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Single crystals of (Cu;_.Ag,),GeSsl solid solutions were grown by vertical zone crystallization method. XRD
studies have shown that they crystallize in face-centered cubic lattice of the argyrodite structure (space group
F43m, Z = 4). Structural studies were performed on the basis of original structure model by means of Rietveld
refinement method. Electrical measurements were carried out in the temperature interval 300-360 K and in the
range of frequencies 10 Hz-10 GHz. Temperature and frequency dependences of electrical conductivity were
analyzed. Influence of cation substitution on the electrical conductivity as well as relationship between struc-

tural and electrical properties of (Cu;.,Ag,),GeSsl solid solutions were studied.

1. Introduction

Cu,GeSsI and Ag,GeSsl crystals belong to the family of compounds
with argyrodite structure. Some members of argyrodite family are
known as superionic conductors [1]. Due to the high electrical con-
ductivity, they are promising materials for wide applications as solid
electrolytes, supercapacitors, ion-selective membranes, and others
electrochemical devices. Today, the argyrodite structures (e.g. lithium
containing superionic conductors [2]) can be used as candidates for
preparing all-solid-state batteries. Moreover, they are also interesting
materials for fundamental studies of the ionic transport mechanism and
order-disorder processes.

At room temperature Cu,GeSsI and Ag,GeSsI compounds crystallize
in face-centered cubic lattice of the argyrodite structure (space group
F43m, Z = 4) [1,3,4]. The electrical conductivity of Cu,GeSsl crystal
grown by chemical transport reaction method was reported to reach the
value of 6.98-10"'S/m at T = 300K (f = 100 Hz) [5]. Optical studies
of Cu,GeSsI have shown that the absorption edge exhibits an Urbach
shape; the optical pseudogap and the Urbach energy were determined
by the effect of both temperature-dependent (thermal vibrations of
lattice and dynamic structural disordering in the cation sublattice) and
static structural disordering. Ag,GeSsl is known as a pure ionic con-
ductor with the electric conductivity of 2.77 S/m at T = 300K [6].

The studies of the influence of cationic substitution on the physical
properties of solid solutions based on Cu,GeSsI and Ag,GeSs! crystals

* Corresponding author.
E-mail address: studenyak@dr.com (L.P. Studenyak).

https://doi.org/10.1016/j.s5i.2018.11.020

are interesting both in fundamental and applied aspects. Crystal growth
technology, some physical and chemical parameters of Cu,GeSsI-based
solid solutions were presented in Refs. [7, 8]. Electrical, electro-
chemical and optical properties of the above mentioned solid solutions
were studied [9-12]. The compositional studies of electrical con-
ductivity in Cu,Ge(S;.,Se,)sI and Cu,(Ge;.,Si,)Ss! solid solutions have
shown that S — Se anionic substitution and Si — Ge cationic substitu-
tion both result in a nonlinear increase of the electric conductivity by
more than an order of magnitude [11,12]. The nonlinear decrease of
the optical pseudogap in the Cu,Ge(S;_,Se,)sI and Cu,(Ge;_,Si,)SsI solid
solutions at S — Se anionic substitution and Si — Ge cationic substitu-
tion was observed, the compositional dependence of the Urbach energy
revealed a typical behaviour for solid solution crystals. It was shown
that the character of the compositional behaviour of the absorption
edge parameters is determined by the nonlinear compositional beha-
viour of the contribution of compositional disordering to the Urbach
energy of the solid solutions [11,12].

The aim of this paper is to develop the growth technology as well as
to investigate structural and electrical properties of (Cu;_,Ag,),GeSsl
solid solutions.

2. Experimental

The specific route of modified (Cu;.,Ag,),GeSsl crystals growth
technique, as in the case of Cu,GeSsI and Ag,GeSsI compounds, allows
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1. Images
(Cup.75A80.25)7GeSs (a), (Cug 5Ag0.5)7GeSs! (b), and (Cuo.25A80.75)7GeSs (€).

of (Cuy.,Ag,),GeSsl single crystals:

us to obtain single crystals of solid solutions with desired composition
without deviations from the stoichiometry in the whole concentration
range. Initially, elemental Ag, Cu, Ge, and S as well as presynthesized
Agl (Cul), additionally purified by directional solidification from the
melt, were loaded into the ampoule. The regime of the crystal growth
by directional solidification from the melt for (Cu;.,Ag,),GeSsl solid
solutions consisted of several stages. At the first stage (Cu;_,Ag,),GeSsl
synthesis was performed. The temperature of both zones was increased
to 673 K within 6 h. At about 720 K the sulfur vapor pressure is 0.1 MPa,
and the rapid temperature increase can cause depressurization of the
ampoule. Therefore, the ampoule was kept at this temperature for 24 h,
during this time sulfur is completely fixed. Then the temperature was
increased during 24 h to the maximum temperature values of 1323 K for
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Fig. 2. X-ray diffraction patterns for (Cu;_,Ag,)7GeSsI solid solutions: Cu,GeSsI
(1), (Cug.75A80.25)7GeSs1 (2), (Cup.5A80.5)7GeSsl (3), (Cup.25A80.75)7GeSs1 (4)
and Ag;GeSsl (5). The inset shows the compositional dependence of the lattice
parameter in (Cu;_,Ag,),GeSsl solid solutions.

the “hot” upper zone and 973K for the “cold” bottom zone. Upon
reaching the desired temperature in the upper zone, the solid solution is
melted, and at higher temperatures the melt homogenization occurs.
The temperature in the melt zone was maintained by 50 K above the
melting point to prevent partial thermal dissociation of the compounds.
The ampoule was kept at this temperature for 24h to provide full
homogenization of the melt.

A single-crystal “seed” for the (Cu;.,Ag,);GeSsI growth was formed
in the bottom of a cone-shaped growth container (48 h). In order to
obtain homogeneous solid solution single crystals, the vertical zone
crystallization method was used. After moving the ampoule with the
crystal to the annealing zone, it was annealed for 3days to relax
thermal stresses in the crystals. Single crystals of (Cuj_,Ag,)7GeSsl
(x = 0.25, 0.5, and 0.75) solid solutions with the length of 30-40 mm
and the diameter of 10-15 cm were obtained (Fig. 1).

Structural studies were carried out by powder X-ray diffraction
method using a DRON 4-07 diffractometer (conventional 6-26 scanning
mode, Bragg angle 20~10-60°, Ni-filtered Cu K, radiation).
Refinement of Cu* <> Ag™* substitution mechanism and lattice atomic
coordinates were carried out on the basis of the refined models of ori-
ginal structures by means of Rietveld method [13,14]. The model cal-
culation and refinement were carried out using EXPO 2014 software
package [15,16], visualization was performed using VESTA 3.4.4 soft-
ware [17].

Measurements of complex impedance of (Cu;.,Ag,),GeSsI single
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Fig. 3. Cu* <> Ag™ substitution dynamics during the formation of a solid solution in Cu,GeSsI — Ag;GeSsI system (as exemplified by [Ssl,] doubled tetrahedron).

crystals were carried out in the frequency range from 10 Hz to 10 GHz
in the temperature interval 300-360K using a coaxial impedance
spectrometer [18,19].

3. Results and discussion

X-ray diffraction patterns of (Cu;.,Ag,),GeSsl solid solutions were
indexed as face-centered cubic cell with space group F43m, the number
of formula units per unit cell Z = 4 (Fig. 2). Due to the isostructurality
of compounds and close values of ion radii (0.98 Afor Cu* and 1.13A
for Ag*), a continuous set of solid solutions with Cu™ <= Ag* sub-
stitution is formed in the Cu,GeSsI-Ag,GeSsI system. The composi-
tional dependence of the cubic lattice parameter (Fig. 2) shows that the
increase of Ag content in the (Cu;_,Ag,);GeSs! solid solutions leads to
the lattice parameter increase.

In order to explain the structural changes at Cu* < Ag™ substitu-
tion, we will consider [Cu(Ag)Ssl,] doubled tetrahedra. The structure of
Cu,GeSsI contains two symmetrically independent copper ions in
Cu;(24 g) and Cu,(48h) positions. The Cu; ion is located in a trigonal
coordination of sulfur atoms (S1S2S1), while Cu, ion is tetragonally
coordinated (S1S2S1I) and shifted toward the S1S2S1 triangle plane
(Fig. 3a). When a solid solution is formed, the substitution occurs both
in Cu;(24 g) and Cu,(48 h) positions accompanied by the position shift.

The position of Cu;Ag; is located in the S1S2S1 triangle plane, the
CupAg, substitution position is tetragonally coordinated (S152S1I) and
is strongly shifted to the IS2 edge and to the S1IS2 triangle planes
(Fig. 3b). Further introduction of Ag* in (Cu;GeSsI)o 5(Ag;GeSsly s)
solid solution causes significant disordering of cation sublattice.
CulAg1 position, similarly to the previous case, is located in the S152S1
triangle plane, whereas Cu,Ag, substitution position is strongly elon-
gated, Cu, ion deflects to the tetragonal coordination, whereas Ag, is
shifted toward the IS2 edge (Fig. 3c). For (Cu,GeSs]).25(Ag,GeSslo 75)
solid solution the insignificant ordering of cation sublattice is observed,
the elongation of the shifted Cu,Ag, substitution position decreases, but
it still remains shifted to the IS2 edge and S1IS2 triangle planes
(Fig. 3d). Ag,GeSsl compound, similarly to Cu,GeSsl, contains two
symmetrically independent silver ions in Agl(24 g) and Ag,(48h) po-
sitions, wherein Agl ion is located in the trigonal coordination of sulfur
atoms (S1S2S1) and Ags ion is tetragonally coordinated (S1S2S11) with
the shift toward the S1S2S1 triangle plane and the IS2 edge (Fig. 3e).

The frequency dependences of the real part of complex electric
conductivity o for (Cu;..Ag,),GeSsl solid solutions are presented in
Fig. 4a. It can be seen that the conductivity value increases with fre-
quency. One dispersion region caused by the ion transport in the bulk of
(Cu;.,Ag,),GeSsI solid solutions is observed in the frequency range
under investigation. Such type of the frequency dependence of the
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Fig. 4. a) Frequency dependences of the real part of complex electric con-
ductivity o at 300K for (Cu;..Ag,),GeSsl solid solutions: Cu,GeSsI (1),
(Cuo.75A80.25)7GeSsI (2), (Cuo.5Ago.5)7GeSsI (3), (Cug.25A80.75)7GeSsI (4) and
Ag,GeSsl (5); b) frequency dependences of the real part of complex electric
conductivity o of Cu,GeSsl crystal at different temperatures: 300K (1), 320 K
(2), 340K (3), and 360K (4).
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Fig. 5. Temperature dependences of the real part of complex electric con-
ductivity o at 10”7 Hz for (Cu;.Agy),GeSsl solid solutions: Cu,GeSsl (1),
(Cuo.75A80.25)7GeSsI (2), (Cuo.5Ago.5)7GeSsI (3), (Cug.25A80.75)7GeSsI (4) and
Ag,GeSsl (5).

electric conductivity can be attributed to relaxation in the bulk. The
dispersion in the lower-frequency parts of the spectra corresponds to
processes at the interface between the superionic conductor and the
electrodes. Fig. 4b shows the frequency dependences of the real part of
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Fig. 6. a) Compositional dependences of the real part of complex electric
conductivity o' (1) at 10’ Hz and activation energy (2) for (Cu;_Agy);GeSsl
solid solutions; b) dependences of sof for mobile ions (1) and the maximal
distance between the mobile ion positions Cu,Ag, in the conductivity network
(2) for (Cu;.,Ag,);GeSsl solid solutions.

complex electric conductivity ¢ for Cu,GeSsl crystal measured at dif-
ferent temperatures. The similar temperature behaviour of frequency
dependences of electric conductivity is observed for all (Cu;.
«Ag,)7GeSsl solid solution sample. It is shown that in the temperature
interval 300-360K electric conductivity increases linearly with tem-
perature according to the Arrhenius law (Fig. 5):

AE,
p(_ kT )
where AE, is the activation energy of the electric conductivity, oy is a
constant, k is the Boltzmann constant, T is temperature. The linear
character of the temperature dependences of the electric conductivity in
Arrhenius coordinates indicates the thermal activation nature of the
electric conductivity (Fig. 5).

Compositional studies have shown that with increasing silver con-
tent the electric conductivity of (Cu;.Ag,);GeSsl solid solutions de-
creases and reaches minimum at x = 0.75 (Fig. 6a). The highest elec-
trical conductivity value o = 6.8 S/m at 300 K and 10” Hz was observed
for Cu,GeSsl crystal, while for Ag,GeSsI o= 4.7S/m. For (Cuj.
«Ag,)7GeSsl solid solutions with x = 0.5 and 0.75 the electrical con-
ductivity is more than by an order of magnitude higher compared to
Cu,GeSsI and Ag,GeSsI crystals, and the minimal electrical con-
ductivity value of 0.25S/m is observed for (Cug 2s5Ago.75)7GeSsI solid
solution. With the increase of the compositional parameter x the acti-
vation energy increases from 0.16eV (Cu,GeSsl) and reaches the
maximal value of 0.36 eV for (Cug sAgo.5)7GeSsl solid solution, while
with further increase of x AE, decreases to 0.13 eV for Ag,GeSsl crystal
(Fig. 6a). A similar compositional behavior of the activation energy was

0
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observed for other representatives of argyrodite family [11,12,20,21].

For (Cu;_,Ag,);GeSs! solid solutions the compositional behavior of
the electric conductivity and the activation energy is in a good agree-
ment with the results of structural studies. Based on the structural in-
vestigations, one can conclude on the mechanism of ionic transport in
Cu;,GeSsI and Ag,GeSsI compounds as well as in (Cu;_,Ag,),GeSsI solid
solutions. Although Cu;(24 g) position is located in the S152S1 triangle
plane of the Cu,GeSsI compound, the mobile copper ion in this struc-
ture is located in the Cu,(48 h) position, which is shifted toward the
above plane and the S2I edge. It is explained by the lower sof (site
occupation factor) of Cu,(0.264) contrary to Cu;(0.632). When a solid
solution is formed, the Cu,Ag, substitution position is responsible for
the high electric conductivity due to the shift toward the S1IS2 triangle
plane and the S2I edge. Similarly to Cu,GeSs], in Ag,GeSsI compound,
the most mobile is the ion in Ag,(48 h) position. The dependences of sof
for mobile ions and the maximum distance between the moving posi-
tions of CuyAg, in the conduction network on the solid solution com-
position are presented in Fig. 6b.

The dependence of sof for mobile ions in (Cu;_,Ag,);GeSsI solid
solutions versus x has shown that when the solid solution is formed, the
mobility of ions in the substitution position Cu,Ag, decreases. This can
be seen from the increase of sof for the Cu,Ag, substitution position
(Fig. 4a), which is in a good agreement with the electric conductivity
data. An increase of the maximal distance between the moving ion
positions which is a limiting factor for the migration of cations in the
crystal, is also observed (Fig. 6b). This fact is in a good agreement with
an increase of the activation energy values for (Cu;_,Ag,),GeSs! solid
solutions.

4. Conclusions

(Cu;.,Ag,),GeSsI solid solutions were obtained by a developed
vertical zone crystallization method. These compounds form face-cen-
tered cubic lattice (space group F43m) with 4 formula units per a unit
cell. The increase of the cubic lattice parameter in (Cu;.,Ag,),GeSsl
solid solutions with increasing Ag content is observed. The electric
conductivity of (Cu;_,Ag,),GeSsl crystals follows the Arrhenius law.
The compositional studies have shown that the electric conductivity of
(Cu;.,Ag,),GeSsI solid solutions decreases with silver content, but in-
creases for the compound with x = 1. The highest activation energy of
conductivity was obtained for (Cug sAgo.5)7GeSsI solid solution, which
is explained by the maximal distance between the mobile ion positions,
which is a limiting factor for the cation migration. The structural
changes in [Cu(Ag)Ssl>] doubled tetrahedron show that the site occu-
pation factor for mobile ions in (Cu;.Ag,),GeSsI solid solutions with
x = 0.25, 0.5, and 0.75 increases compared to Cu,GeSsI and Ag,GeSsl
compounds, which causes a decrease of the ion mobility and the electric
conductivity. Hence, a good correlation between the structural and
electrical properties of (Cu;_,Ag,),GeSsl solid solutions was observed.
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