeSe5I as well as the weak higher-frequency maximum near 
207 cm–1 can hardly be reliably traced because of their low intensity and 

large bandwidth. 
Note, however, that the mentioned stability of (Cu1-xAgx)7GeSe5I 

compounds with respect to laser irradiation is somewhat questionable. 
Even though, as follows from Fig. 8b, the spectra of Ag-rich samples, 
contrary to their sulphur-based counterparts, do not exhibit distinctive 
features of surface degradation under laser irradiation, we observe that 
the Raman spectrum of Ag7GeSe5I strongly depends on the excitation 
wavelength λexc (Fig. 10). The most striking broader feature near 
250 cm–1 in the spectrum under excitation with 514.7 nm, is most likely 
related to Se vibrations [39]. As in this case the most intense peak in the 
spectrum is revealed at 195 cm–1 that is quite away from the values of 
207 cm–1 and 213 cm–1 where it is located at λexc = 488.0 nm and 
632.8 nm, respectively, one must admit that the spectrum measured at 
514.7 nm not merely contains a contribution from amorphous Se on the 
surface, but is most likely related to a different compound. Along with 
other differences in the Ag7GeSe5I spectra measured at different exci-
tation wavelengths, this suggests that a more detailed study of the effect 
of λexc and Pexc on the Raman spectra of this compound is required. 

4. Conclusions 

Cu7GeS5I, Cu7GeSe5I, Ag7GeS5I, and Ag7GeSe5I crystals were grown 
by the directed crystallization while intermediate cation-substituted 
mixed crystals were grown by zone crystallization from the melt. The 
anionic core of the (Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I mixed 
crystals is built on the base of [GeS4] and [GeSe4], [S3I] and [Se3I], [SI4] 

Fig. 9. Raman spectra of (Cu0,5Ag0,5)7GeSe5I mixed crystal at excitation with 
514.7 nm laser line measured with different power densities Pexc. 

Fig. 10. Raman spectra of an Ag7GeSe5I crystal measured at different excita-
tion wavelengths. 
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and [SeI4] tetrahedra, on the faces and in the middle of which Cu and/or 
Ag atoms are located. The compositional dependence of the cubic lattice 
parameter for the (Cu1-xAgx)7GeSe5I mixed crystals is shown to be linear 
and to obey the Vegard law, while for the (Cu1-xAgx)7GeS5I crystals a 
slight downward bowing is observed. Cu+↔Ag+ cationic substitution 
results in a monotonous variation of the anionic core while the cationic 
sublattice undergoes more complicated changes due to a nonlinear 
compositional behaviour of the SOF parameter an the distances between 
the Cu+(Ag+) mobile ion positions in the (Cu1-xAgx)7GeS5I and (Cu1- 
xAgx)7GeSe5I mixed crystals. 

Based on impedance measurements, the compositional dependences 
of the ionic and electronic components of the electrical conductivity for 
(Cu1-xAgx)7GeS5I and (Cu1-xAgx)7GeSe5I are obtained. A non- 
monotonous compositional behaviour of the ionic conductivity is 
observed with a minimum at x = 0.75 for (Cu1-xAgx)7GeS5I and a 
maximum at x = 0.5 for (Cu1-xAgx)7GeSe5I. Such behaviour is in good 
agreement with the compositional variation of the mobility of the 
Cu+(Ag+) positions and variation of the distances between the corre-
sponding mobile ion positions in the cationic sublattice. The electronic 
component of the conductivity is higher for the (Cu1-xAgx)7GeSe5I 
crystals than for their sulphur-based counterparts and gradually de-
creases with Cu+→Ag+ substitution. Besides, the cationic Cu+→Ag+
substitution results in an increase of the ionic-to-electronic conductivity 
ratio, the latter being higher for (Cu1-xAgx)7GeS5I than for the selenium- 
containing crystals. 

The first Raman spectroscopic study of (Cu1-xAgx)7GeSe5I and 
(Cu1-xAgx)7GeSe5I mixed crystals is consistent with the XRD data on 
their cubic structure, similar to phosphorus-based copper-containing 
superionic argyrodites. The compositional behaviour of the most 
prominent peak (corresponding to the vibrations of GeS4 or GeSe4 
tetrahedra) under Cu→Ag cation substitution is one-mode, which is 
quite reasonable since the substitution occurs outside the pronounced 
structural group. However, the unexpectedly strong shift of the peak 
frequency with x leads to the conclusion that the replacement of copper 
by heavier silver cations noticeably affects the dynamics of GeS4 or 
GeSe4 tetrahedra. Compounds with high silver content (especially in the 
germanopentasulphoiodide system) easily undergo photochemical sur-
face transformations under laser irradiation during the Raman mea-
surements which require a detailed targeted study. 
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[11] I.P. Studenyak, M. Kranjčec, V.V. Bilanchuk, O.P. Kokhan, A.F. Orliukas, 
E. Kazakevicius, A. Kezionis, T. Salkus, Temperature variation of electrical 
conductivity and absorption edge in Cu7GeSe5I advanced superionic conductor, 
J. Phys.Chem. Solids 70 (2009) 1478–1481. 
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