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Synthesis and growth of (Cu;_xAgx)7GeSesl mixed crystals were performed. Cu;GeSesl and Ag;GeSesl
crystals were grown by the method of directed crystallization from the melt as well as (Cu;_,Agx)7GeSesl
mixed crystals were grown by zone crystallization from the melt. Electrical measurements were carried
out in the frequency range from 20 Hz to 2 x 10°Hz and in the temperature interval 292—378 K. Tem-
perature and frequency dependences of electrical conductivity for (Cu;_xAgy)7GeSesl mixed crystals were

studied. The compositional behavior of ionic and electronic conductivity as well as the compositional
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behavior of their activation energies are discussed. The ratio of ionic and electronic components of
conductivity for (Cuj_xAgx)7GeSesl mixed crystals was analyzed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

CusGeSesl and Ag;GeSesl crystals belong to the superionic
compounds with argyrodite structure [1,2]. Representatives of the
argyrodite family are widely investigated for applications as solid
state batteries, supercapacitors and electrochemical sensors [2,3].
In the recent decade, besides copper- and silver-containing argyr-
odites, Li-containing argyrodites are actively studied as one of the
most promising solid electrolyte materials [4—8]. Besides, in the
recent year they appear interesting as new materials for thermo-
electric applications [9,10].

Growth as well as physical and chemical properties of Cu;GeSsl
and CuyGeSesl crystals and mixed Cu;Ge(S1-xSex)sl crystals on their
base were studied in several papers [11—13]. Electrical, electro-
chemical and optical properties of the above mentioned crystals
were investigated in Refs. [14—16]. It was shown that Cu;GeSesl
crystal is characterized by the highest value of electrical conduc-
tivity among the well-known copper-containing superionic con-
ductors (0.64S/cm at the frequency of 10°Hzat 300K) [15].
Besides, for CuyGeSesl crystal as well as for Cu;Ge(S1-xSex)sI mixed
crystals an increase of electrical conductivity with temperature
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according to the Arrhenius law was revealed, this being an evidence
for their thermoactivation nature.

Optical studies have shown that the absorption edge of the
Cu;GeSsl single crystal and mixed Cu;Ge(S1.xSeyx)sl crystals exhibits
an Urbach behavior in a wide temperature range [14—16]. The
Urbach absorption edge is related to the manifestation of electron-
phonon interaction. Besides, it was shown that the temperature-
related, structural and compositional disordering affect the
Urbach absorption edge shape in mixed Cu;Ge(S1Sex)sl crystals
[14—16]. Finally, at S—Se anionic substitution in the mixed
CuyGe(S14Sey)sl crystals a nonlinear increase of electrical conduc-
tivity by more than an order of magnitude, a nonlinear decrease of
the optical pseudogap and a typical for mixed crystals behavior of
the Urbach energy were observed [14—16]. The influence of
Cu™—Ag™ cationic substitution on the electrical conductivity of
(Cuy.,Agy)7GeSsl solid solutions was studied in Ref. [17].

For Ag;GeSesl crystal a non-Arrhenius behavior of the electrical
conductivity is observed and the electrical conductivity value at
298K is 7.96 x 102 Sjcm [18—21]. The non-Arrhenius behavior of
the electrical conductivity in Ref. [19] is described by the Vogel-
Fulcher-Taman equation, and its temperature variation in
Ag;GeSesl crystal is related to a “quasi-liquid” sublattice of Ag™
ions.

The aim of this paper is synthesis and growth as well as


mailto:studenyak@dr.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.152792&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.152792
https://doi.org/10.1016/j.jallcom.2019.152792

2 LP. Studenyak et al. / Journal of Alloys and Compounds 817 (2020) 152792

investigation of frequency-dependent, temperature-dependent
and compositional behavior of the electrical properties of (Cuj.
xAgx)7GeSes] mixed crystals.

2. Materials and methods

CuyGeSesl and Ag;GeSesl crystals were obtained by directed
crystallization from the melt while mixed (Cuy_xAgy)7GeSesl (x =0,
0.25, 0.5, 0.75, 1) crystals on their base were obtained by zone
crystallization from the melt using a modified method. Specificity
of the modified method for the crystal growth in the case of indi-
vidual compounds is that in the growth ampoule the initial
elemental Ag (99.999%), Cu (99.999%), Ge (99.9999%), Se
(99.9999%) and pre-synthesized Cul (Agl) are loaded in the corre-
sponding stoichiometric ratios, further purified by vacuum distil-
lation (Cul) and by directed melt crystallization (Agl). As a starting
material for the growth of mixed (Cuj.,Agx)7GeSesl crystals we
used previously synthesized Cu;GeSesl and Ag;GeSesl.

Growth of (Cuq_xAgx)7GeSesl mixed crystals includes forming a
monocrystalline nucleating seed by accumulative recrystallization
in the lower conical part of the growth container (48 h). The crys-
tallization front rate was 0.4 mm/h. After moving the ampoule with
the crystal into the annealing region, it is annealed for homoge-
nizing for 3 days, which is required to remove thermal stresses in
the crystals. Thus, (Cui_,Agy)7GeSesl mixed crystals with x =0, 0.25,
0.5, 0.75 and 1 of 20—40 mm in length and 10—15 mm in diameter
were obtained.

The electrical conductivity of (Cu;_.Agx)7GeSesl mixed crystals
with x=0, 0.25, 0.5, 0.75 and 1 was investigated by impedance
spectroscopy [22] in the frequency range of 20 Hz—2 x 10® Hz and
temperature interval 292—378 K, using a high-precision Keysight
E4980A LCR meter. The amplitude of the alternating current was
10 mV. Measurement was carried out by a two-electrode method,
with blocking gold contacts. The gold contacts were deposited by
chemical precipitation from solutions. As starting solutions, 0.02 M
sodium tetrachloroaurate Na[AuCly] and formalin solution (40%
CH,0+8%CH30H+52%H,0) (deoxidant) were used in the ratio of 5/
1 (selected experimentally). The precipitation was carried out at a
temperature of not more than 293 K. Increasing the temperature
negatively affects the quality of the deposited film due to an
increasing recovery rate.

3. Results and discussion

Fig. 1 presents frequency dependences of the total electrical
conductivity for the mixed (Cul-xAgx)7GeSesl crystals with x =0,
0.25, 0.5, 0.75 and 1. It is shown that for all crystals under inves-
tigation the total electrical conductivity increases with frequency
(Fig. 1). However, for Cu;GeSesl (Fig. 1, curve 1) and
(Cug75Ag025)7GeSesl (Fig. 1, curve 2) crystals, in the frequency
range of 10° Hz—10%Hz there is a decrease in the total electrical
conductivity due to the effect of a parasitic inductance caused by
the high electrical conductivity values [23]. For the detailed studies
of the frequency behavior of the electrical conductivity and its
separation into ionic and electronic components, a standard
approach using electrode equivalent circuits (EECs) [24] and their
analysis at Nyquist plots was used. In the analysis of all samples the
parasitic inductance of the cell (~4 x 10~7 H) is taken into account.

For the analysis of Cu;GeSesl crystal an EEC is chosen, which is
characterized by the presence of an electronic resistance R, par-
allelly to which a capacity of the double diffusion layer Cq is con-
nected as well as the ionic resistance of the sample Rjop, (Fig. 2). As
can be seen from the dependence in the Nyquist plot and according
to the results of description of the experimental data (solid sym-
bols) by the ones calculated according to the EEC (open symbols),
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Fig. 1. Frequency dependences of total electrical conductivity at T=298 K for mixed
(Cuy-,Agy)7GeSesl crystals: Cus;GeSesl (1), (Cug75A80.25)7GeSesl (2), (Cug sAgo.5)7GeSesl
(3), (Cuo25A80.75)7GeSesl (4), AgsGeSesl (5).
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Fig. 2. Nyquist plot at T=298K for Cu;GeSesl crystal: experimental data (solid sym-
bols), calculated data (open symbols) and EEC.

Gion<O e, but along with the very high value of electronic con-
ductivity (ge; = 0.429 S/cm), the ionic conductivity is also quite high
(0jon=0.011 S/cm). This indicates the possibility of existence of
diffusion processes that occur across the boundary of the double
diffusion layer, which can be described using the Warburg element
Wy (Fig. 2). We can assume that there is a certain diffusion
“boundary” between the ionic and electronic conductivity.

In the Nyquist plot for the mixed (Cu0.75Ag0.25)7GeSe5I crys-
tal, like for the Cu7GeSesl crystal, one semicircle is observed, but
the diffusion processes at the interface of the double diffusion layer
could not be described using the Warburg element Wy. Thus, a
capacitance CPE Ciopel is included in the EEC, which corresponds
probably to the appearance of an additional ionic barrier within the
double diffusion layer related to the influence of domain
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boundaries, which together with the high electronic conductivity
(0e1=0.25S/cm) prevent the diffusion processes.

For the (CugpsAgos)7GeSesl and (Cug2s5Ago.75)7GeSesl crystals
two semicircles are observed: a low-frequency one, which is
responsible for diffusion and relaxation processes, and a high-
frequency one, associated with the processes at the domain
boundaries and the bulk of the mixed crystal. The Nyquist plots,
typical for these mixed crystals, are presented in Fig. 3 (curve 1). It
is shown for the mixed (Cug5Ag0.5)7GeSesl crystal that Gip0e;, and
the ionic conductivity increases compared to CuyGeSesl
(Gion = 0.016 S/cm for (Cug5Ag0.5)7GeSesl and Gjon = 0.011 S/cm for
Cu;GeSesl), while the electronic component of the conductivity
decreases (0 =0.048S/cm  for  (CupsAgos5)7GeSesl  and
Gel = 0.429 S/cm for Cu;GeSesl). This increases the influence of
diffusion and relaxation ionic processes, as a result, the low-
frequency semicircle corresponds to the diffusion processes at the
boundary of the double diffusion layer Cy4, and the crystal/electrode
boundary, responsible for which is a series-connected Warburg
element Wy with a parallel-connected electronic resistance Re
(Fig. 3). The high-frequency semicircle corresponds, in turn, to the
processes at the boundaries of domains expressed by the resistance
Rgp and the capacitance Cygp, of the domain boundaries, in parallel
with the electronic resistance R., which is responsible for the
electronic component of the conductivity. The ionic conductivity is
determined by the sum of the resistance of the domain boundaries
Rgp and the resistance of the diffusion boundary Wy - R.

As the temperature increases, the increase of the electronic
conductivity gradually reduces the effect of diffusion ionic pro-
cesses, at the boundaries of the domains of the crystal, as evidenced
by “blurring” of the high-frequency semicircle at a temperature of
323K (Fig. 3, curve 2). However, with a further increase in tem-
perature to 378 K (Fig. 3, curve 3), a further reduction of the in-
fluence of diffusion ionic processes in the mixed (Cug 5Ago.5)7GeSesl
crystal together with a decrease in the thickness of the double
diffusion layer, ultimately leads to the complete disappearance of
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Fig. 3. Nyquist plots for mixed (CugsAgo.5)7GeSesl crystal at 298 K (1), 323K (2) and
378K (3): experimental data (solid symbols), modelled (calculated) data (open
symbols).

the high-frequency semicircle.

For the (Cug2sAgo.75)7GeSesl crystal, a decrease of ionic con-
ductivity (cjon = 0.008 S/cm) was revealed. Despite this, due to the
decrease of the electronic component of conductivity, Gijon>0el
(0ion/0el = 6), which caused the displacement of the low-frequency
semicircle even more to the low-frequency region.

Ag;GeSesl crystal is characterized with the lowest value of the
electronic conductivity (ge =751 x 1074S/cm) among all the
samples, the ionic conductivity is also  reduced
(Ojon=3.36 x 103 S/cm), despite that ojon > Gel, Which caused an
even greater shift of the low-frequency semicircle further to the
low-frequency region, which leads to an increase in the influence of
the diffusion and relaxation processes. In the Nyquist plot, like in
the previous case, two semicircles are observed, but due to
reduction of both ionic and electronic conductivity, the high-
frequency semicircle is revealed more clearly (Fig. 4). The low-
frequency semicircle is described by parameters responsible for
the ion resistance, the capacitance of the double diffusion layer and
the ion diffusion Wy at the boundary of the double diffusion layer
(Fig. 4). The high-frequency semicircle, in turn, is described by Rqp/
Cgp. Parallelly to the diffusion processes of the double diffusion
layer and processes at the domain boundaries, the electronic
resistance R. is connected, which is the crucial factor for the elec-
tronic component of the conductivity.

The analysis of the impedance spectra by means of the EECs,
described above, was carried out for all the crystals and throughout
the whole range of the temperatures investigated. The temperature
behavior for the mixed (Cug25Ag0.75)7GeSesl crystal and Ag;GeSesl
crystal is similar to that of the mixed (CugsAgo5)7GeSesl crystal.
The compositional dependences of both the ionic and the electronic
conductivity are presented in Fig. 5a. It is shown that the compo-
sitional dependence of the ionic conductivity is nonlinear with a
maximum for the mixed (CugsAgos5)7GeSesl crystal (Fig. 5). Such
compositional behavior of the ionic conductivity is obviously
related to the processes of ordering/disordering of the cationic
sublattice in the mixed crystals under investigations. Ag;GeSesl
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Fig. 4. Nyquist plot at T=298 K for Ag;GeSesl crystal: experimental data (solid sym-
bols), modelled (calculated) data (open symbols) and EEC.
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Fig. 5. (a): Compositional dependences of the ionic and electronic conductivity for the mixed (Cu;  Agy);GeSesl crystals at T=298 K. The inset shows the compositional
dependence of the ionic-to-electronic conductivity ratio for the mixed (Cu;_xAgy);GeSesl crystals at T=298 K. (b): Compositional dependences of dna.x (1) and SOF (2) for the

movable atom positions in the crystal lattice.

crystal is characterized by a slightly lower ionic conductivity than
Cu7GeSe5I crystal, which is associated with a higher ordering of Ag
movable atom positions compared to Cu positions in the crystal
lattice. The site occupation factors (SOF) for Ag and Cu positions are
SOF(Ag) = 0.490 and SOF(Cu) = 0.432. It should be noted that the
movable atom positions are Agl and Cul, which are in the trian-
gular coordination of selenium atoms. The compositional depen-
dence of the ionic conductivity for the mixed (Cuq_xAgx)7GeSesl
crystals (Fig. 5a) is in a good agreement with the values of SOF of
Cu(Ag) movable atom positions in the crystal lattice and the values
of maximum distances dma.x between the above mentioned posi-
tions (Fig. 5b). The movable atom positions for the mixed crystals
are the Agl+Cul positions (triangular coordination of selenium
atoms for (Cug75Ag0.25)7GeSesl) and Ag2+Cu2 positions (tetrahe-
dral coordination with a displacement to the plane of the triangle
[Se2I] for (Cup5Ag0.5)7GeSesl and (Cug25Ag0.75)7GeSesl), which are
obviously related to the order-disorder processes in the cationic
sublattice.

In contrast, the value of the electronic conductivity monoto-
nously decreases at the Cut— Ag™ cationic substitution (Fig. 5a).
The inset to Fig. 5 shows the compositional dependence of the ratio
of ionic to electronic conductivity for the mixed (Cu;_xAgx)7GeSesl
crystals. At the transition from the Cu;GeSesl crystal, where the
electronic conductivity is 39 times greater than the ionic one, to the
Ag;GeSes], the ratio ojopn/0e| tends to increase and for Ag;GeSesl the
ionic conductivity is 4.5 times greater than the electronic one. It is
noteworthy that for the mixed (Cug25Ago.75)7GeSesl crystal the
ionic conductivity is 6 times greater than the electronic one, which
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is higher than the one for Ag;GeSesl (Fig. 5a).

For a more detailed analysis of the temperature behavior of the
electrical conductivity for the mixed (Cu;.xAgx)7GeSesl crystals, the
temperature dependences of the electrical conductivity are con-
structed (Fig. 6). It is shown that the dependences of the ionic
(Fig. 6a) and the electronic (Fig. 6b) components of the electrical
conductivity 1/T are linear and obey the Arrhenius equation, which
enabled us to determine the activation energy of both the ionic and
the electronic components of the electrical conductivity (Fig. 7).
The increase of the activation energy of the ionic conductivity at the
cationic substitution, which for the mixed (Cug25Ag0.75)7GeSesl
crystal is maximal (Fig. 7) and reaches 0.45 eV, compared with the
CuyGeSesl (Eaion)=0.066eV) and Ag;GeSesl (Ejgion)=0.165¢V)
crystals, is related to an increasing influence of the domain
boundaries and compositional disordering of crystalline structures
that cause significant difficulties in the process of ion
transport. Instead, the activation energy of the electronic conduc-
tivity at the cationic substitution in the mixed (Cu;-xAgx)7GeSesl
crystals nonlinearly increases with the transition from Cu;GeSesl
(Eaceny=0.17 eV) to Ag7GeSesl (Ezery = 0.619 V) (Fig. 7).

4. Conclusions

Synthesis and growth of the mixed (Cuj_xAgy);GeSesl crystals
were performed. The growth was carried out by directed crystal-
lization (for Cu;GeSesl and Ag;GeSesl) as well as zone crystalliza-
tion (for (Cuy-xAgy)7GeSesl) from the melt. Electrical measurements
were performed in the range of frequencies from of 20Hz to
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Fig. 6. Temperature dependences of the ionic (a) and electronic (b) conductivities for the mixed (Cu;_,Agy);GeSesl crystals: Cu;GeSesl (1), (Cug75Ag025)7GeSesl (2),

(CuosAg0.5)7GeSesl (3), (Cuo25Ag0.75)7GeSes! (4), AgzGeSesl (5).
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Fig. 7. Compositional dependences of the activation energy of the ionic and electronic
components of conductivity for the mixed (Cu;_.Agy);GeSesl crystals.

2 x 108Hz and in the temperature interval 292—378 K. Tempera-
ture and frequency dependences of the electrical conductivity were
analyzed. For the detailed studies of the frequency behavior of the
electrical conductivity and its separation into ionic and electronic
components, a standard approach using electrode equivalent cir-
cuits and their analysis with Nyquist plots was used. The electric
conductivity of the mixed (Cuq.xAgy)7GeSesl crystals follows the
Arrhenius law. The compositional dependence of the ionic con-
ductivity is nonlinear with a maximum, whereas the electronic
conductivity for the mixed (Cui-xAgx)7GeSesl crystals nonlinearly
decreases without any anomalies with silver content increase.
Simultaneously, the nonlinear compositional dependence of the
activation energy of the ionic conductivity reveals a maximum for
the (Cup25Ag0.75)7GeSesl crystal and the activation energy of the
electronic conductivity nonlinearly grows with silver content in-
crease. It should be noted that at the transition from the Cu;GeSesl
crystal where the electronic conductivity is 39 times greater than
the ionic one, to Ag;GeSes], the ratio Gjon/0e tends to increase and
in Ag;GeSesl crystal the ionic conductivity is 4.5 times greater than
the electronic one.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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