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Abstract. Ag6PS5I single crystals are grown from solution–melt by means of a 
vertical zone crystallization method. Dispersion of the refractive index of Ag6PS5I 
measured with a spectral ellipsometry technique is described by a known Wemple–
DiDomenico relation. The fundamental absorption edge for the Ag6PS5I crystals is 
studied in the temperature range 77–300 K. The temperature dependences of the 
optical pseudogap and the Urbach energy are analyzed in the framework of Einstein 
model. The parameters of electron–phonon interaction, which results in the Urbach 
behaviour of the fundamental absorption edge, are determined. The influence of 
temperature and structural disorderings on the optical absorption in Ag6PS5I is 
studied. 
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1. Introduction 
Development of secondary energy sources leads to creation of new functional materials with better 
operational characteristics [1, 2]. One of the promising directions is represented by all-solid-state 
batteries with inorganic superionic conductors as electrolytes [1−3]. The main requirement for the 
appropriate materials is their high ionic conductivity, which is provided by mobile ions, large 
number of possible crystallographic positions and their partial occupancy [4]. In particular, the 
above materials include a number of compounds with argyrodite structure [5−7]. They contain two 
types of cations in their composition: a multi-charged cation forming a rigid anionic frame with an 
anion and a single-charged cation with different coordination and occupancy positions [5−7]. 
Phosphorus-containing argyrodites Me6PS5X (Me = Cu+, Ag+, Li+, and X = Cl, Br, I) are now the 
most investigated. Structural, electrical and optical properties of these materials prepared in the 
form of single- and poly-crystals, composites, ceramics and thin films have been earlier studied in 
Refs. [8−15].  

It should be noted that high ionic conductivity affects significantly the optical processes in 
superionic conductors. Moreover, it is known that structural disordering in these materials has a 
dynamic nature due to a presence of mobile ions, which is reflected in additional ‘blurring’ of 
fundamental absorption edge [16]. 

Up to date, the optical properties of copper-conducting argyrodites Cu6PS5X have been 
studied in the most detail. At the same time, there is almost no information about the processes of 
optical absorption in silver-containing superionic conductors with argyrodite structure, Ag6PS5X. 
Although the study [5] informs that Ag6PS5I belongs to the cubic system (with the space group 
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mF 34  and the lattice parameter a = 10.474 Å), its crystal structure has not been described. It has 
been shown, however, that the electrical conductivity of polycrystalline Ag6PS5I samples is equal 
to 1.2×10–4 S/cm at  300 K and the corresponding activation energy amounts to 0.24 eV. Higher 
electrical conductivity (7.4×10–4 S/cm at 300 K) and lower activation energy (0.22 eV) for the 
poly-crystalline Ag6PS5I samples have been reported in Ref. [16]. Finally, the electrical properties 
of the composites based on (Cu1–xAgx)6PS5I solid solutions have been investigated in Ref. [17]. 

In the present study we report the refractive-index dispersion and the temperature behaviour 
of fundamental absorption edge in the superionic conductor Ag6PS5I. Our other aims are roles of 
electron−phonon interaction (EPI) and crystal-lattice ordering-disordering in the formation of 
absorption edge. 

2. Experimental 
Ag6PS5I compound was synthesised using such simple substances as silver (99.995%), phosphorus 
(99.999%), sulphur (99.999%), and pre-synthesized binary silver (I) iodide additionally purified 
using a directional crystallization method. A regime of synthesis of Ag6PS5I included a stepped 
heating up to 723 K at the rate close to 100 K/h (ageing during 48 h), a further increase in 
temperature up to 1100 K at the rate 50 K/h, and ageing at this temperature for 24 h. Cooling was 
performed in an oven-off mode.  

The growth of Ag6PS5I single crystals was carried out with a method of vertical-zone 
crystallization from a solution–melt in a two-zone tubular resistance furnace (with the melt-zone 
temperature 1075 K and the annealing zone 680 K), using a specially configured silica container. 
To homogenize the melt, a 24 h-long ampoule ageing was carried out in the melt zone. The growth 
of the single crystal included formation of a seed in a lower conical part of the container by 
applying a method of recrystallization in the course of 24 h and build-up of the crystal on the seed 
thus formed. The rate of crystallization-front movement was equal to 0.4…0.5 mm/h, the 
annealing temperature 680 K (for 72 h), and the rate of cooling down to the room temperature 
5 K/h. As a result, Ag6PS5I single crystals of dark red colour with a metallic luster were obtained, 
with the lengths 30–40 mm and the diameters close to 12 mm. 

A spectroscopic ellipsometer Horiba Smart SE was employed to measure the optical 
constants of Ag6PS5I. Measurements of the ellipsometric angles  and  were carried out in the 
spectral region from 440 to 1000 nm at the incidence angle 0 = 70o. The main ellipsometric 
equation was solved for every set of the 0,  and  parameters [18]. 

Spectral dependences of the absorption coefficient   were studied in the temperature range 
77–300 K. The samples for the optical transmittance and reflectance measurements were oriented 
at the room temperature while being in the cubic phase. The linear absorption coefficient   as a 
function of transmittance trT  and surface reflectance R  was calculated using a well-known 

formula that takes internal multiple reflections into account: 
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,     (1) 

with d  denoting the thickness of a plane-parallel sample. The experimental setup and technique 
have been described elsewhere (see, e.g., Ref. [19]). The relative error in determination of the 
absorption coefficient /   did not exceed 10% in the interval defined as 0.3  d   3 [19].  
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3. Results and discussion 
Fig. 1 shows the spectral dependence of the refractive index of Ag6PS5I measured with the spectral 
ellipsometry technique. Inside the transparency region, the refractive index increases when ap-
proaching the region of absorption edge. An anomalous dispersion is seen in the region where the 
extinction coefficient increases. This anomaly corresponds to the band-to-band optical transitions 
and its spectral position is related to the energy-gap value. The dispersion of the refractive index in 
the transparency region can be described by a Wemple−DiDomenico relation [20]: 
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,     (2) 

where E0
WD is the single-oscillator energy and Ed

WD
 the dispersion energy characterizing the 

average strength of the inter-band optical transitions. It is associated with changes in the structural 
ordering of a material. The parameters of the Wemple−DiDomenico model for the Ag6PS5I single 
crystals amount to E0

WD = 5.17 eV and Ed
WD = 26.49 eV. We have also calculated the model 

parameters associated with the static refractive index n0 = [1 + (Ed/E0)]1/2 and the ionicity 
fi = (E0/Ed)1/2 [21]. They are equal to 2.47 and 0.44, respectively. 

 
Fig. 1. Dispersion of refractive index for Ag6PS5I measured at the room temperature. 

Our temperature studies of the fundamental absorption edge for the Ag6PS5I crystals have 
testified that its shape is exponential and follows the Urbach rule [22]:  
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Here UE  denotes the Urbach energy,   the absorption-edge steepness parameter,  and E0 

are the coordinates of convergence-point of the Urbach bundle, k is the Boltzmann constant, T the 
temperature, and h the photon energy. Fig. 2 presents the spectral dependences of the absorption 
coefficient measured at different temperatures for the Ag6PS5I crystals. The coordinates  and E0 
of the point where the Urbach bundle converges for Ag6PS5I and its copper-containing counterpart 
Cu6PS5I are compared in Table 1.  

The exponential shape of the long-wavelength part of the absorption edge is usually linked 
with the EPI [23]. In the whole temperature interval under test, the temperature dependences of the 
steepness parameter  are well described with the Mahr relation [23]  
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where p  is the effective average phonon energy in a single-oscillator model describing the EPI 

[23]. An example of these dependences is presented in the insert of Fig. 1. Note that 0 is a 
constant independent of temperature and related to the EPI constant g via the relation 0 = 2/3g. It 
is worthwhile that we obtain the value 0 < 1, which indicates a strong enough EPI in Ag6PS5I 
[24]. The effective phonon energy p  and the 0 parameter are gathered in Table 1. One can see 

that 0 decreases more than three times when compared to the same parameter of Cu6PS5I crystals, 
thus indicating a significant increase in the EPI occurring due to substitution of Cu with Ag atoms. 
The effective phonon energy increases by 23% when passing from Cu6PS5I to Ag6PS5I.  

 
Fig. 2. Spectral dependences of fundamental absorption edge for Ag6PS5I measured at different temperatures: 
1 – 77, 2 – 150, 3 – 200, 4 – 250 and 5 – 300 K. Insert shows temperature dependence of the steepness 
parameter  . 

Table 1. Parameters of fundamental absorption edge and EPI calculated for Cu6PS5I [19] and 
Ag6PS5I single crystals. 

Single crystal Cu6PS5I Ag6PS5I  

0, cm−1 2.96106 3.44106 
E0, eV 2.230 2.515 

*
gE , eV 2.079 2.030 

UE , meV 19.3 59.7 

0 1.55 0.58 

p , meV 32.0 54.5 

E, K 371 633 
(Eu)0, meV 9.6 46.7 
(Eu)1, meV 23.2 94.5 

(0)*
gE , eV 2.152 2.138 
*
gS  5.6 14.5 
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Among numerous theoretical treatments of the Urbach rule, a Sumi−Toyozava model of self-
trapped exciton and a Dow−Redfield microelectric-field theory involving an internal 
Franz−Keldysh effect [25, 26] are cited the most often. Issuing from our results, one can see that 
the EPI mechanism in the Ag6PS5I crystals is well explained by the Dow−Redfield theory. 
According to the latter, the resulting exponential absorption edge is related to the interaction of 
exciton (electron) with microelectric fields generated by LO phonons [26]. To further check 
whether the Dow−Redfield theory could describe well the EPI in Ag6PS5I, we have applied the 
procedure suggested in Ref. [27], where the influence of external electric field Fe causing the 
internal Franz−Keldysh effect is replaced by the root-mean square value of the phonon-induced 
internal electric field Fp. This approach leads to the expression 

* *
0tanh (0) 1 tanh
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p p

g gE E E
kT kT
     

      
     

 
,   (5) 

where * (0)gE  is the optical pseudogap taken at the zero temperature. The linear relationship 

 * tanh / 2g pE kT  vs.  1 tanh / 2p kT    depicted in Fig. 3 supports qualitative agreement 

between the Dow−Redfield theory and the absorption processes taking place in Ag6PS5I.  

 

Fig. 3. Linear relationship  kTE pg 2/tanh*   vs.   kTp 2/tanh1   as calculated for Ag6PS5I single 

crystals. 

Following from the analysis of Urbach absorption edge, one can determine the optical 
pseudogap *

gE  (i.e., the energy position of the absorption edge taken at a fixed value of absorption 

coefficient,  = 103 cm−1) and the Urbach energy UE  (i.e., the energy width of the exponential 

absorption edge). The temperature dependences of the *
gE  and UE  parameters for the Ag6PS5I 

crystals are presented in Fig. 4. Note that the temperature behaviour of *
gE  parameter in Fig. 4, 

which is due to the EPI, can be described by the Einstein model through the relation [28] 
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where )0(*
gE  and *

gS  are respectively the optical pseudogap at 0 K and a dimensionless constant 

and E  implies the Einstein temperature corresponding to the average frequency of phonon excitati-
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ons of a system of non-coupled oscillators. Our calculations have demonstrated that the experimental 
*
gE  values are satisfactorily described by Eq. (6). The )0(*

gE , *
gS  and E  parameters obtained for 

Ag6PS5I are given in Table 1, while the temperature dependence of the optical pseudogap *
gE  

calculated from Eq. (6) is shown in Fig. 4 as a solid line. In addition, Table 1 displays the corresponding 
optical parameters for the Cu6PS5I crystals. It is important that transition from Cu6PS5I to Ag6PS5I 
decreases slightly the optical pseudogap and increases the Urbach energy more than three times. 
This indicates a significant increase in disordering of crystal lattice that happens when Cu atoms 
are substituted by Ag ones. 

  

Fig. 4. Temperature dependences of optical pseudogap *
gE  (1) and Urbach energy UE  (2) for Ag6PS5I: circles 

correspond to experiment and curves to calculation 

It is well known that the Urbach energy UE  in the Einstein model is described as [29] 

0 1
1( ) ( ) ( )

exp( / ) 1U U U
E

E E E
T

 
    

,     (7) 

where 0)( UE  and 1)( UE  are constants. The 0)( UE  and 1)( UE  values obtained when fitting the 
experimental temperature dependences of UE  for Ag6PS5I with Eq. (7) are listed in Table 1. 
Finally, the temperature dependence of the Urbach energy UE  for Ag6PS5I is shown in Fig. 4 as a 
dashed line.  

It has been shown in Ref. [30] that both the temperature-related disordering and the structural 
disordering affect the shape of Urbach absorption edge, so that the Urbach energy UE  can be 

described as 

dynXUstatXUTUXUTUU EEEEEE ,, )()()()()(  ,  (8) 

where TUE )(  and XUE )(  are respectively the contributions of temperature-related and structural 

disorderings into UE , and statXUE ,)(  and dynXUE ,)(  respectively the contributions of the static 

structural disordering and the dynamic structural disordering into XUE )( . The static structural 

disordering statXUE ,)(  in the Ag6PS5I crystals is known to be caused by structural imperfection 
occurring due to high concentration of disordered copper vacancies. On the other hand, the dynamic 
structural  disordering  dynXUE ,)(   is  related to intense motion of  mobile copper ions participating 
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in ion transport, which is responsible for the ionic conductivity [16]. Notice also that the first term 
in the r.-h. s. of Eq. (7) represents the static structural disordering and the second term is associated 
with the temperature-related types of disordering: a temperature disordering due to thermal lattice 
vibrations and a dynamic structural disordering due to a presence of mobile ions in superionic 
conductors.  

Finally, we have evaluated the contributions of the static structural disordering and the 
temperature-related types of disordering into the Urbach energy UE  for Ag6PS5I. It has been 

demonstrated that the absolute contribution of the static structural disordering increases when Cu 
atoms are substituted by Ag ones (see Table 1). Hence, the contribution of the static structural 
disorder into the Urbach energy in Cu6PS5I constitutes 49.7%, while it is 64.4% in Ag6PS5I. 

4. Conclusions 
The optical properties of the Ag6PS5I single crystals grown from solution–melt by means of the 
vertical-zone crystallization method are studied using the methods of spectral ellipsometry and 
absorption-edge spectroscopy. It is shown that dispersion of the refractive index is well described 
by the Wemple-DiDomenico model. The optical absorption edge in Ag6PS5I has the exponential 
shape and follows the Urbach rule. The temperature behaviour of the Urbach absorption edge is 
determined by the EPI which is strong enough in the Ag6PS5I crystals. 

The temperature dependences of the optical pseudogap *
gE  and the Urbach energy UE  are 

obtained experimentally. They are described well in the framework of the Einstein model. 
Concerning comparison with the Cu6PS5I counterpart, the following distinctive phenomena are 
observed in the Ag6PS5I crystals: (i)  absence of the anomalies associated with phase transitions on 
the temperature dependence of the absorption edge, (ii) absence of any exciton bands on the 
spectral dependences, (iii) a shift of the absorption edge towards the long-wavelength region, (iv)  
significant ‘smearing’ of the absorption edge due to increase in the contribution of static structural 
disordering into the Urbach energy, and (v) increase in the EPI and the effective phonon energy. 
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Анотація. Монокристали Ag6PS5I вирощено з розчину–розплаву за методом кристалізації у 
вертикальній зоні. Дисперсія показника заломлення Ag6PS5I, виміряна за методом 
спектральної еліпсометрії, описується відомим співвідношенням Вемпла–ДіДоменіко. 
Досліджено фундаментальний край поглинання кристалів Ag6PS5I у діапазоні температур 
77–300 К. Температурні залежності оптичної псевдощілини та енергії Урбаха 
проаналізовано в рамках моделі Ейнштейна. Визначено параметри електрон–фононної 
взаємодії, що приводить до урбахівської поведінки фундаментального краю поглинання. 
Досліджено вплив температурних і структурних розупорядкувань на оптичне поглинання в 
Ag6PS5I. 


