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Abstract. (Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x mixed crystals were grown 
using a direct crystallization technique from the melt. Refractive indices and extinction 
coefficients for mixed crystals were obtained from the spectral ellipsometry measurements. 
A nonlinear increase of the refractive indices is revealed with increase of Cu7PS6 content. 
The dispersion of refractive indices is described in the framework of Wemple–DiDomenico 
model. The compositional dependences of optical parameters for (Cu6PS5I)1–x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals are analyzed. 
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1. Introduction 

Cu6PS5I(Br) compounds belong to the argyrodite-type 
superionic conductors [1]. They are promising materials 
for applications in solid state ionics as the materials for 
solid state batteries, supercapacitors and electrochemical 
sensors. At room temperature Cu6РS5I(Br) and Cu7PS6 
crystallize in the cubic crystal system ( mF 34  and P213 
space groups, respectively) [1, 2]. The most investigated 
in this family are Cu6РS5I(Br) crystals that show a high 
value of electric conductivity at room temperature, 
comparable with the conductivity of the best solid 
electrolytes [1]. At low temperatures Cu6РS5I crystal 
undergoes two phase transitions (PTs), one of them being 
a first-order superionic and ferroelastic PT at TI = 
= 144…169 K, the other is a second-order structural PT 
at ТII = (269±2) K [3]. Another situation is realized in 
Cu6РS5Br crystal: with decreasing temperature it 
undergoes two phase transitions – the ferroelastic one at 
TII = (268±2) K and superionic transition at TI =  
= (166…180) K [4, 5]. 

It is shown that Cu7PS6 compound is formed with a 
large excess of S2– anions and in a simplified case its 
structure can be viewed as a Cu2S matrix containing 
isolated [PS4]

3– ions [2]. In Cu7PS6 the PT is observed at 

515 K from the high-temperature phase with mF 34  
symmetry to the low-temperature phase with P213 
symmetry. Calorimetric studies of Cu7PS6 showed no 
phase transitions within the temperature range of 100 to 
400 K [6]. Electrical properties of Cu7PS6 crystal grown 
using direct crystallization were studied in the frequency 
range 10…1010 Hz and temperature interval 296…351 K 
in Ref. [7]. The main feature of argyrodites is ability  
to create solid solution raws on their base [8, 9].  
The halogen-substituted (Cu6PS5I)1–-x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals were investigated 
in Refs. [10, 11]. In Ref. [10], the structural peculiarities 
of (Cu6PS5I)1–x(Cu7PS6)x is studied and discussed. The 
crystal structure, as being based on the X-ray diffraction 
data, shows the face-centred cubic lattice for Cu6PS5I-
rich solid solutions (х < 0.12) and primitive cubic lattice 
for Cu7PS6-rich (0.84 < x < 1) solid solutions [10]. 
Structural studies of (Cu6PS5Br)1-x(Cu7PS6)x mixed 

crystals reveal a face-centred cubic lattice ( mF 34  space 
group) for Cu6PS5Br-rich crystals (0 < x < 0.4) and a 
primitive cubic lattice (P213 space group) for Cu7PS6-
rich (0.4 < x < 1) crystals [11]. These structural data 
correlate with the Raman spectra and compositional 
dependence of the energy gap in the mixed crystals under 
investigations [10, 11]. 
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Fig. 1. Spectral dependences of the refractive index n for 
(Cu6PS5I)1–x(Cu7PS6)x (a) and (Cu6PS5Br)1–x(Cu7PS6)x (b) 
mixed crystals: a) Cu6PS5I (1), (Cu6PS5I)0.9(Cu7PS6)0.1 (2), 
(Cu6PS5I)0.5(Cu7PS6)0.5 (3), (Cu6PS5I)0.2(Cu7PS6)0.8 (4), Cu7PS6 

(5); b) Cu6PS5Br (1), (Cu6PS5Br)0.9(Cu7PS6)0.1 (2), 
(Cu6PS5Br)0.5(Cu7PS6)0.5 (3), (Cu6PS5Br)0.2(Cu7PS6)0.8 (4), 
Cu7PS6 (5). 

 
 

In this paper, we report on the ellipsometric studies 
of (Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x 
mixed crystals obtained by means of directed 
crystallization from the melt. Besides, the paper is aimed 
at the analysis of refractometric data in the framework of 
Wemple–DiDomenico model. 
 
2. Experimental 

(Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x  
mixed crystals were grown using a direct crystalli- 
zation technique from the melt. Synthesis of  
(Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x com-
pounds was performed using the following procedure: 
heating at the rate close to 50 K/h up to (673 ± 5) K, 
ageing at this temperature for 24 h, then heating the “hot” 
zone  to  (1330 ± 5)  K  as  well  as  the  “cold”  zone  to  

 

 
 

 

 
 
Fig. 2. Spectral dependences of the extinction coefficient k for 
(Cu6PS5I)1–x(Cu7PS6)x (a) and (Cu6PS5Br)1–x(Cu7PS6)x (b) 
mixed crystals: a) Cu6PS5I (1), (Cu6PS5I)0.9(Cu7PS6)0.1 (2), 
(Cu6PS5I)0.5(Cu7PS6)0.5 (3), (Cu6PS5I)0.2(Cu7PS6)0.8 (4),  
Cu7PS6 (5); b) Cu6PS5Br (1), (Cu6PS5Br)0.9(Cu7PS6)0.1 (2), 
(Cu6PS5Br)0.5(Cu7PS6)0.5 (3), (Cu6PS5Br)0.2(Cu7PS6)0.8 (4), 
Cu7PS6 (5). 

 
 
(973 ± 5) K. At the temperature of (1330 ± 5) K the 
mixture was kept for 72 h and then the melting zone was 
heated up to (1380 ± 5) K (which is 50 K above the 
melting point) and kept at this temperature for 24 h. 
Seeding was performed for 48 h in the lower part of the 
container. The crystallization front rate was 3 mm/day. 
Subsequent annealing of the silica glass ampoule with the 
crystal was performed in the “cold” zone at (973±5) K 
for 48 h. The procedure resulted in (Cu6PS5I)1–x(Cu7PS6)x 
and (Cu6PS5Br)1–x(Cu7PS6)x mixed crystals, 45…50 mm 
long with the diameter of 10…12 mm. 

Spectroscopic ellipsometer M-2000V was used  
for the measurements of the optical constants of  
(Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x mixed 
crystals. Measurements were carried out in the spectral 
range 370…1000 nm at the angle of incidence close  
to 70°. 
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Fig. 3. Compositional dependences of the refractive index n (1) 
and extinction coefficient k (2) for (Cu6PS5I)1–x(Cu7PS6)x (a) 
and (Cu6PS5Br)1–x(Cu7PS6)x (b) mixed crystals.  
 
 
3. Results and discussion 

Refractive indices n and extinction coefficients k for 
Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x mixed 
crystals were obtained from the spectral ellipsometry 
measurements which were carried out within the spectral 
range 370 to 1000 nm (Figs. 1 and 2). In the region of 
transparency, the refractive index dispersion is observed, 
besides, the refractive index increases when approaching 
to the absorption edge. The one anomaly (in the form of 
broader and smeared maximum) of refractive index is 
revealed in the region of the extinction coefficient 
increase (Figs. 1 and 2). The observed anomaly corres-
ponds to the band-to-band optical transition, and the 
spectral position of this anomaly relates to the energy gap 
value. It should be noted that in the region of extinction 
coefficient k increase, the knee was observed in the 
spectral dependences of k, the spectral position of which 
is related with the value of band gap energy. 

Fig. 3 presents the compositional dependences of 
the refractive index and extinction coefficient at λ = 1 µm 
obtained from spectral ellipsometry measurements for 
(Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x mixed 
crystals. With increasing  the  Cu7PS6  content  the  nonli- 
near increase of refractive index as well as the nonlinear 

 
 

 
 
Fig. 4. Compositional dependences of Wemple and DiDome-
nico parameters E0 (1) and Ed (2) for (Cu6PS5I)1–x(Cu7PS6)x (a) 
and (Cu6PS5Br)1–x(Cu7PS6)x (b) mixed crystals. 
 
 
decrease of extinction coefficient are also observed, 
moreover, the above mentioned compositional depen-
dences in (Cu6PS5I)1–x(Cu7PS6)x mixed crystals, contrary 
to those in (Cu6PS5Br)1–x(Cu7PS6)x mixed crystals, is 
monotonous without any peculiarities. 

A number of models which described the refractive 
index dispersion are based on the relationship between the 
refractive index and the energy gap [12–14]. Among them 
one should, first of all, mention the well-known 
Wemple–DiDomenico (WDD) model [13]. Wemple and 
DiDomenico have proposed the model where the 
refractive index dispersion is studied in the transparency 
region below the gap, using the single-oscillator 
approximation [13]. 

In this paper, the dispersion dependences of 
refractive indices were analyzed in the framework of the 
WDD model [13]. In this case, the energy dependence of 
refractive index can be described using the relationship 
[13] 
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where  E0  is  the  single-oscillator energy,  and  Ed is  the 
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dispersion energy. The dispersion energy Ed 
characherizes the average strength of interband optical 
transitions and relates with the changes in the structural 
ordering of the material (ionicity, anion valency and 
coordination number of the material). From the 
dependences (n2 – 1)–1 on E2 by using Eq. (1) the E0 and 
Ed values were determined. The above mentioned 
parameters of the WDD model for (Cu6PS5I)1–x(Cu7PS6)x 
and (Cu6PS5Br)1–x(Cu7PS6)x mixed crystals are listed  
in Tables 1 and 2. It is shown that with the increase  
of Cu7PS6 content the single-oscillator energy E0 
nonlinearly decreases as well as the dispersion energy Ed 
nonlinearly increases for both  (Cu6PS5I)1–x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals (Fig. 4). The 
nonlinear and nonmonotonous compositional behaviour 
of the parameters of the WDD model (Fig. 4) and optical 
constants (Fig. 3b) is explained by the structural 
transformation during the transition from Cu6PS5I(Br) 
compound to Cu7PS6 compound [10, 11] as well as the 
compositional disordering of crystal lattice typical for 
argyrodite-type mixed crystals [8, 9]. 

According to the relation E0 ≈ 2Eg
opt [15], the op-

tical band gap values Eg
opt were estimated and presented 

in Tables 1 and 2. It should be noted that Eg
opt values and 

the energy pseudogap Eg ones obtained from the analysis 
of diffuse reflection spectra for (Cu6PS5Br)1–x(Cu7PS6)x 
mixed crystals do not differ more than 10% [11]. The 
transition from halogen-containing Cu6PS5I(Br) to 
halogen-free Cu7PS6 argyrodites leads to the optical  
band gap Eg

opt decrease in (Cu6PS5I)1–x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals. 

The static refractive index n0 for the mixed crystals 
under investigations was calculated using the equation  
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The variation of the static refractive index n0  
on the composition of (Cu6PS5I)1–x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x  mixed   crystals  is  presented  in  

 
 

Tables 1 and 2. It is revealed that with the increase of 
Cu7PS6 content, the static refractive indices n0 increase 
for (Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x 
mixed crystals. 

By using the parameters of the WDD model, one 
can calculate this important parameter for superionic 
conductors as the ionicity [16] 
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The values of ionicity for (Cu6PS5I)1–x(Cu7PS6)x and 

(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals are presented  
in Tables 1 and 2. It is shown that, with increase of the 
Cu7PS6 content, the ionicity of mixed crystals under 
investigation is decreased. This fact is in a good 
agreement with the recent studies of electrical conduc-
tivity in (Cu6PS5I)1–x(Cu7PS6)x-based composites [17]. It 
is shown in Ref. [17] that the ratio of ionic to electronic 
components of electrical conductivity decreases at the 
transition from halogen-containing Cu6PS5I compound to 
halogen-free Cu7PS6 compound. 
 
4. Conclusions 

(Cu6PS5I)1–x(Cu7PS6)x and (Cu6PS5Br)1–x(Cu7PS6)x mixed 
crystals were obtained using a direct crystallization 
technique from the melt. The ellipsometric studies were 
performed in the spectral range 370 to 1000 nm. Optical 
constants (refractive indices and extinction coefficients) 
for mixed crystals were obtained from the spectral ellip-
sometry measurements. In the region of transparency, the 
refractive indices dispersion is observed, the refractive 
indices increase when approaching to the absorption 
edge, and the one anomaly of refractive indices is 
revealed in the range of the extinction coefficients 
increase. The refractive indices anomaly corresponds to 
the band-to-band optical transition, and the spectral 
position of this anomaly relates to the energy gap value. 

Table 1. Wemple and DiDomenico parameters, optical band gap, static refractive index and ionicity for (Cu6PS5I)1–x(Cu7PS6)x mixed 
crystals. 

Crystal E0 (eV) Ed (eV) Eg
opt

 (eV) n0 fi 
Cu6PS5I 4.31 18.9 2.16 2.321 0.48 
(Cu6PS5I)0.9(Cu7PS6)0.1 4.28 19.2 2.14  2.340 0.47 
(Cu6PS5I)0.5(Cu7PS6)0.5 4.10 20.2 2.05 2.433 0.45 
(Cu6PS5I)0.2(Cu7PS6)0.8 4.20 21.9 2.10 2.490 0.44 
Cu7PS6 4.03 22.9 2.02  2.587 0.42 

Table 2. Wemple and DiDomenico parameters, optical band gap, static refractive index and ionicity for (Cu6PS5Br)1–x(Cu7PS6)x 
mixed crystals. 

Crystal E0 (eV) Ed (eV) Eg
opt (eV) n0 fi 

Cu6PS5Br 5.11 19.6 2.56 2.199 0.52 
(Cu6PS5Br)0.9(Cu7PS6)0.1 5.01 18.4 2.51 2.160 0.52 
(Cu6PS5Br)0.5(Cu7PS6)0.5 4.05 18.8 2.03 2.375 0.46 
(Cu6PS5Br)0.2(Cu7PS6)0.8 4.13 23.3 2.06 2.579 0.42 
Cu7PS6 4.04 23.0 2.02 2.587 0.42 
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The dispersion of refractive indices is described in the 
framework of the Wemple–DiDomenico model. The 
nonlinear increase of the refractive indices and the 
nonlinear decrease of the optical band gap Eg

opt, the 
nonlinear decrease of the single-oscillator energy E0 and 
the nonlinear increase of the dispersion energy Ed  
as well as the ionicity decrease are revealed with increase 
of Cu7PS6 content in (Cu6PS5I)1–x(Cu7PS6)x and 
(Cu6PS5Br)1–x(Cu7PS6)x mixed crystals. 
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