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ELECTRICAL CONDUCTIVITY
AND THERMOELECTRICAL PARAMETERS
OF ARGYRODITE-TYPE Cu7−𝑥PS6−𝑥I𝑥
MIXED CRYSTALS

Cu7−𝑥PS6−𝑥I𝑥 mixed crystals were grown by the direct crystallization from a melt. The elec-
trical conductivity is measured in the frequency range from 10 Hz to 300 kHz and in the
temperature interval 293–383 K. The frequency, temperature, and compositional dependences
of the electrical conductivity for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals are studied. The measurements
of thermoelectric parameters of Cu7−𝑥PS6−𝑥I𝑥 mixed crystals are carried out in the tempera-
ture interval 293–383 K. The compositional behaviors of the electrical conductivity, activation
energy, Seebeck coefficient, and power factor are investigated. The interrelation between the
structural, electrical, and thermoelectrical properties is analyzed.
K e yw o r d s: mixed crystals, electrical conductivity, activation energy, Seebeck coefficient,
power factor, compositional dependence.

1. Introduction

The compounds with argyrodite structure are well
known firstly as the superionic conductors [1, 2]. The
most investigated among the argyrodite-type com-
pounds are Cu6PS5I crystals [1–3]. Due to the supe-
rionic, ferroelastic, and nonlinear-optical properties,
they are advanced materials for various applications
(e.g., [4]). The great possibilities for the substitution
of atoms in argyrodites allow for preparing the num-
ber of solid solutions on the basis of Cu6PS5I crys-
tals [3, 5, 6]. Recently, the argyrodites were obtained
in the forms of composites, ceramics, and thin films
[7–10]. It should be noted that, in addition to the
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above-mentioned properties, representatives of the
argyrodite family also exhibit thermoelectric proper-
ties. Thermoelectric materials allow the direct con-
version of thermal energy into electrical one, which
opens up opportunities for the recovery of excess heat
into useful electricity [11,12]. However, despite their
advantages, the widespread use of thermoelectric el-
ements is limited by the low efficiency of the energy
conversion process. The efficiency of energy conver-
sion and, therefore, efficiency of thermoelectric mate-
rials can be estimated by the parameter of thermo-
electric Q-factor 𝑍𝑇 = 𝑆2 × 𝜎 × 𝑇/𝜅tot [13, 14]. The
value of ZT is directly proportional to the Seebeck
coefficient S, electrical conductivity 𝜎, and absolute
temperature T and inversely proportional to the to-
tal thermal conductivity 𝜅tot, which is the sum of the
electron 𝜅el and phonon 𝜅lat components. Since the
values of S, 𝜎, and 𝜅el are interconnected, the val-
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ues of S and 𝜎 are linked inversely proportionally,
and 𝜎 and 𝜅el are linked directly proportionally. A
change of one of them often negatively affects the
others. The basis of modern studies of thermoelectric
materials is to improve the properties of the exist-
ing materials and search for new systems, to obtain
the maximally possible efficiency of elements. An in-
crease of ZT value can be obtained under two condi-
tions: (i) high values of the power factor 𝑆2𝜎 (elec-
tronic component), and (ii) low values of the thermal
conductivity 𝜅lat (phonon component). These condi-
tions are realized in compounds corresponding to the
concept of “phonon liquid–electronic crystal”, which
is a continuation of the Slack theory [14]. The con-
cept of “phonon liquid–electronic crystal” is realized
by the simultaneous coexistence of a rigid covalent
frame (provides high electrical conductivity) and dis-
ordered ions that behave as a liquid (provide low ther-
mal conductivity) [15]. This enables the independent
optimization of both components: electronic 𝑆2𝜎 and
phonon 𝜅lat ones. The structural disordering of the
cationic sublattice and its “liquid–like” behavior is the
determining factor of the low phonon thermal conduc-
tivity 𝜅lat of argyrodites. The first compound of the
argyrodite family, for which thermoelectric proper-
ties were presented, is Cu7PSe6 [16]. This led to the
fact that the greatest amount of information concerns
the study of selenium-containing compounds with the
argyrodite structure: Cu8GeSe6 and Ag8GeSe6 [17,
18], Ag9GaSe6 [19], Cu7PSe6 [20, 21]. However, the
investigations of S−2 ↔ Se−2 [22] and S−2 ↔ Te−2

[23] substitutions within the anion framework of the
argyrodite structure are performed nowadays. Re-
cent studies indicate the abnormally low values of
the total thermal conductivity in the interval 0.3–
0.4 W/(m ·K) within the temperature interval 300–
600 K for Cu7PSe6 [20, 21], 0.26 W/(m ·K) at 300 K
for Ag9GaSe6 [19], 0.45 W/(m ·K) at 398 K for
Ag8SnSe6 [23], 0.3 W/(m ·K) at 300 K for Cu8GeSe6
[17]. The combination of a low thermal conductivity
and the predominance of the electronic component
of the conductivity [21] determines the membership
of the argyrodite-family compounds to the promis-
ing thermoelectric materials. Thus, the purpose of
this paper is to study the electrical conductivity and
thermoelectric parameters of Cu7−𝑥PS6−𝑥I𝑥 mixed
crystals, as well as to analyze the interrelation be-
tween their structural, electrical, and thermoelectri-
cal properties.

2. Experimental

The synthesis of Cu7−𝑥PS6−𝑥I𝑥 compounds was car-
ried out in vacuum quartz ampoules from elemen-
tary components: Cu (99.999%), P (99.9999%), S
(99.99995%), and pre-synthesized binary CuI taken in
stoichiometric ratios using the direct one-temperature
method. CuI was synthesized from elementary com-
ponents Cu (99.999%) and I2 (99.9999%) taken in
stoichiometric ratios in vacuumed quartz ampoules
by the two-temperature method and additionally
purified by the directed crystallization from the
melt. Cu7−𝑥PS6−𝑥I𝑥 mixed crystals were grown by
the method of direct crystallization from a melt
which is described in Ref. [24]. X-ray diffraction stud-
ies were performed, by using a DRON 4-07 diffrac-
tometer (Ni-filter, CuK𝛼 radiation, 10 < 2𝜃 < 80∘,
scanning step is 0.02∘, exposure is 1 s). It is shown
that Cu7PS6 and Cu6PS5I compounds crystallize in
cubic cells, P213(Cu7PS6), F-43m (Cu6PS5I), num-
ber of formula units 𝑍 = 4 [24, 25]. Therefore, in
the Cu7PS6-Cu6PS5I system, the formation of solid
solutions is revealed. It is shown that the formation
of solid solutions occurs as a result of the heterova-
lent substitution in the argyrodite structure with
the charge compensation according to the scheme
Cu+ + S2− ↔ I− + vak [24]. Calculations of such
structural parameters as the distortion index and
the effective coordination number were carried out
using the VESTA 3 software [26]. Investigations of
the electrical conductivity of Cu7−𝑥PS6−𝑥I𝑥 mixed
crystals were carried out, by using a high-precision
LCR-meter AT 2818 in the frequency range of 10 Hz–
300 kHz and the temperature interval of 293–383 K on
gold contacts, AC amplitude was 10 mV. The stud-
ies of the temperature dependences of the Seebeck
coefficient (293–383 K) were performed with a tem-
perature gradient not exceeding 5 K, the heating rate
was 30 K/h, with independent temperature control
(𝐵 ± 0.15 K) on parallel sides of the sample.

3. Results and Discussion

The frequency dependences of the electrical conduc-
tivity for Cu7PS6 and Cu6PS5I crystals, as well as
for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals, are presented in
Fig. 1. The non-frequency dispersion of the electrical
conductivity for all crystals under investigation in the
studied frequency range is revealed. Such a frequency
behavior is usually observed for the materials with
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Fig. 1. Frequency dependences of the electrical conductivity
at 𝑇 = 303 K for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with 𝑥 = 0

(1 ); 0.05 (2 ); 0.1 (3 ); 0.2 (4 ); 0.5 (5 ); 0.75 (6 ); 1 (7 )

Fig. 2. Temperature dependences of the electrical conductiv-
ity at 1 kHz for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with 𝑥 = 0 (1 );
0.05 (2 ); 0.1 (3 ); 0.2 (4 ); 0.5 (5 ); 0.75 (6 ); 1 (7 )

high electronic conductivity (𝜎el ≫ 𝜎ion) and may be
related to the ratio of electronic to ionic components
of the electrical conductivity. It is shown in Ref. [27]
that, for Cu7−𝑥PS6−𝑥Br𝑥 mixed crystals, the ionic
conductivity nonlinearly changes from 7.0 S/m for
Cu7PS6 to 0.5 S/m for Cu6PS5Br [27] in the process
of heterovalent substitution. Taking the obtained val-
ues of the ionic conductivity [27] into account, the ra-
tio of 𝜎el/𝜎ion variates from 1.8 for Cu7PS6 to 3810 for
Cu6PS5Br. Thus, one can expect that the electrical
conductivity dispersion can be observed at frequen-
cies higher than 108 Hz. For the analysis of the com-
positional and temperature dependences, the electri-

Fig. 3. Compositional dependences of the electrical conduc-
tivity (1 ) at 𝑇 = 303 K and the activation energy (2 ) for
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals

Fig. 4. Temperature dependences of the Seebeck coefficient
for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with 𝑥 = 0 (1 ); 0.05 (2 );
0.1 (3 ); 0.15 (4 ); 0.2 (5 ); 0.5 (6 ); 0.75 (7 ); 0.9 (8 ); 1 (9 )

cal conductivity values at 1 kHz are determined. The
temperature dependences of the electrical conductiv-
ity are linear and described by the Arrhenius equation
(Fig. 2), which allowed us to calculate the correspond-
ing activation energies. It is shown that the composi-
tional dependences of the electrical conductivity and
activation energy for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals
are nonlinear: in the process of S2−↔ I− heterovalent
substitution, a minimum of the electrical conductivity
and a maximum of the activation energy are observed
(Fig. 3). The temperature dependences of Seebeck co-
efficient for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals, obtained
in the heating mode, are shown in Fig. 4. It should
be noted that, for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals, the
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Fig. 5. Temperature dependences of the power factor, for
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with 𝑥 = 0 (1 ); 0.05 (2 ); 0.1
(3 ); 0.15 (4 ); 0.2 (5 ); 0.5 (6 ); 0.75 (7 ); 0.9 (8 ); 1 (9 )

Fig. 6. Compositional dependences of the Seebeck coeffi-
cient (1 ) and PF (2 ) at 𝑇 = 373 K for Cu7−𝑥PS6−𝑥I𝑥 mixed
crystals

values of the Seebeck coefficient throughout the stud-
ied temperature interval are negative, by indicating
the electronic type of the electrical conductivity (𝑛-
type). For Cu7PS6-Cu6PS5I system, the maximum
values of the Seebeck coefficient (−400÷−700 𝜇V/K)
are observed for Cu7PS6 crystal, as well as for
Cu6.85PS5.85I0.15 and Cu6.8PS5.8I0.2 mixed crys-
tals, while, for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with
𝑥 = 0.05; 0.1; 0.5; 0.75; 0.9; 1, they decrease and
are within −340 𝜇V/K to −160 𝜇V/K (Fig. 4). The
power factor (PF = S2×𝜎) values for Cu7−𝑥PS6−𝑥I𝑥
mixed crystals are calculated, and the corresponding
temperature dependences are presented in Fig. 5. As
a result of the analysis of the above-mentioned de-

Fig. 7. Compositional dependences of the effective coor-
dination number (1 ) and the distortion index (2 ) for
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals

pendences, all crystals under investigation can be
divided into three groups. For the first group, the
value of PF does not exceed 1 𝜇W/(m ·K2). Despite
the high values of the thermo-emf due to a low
electrical conductivity, Cu6.85PS5.85I0.15 (PF from
4.6 × 10−2 to 0.4 𝜇W/(m ·K2)), Cu6.8PS5.8I0.2 (PF
from 3.3 × 10−2 to 0.5 𝜇W/(m ·K2)) mixed crys-
tals and Cu7PS6 (PF from 0.8 to 1.6 𝜇W/(m ·K2))
crystals might be attributed to them. The sec-
ond group comprises crystals of Cu6.95PS5.95I0.05
(PF from 4.2 to 5.2 𝜇W/(m ·K2)) mixed crys-
tal for which the value of PF does not ex-
ceed 10 𝜇W/(m ·K2). Finally, the third group, for
which the PF exceeds 10 𝜇W/(m ·K2), includes
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals with 𝑥 = 0.1; 0.5; 0.75;
0.9; 1 (Fig. 5). The highest value of PF character-
izes Cu6PS5I (PF from 49.9 to 89.1 𝜇W/(m ·K2))
crystal. It should be noted that the compositional
behavior of the Seebeck coefficient and PF for
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals is nonlinear, which is
manifested as minima of the Seebeck coefficient and
PF (Fig. 6). Such an anomalous behavior of the elec-
trical conductivity, activation energy, Seebeck coeffi-
cient, and PF for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals can
be explained by the compositional disordering of the
anionic sublattice. To evaluate the compositional dis-
ordering, we have chosen [PS4] tetrahedron, which
is the basis of the anionic framework of argyrodite
structure compounds. In the process of S2−↔ I− het-
erovalent substitution in the region of concentrations
𝑥 = 0.1÷0.5, a deformation of tetrahedrons [PS4] is
observed, which is revealed in the displacement of the
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PF at 𝑇 = 373 K for some
binary and ternary copper chalcogenides
and for Cu7−𝑥PS6−𝑥I𝑥 mixed crystals

Material PF 𝜇W/(m ·K2)) References

Cu2Se 450.0 [28]
Cu2S 87.0 [29]
Cu7PSe6 60.0 [17]
Cu8GeSe6 40.0 [18]
Cu8GeSe4Te2 10.6 [23]
Cu6.25PS5.25I0.75 29.4 [This paper]
Cu6.1PS5.1I0.9 57.3 ”
Cu6PS5I 89.1 ”

central P atom with respect to S atoms, and, there-
fore, in different S–S and P–S distances. For analy-
sis of the crystal structure deformation during the
S2−↔ I− heterovalent substitution, such parameters
as the distortion index and the effective coordina-
tion number (ECoN) were employed [26]. It should be
noted that the distortion index is defined as the av-
erage value of the relative deviation of the P–S bond
lengths in the tetrahedron [PS4], whereas ECoN is de-
fined as the sum of the contributions of all bonds to
the effective coordination number [26]. For ECoN, the
contribution of each atom depends on the bond length
and is in the range 0-1, and in the case of increas-
ing the distance between the central atom and the
ligand atom, this number approaches zero [26]. Fi-
gure 7 shows that the variations of the effective coor-
dination number and the distortion index in the con-
centration range of 𝑥 = 0.1÷0.5 for Cu7−𝑥PS6−𝑥I𝑥
mixed crystals are nonlinear with ECoN minimum
and distortion index maximum. Above 𝑥 = 0.5, the
values of ECoN and the distortion index are equal
to 4 and 0, respectively, which testifies to the abso-
lute symmetry of [PS4] tetrahedra. Thus, in the con-
centration range of 𝑥 ≈ 0.15÷0.2 for Cu7−𝑥PS6−𝑥I𝑥
mixed crystals, [PS4] tetrahedra are the most disor-
dered, which leads to a strong compositional disorder-
ing of the whole anionic framework, resulting in the
anomalous compositional behavior of the electrical
conductivity, activation energy, Seebeck coefficient,
and PF. Table shows the comparison between PF val-
ues for the materials under investigation with classical
binary copper chalcogenides, namely Cu2Se [28] and
Cu2S [29], which belong to high-temperature ther-

moelectrics. In addition, the PF values for Cu7PSe6
[16], Cu8GeSe6 [17], and Cu8GeSe4Te2 [22] copper-
containing argyrodites are presented in Table. It is
revealed that the PF values for Cu7−𝑥PS6−𝑥I𝑥 mixed
crystals are comparable with the values for the known
copper-containing chalcogenides with the argyrodite
structure and binary Cu2S (Table).

4. Conclusions

Cu7−𝑥PS6−𝑥I𝑥 compounds were synthesised from the
elementary components Cu, P, S and pre-synthesized
binary CuI, by using the direct one-temperature
method, while Cu7−𝑥PS6−𝑥I𝑥 mixed crystals were
grown by the method of direct crystallization from a
melt. The measurements of the impedance and ther-
moelectric parameters were carried out in the tem-
perature interval 293–383 K. The frequency, tempera-
ture, and compositional dependences of the electrical
conductivity are analyzed. In the range of frequen-
cies from of 10 Hz to 300 kHz, the non-frequency dis-
persion of the electrical conductivity is observed. The
temperature dependences of the electrical conductiv-
ity of Cu7−𝑥PS6−𝑥I𝑥 mixed crystals are described by
the Arrhenius law. The compositional behavior of the
electrical conductivity and the activation energy for
Cu7−𝑥PS6−𝑥I𝑥 mixed crystals is nonlinear. At S2−↔
↔ I− heterovalent substitution, the minimum of the
electrical conductivity and the maximum of the acti-
vation energy are revealed. The anomalous behaviors
of the electrical conductivity, activation energy, See-
beck coefficient, and power factor in Cu7−𝑥PS6−𝑥I𝑥
mixed crystals are explained by the compositional dis-
ordering of the anionic sublattice. The interrelation
between structural, electrical, and thermoelectrical
properties is established.
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ЕЛЕКТРИЧНА ПРОВIДНIСТЬ
ТА ТЕРМОЕЛЕКТРИЧНI ПАРАМЕТРИ
ТВЕРДИХ РОЗЧИНIВ ЗI СТРУКТУРОЮ
АРГIРОДИТУ Cu7−𝑥PS6−𝑥I𝑥
Методом спрямованої кристалiзацiї з розплаву вироще-
но монокристали твердих розчинiв Cu7−𝑥PS6−𝑥I𝑥. Еле-
ктрична провiднiсть вимiрювалася у частотному дiапазо-
нi 10 Гц–300 кГц та в iнтервалi температур 293–383 K.
Дослiджено концентрацiйну, частотну та температурну за-

лежностi електричної провiдностi монокристалiв твердих
розчинiв Cu7−𝑥PS6−𝑥I𝑥. Вимiрювання термоелектричних
параметрiв монокристалiв Cu7−𝑥PS6−𝑥I𝑥 проводились у
температурному iнтервалi 293–383 K. Вивчено концентра-
цiйну поведiнку електричної провiдностi, енергiї актива-
цiї, коефiцiєнта Зеєбека та термоелектричної потужно-
стi. Проаналiзовано взаємозв’язок структурних, електри-
чних та термоелектричних властивостей твердих розчинiв
Cu7−𝑥PS6−𝑥I𝑥.

Ключ о в i с л о в а: твердi розчини, електропровiднiсть,
енергiя активацiї, коефiцiєнт Зеєбека, термоелектрична по-
тужнiсть, концентрацiйна залежнiсть.
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