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OPTICAL PROPERTIES
OF CATION-SUBSTITUTED
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I MIXED CRYSTALS
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were grown by the vertical zone crystallization method
and are shown to crystallize in a cubic structure (𝐹 4̄3𝑚). The diffuse reflection spectra for
the powders of (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were measured at room temperature. The
refractive indices and extinction coefficients for (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were obtained from spectral ellipsometry measurements. Two anomalies of the refractive index in the
spectral region from 440 nm to 1000 nm are observed. One of them corresponds to the band-toband optical transition, while another one to the interband Van Hove–Phillips singularity. A
nonlinear decrease of the energy pseudogap is revealed with an increase in the Ag content in
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals.
K e y w o r d s: mixed crystal, spectral ellipsometry, refractive index, diffuse reflection, energy
pseudogap.

1. Introduction
Cu7 GeSe5 I and Ag7 GeSe5 I crystals belong to a
large family of compounds with argyrodite structure, which are united by the general formula
𝑛+ 2−
𝐴𝑚+1
𝑋6−𝑥 𝑌 1− (0 < 𝑥 < 1), where 𝑚 is
(12−𝑛−𝑥)/𝑚 𝐵
the valence of cations 𝐴 = (Cu+ , Ag+ , Cd2+ , Hg2+ ),
𝑛 is the valence of cations 𝐵 = (Ga3+ , Si4+ , Ge4+ ,
P5+ , As5+ ), 𝑋 = S2− , Se2− , Te2− and 𝑌 = Cl− , Br− ,
I− are anions [1, 2]. Representatives of the argyrodite
family are characterized by a high ionic conductivity
and are promising for practical applications as solid
state batteries, supercapacitors, and electrochemical
sensors [2, 3]. Recently, alongside well-studied Cuand Ag-containing argyrodites, Li- and K-containing
argyrodites are being actively investigated [4–8]. In
addition, a great attention is paid to the production
of various types of argyrodite-based ceramic and composite materials, as well as their production in thin
film form, which significantly expands the scope of
their practical application [9–12].
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Germanium-containing argyrodite Cu7 Ge𝑋5 I (𝑋 =
= S, Se) crystals, as well as the mixed crystals on
their base, were studied in several papers [13–19]. It
was shown that Cu7 GeSe5 I crystal is characterized
by the highest value of electrical conductivity among
the well-known copper-containing superionic conductors [16]. For Ag7 GeSe5 I crystal, a non-Arrhenius
behavior of the electrical conductivity is observed
and described by the Vogel–Fulcher–Taman equation. Moreover, its temperature variation is related
to a “quasiliquid” sublattice of Ag+ ions [20–22]. The
influence of the Cu+ → Ag+ cationic substitution on
the electrical conductivity of (Cu1−𝑥 Ag𝑥 )7 GeS5 I and
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals was studied in
Ref. [18, 19]. It was shown that, as the content of
Ag atoms increases, the ratio of ionic to electronic
conductivity for (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals
increases as well [19].
Optical studies have shown that the absorption edge of Cu7 GeS5 I single crystal and
Cu7 Ge(S1−𝑥 Se𝑥 )5 I mixed crystals is described by the
Urbach rule which is related to the electron-phonon
interaction [13, 16, 17]. It was shown that the S → Se
anionic substitution in the anionic sublattice of
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Cu7 Ge(S1−𝑥 Se𝑥 )5 I mixed crystals leads to a nonlinear increase of the electrical conductivity by
more than one order of magnitude and a nonlinear
decrease of the optical pseudogap [17]. Optical properties of (Cu1−𝑥 Ag𝑥 )7 GeS5 I mixed crystals with the
substitution of atoms in the cationic sublattice were
studied in Ref. [23]. As the Ag content increases, a
nonlinear decrease in the optical pseudogap, as well
as a nonlinear increase in the refractive index with a
maximum were observed [23].
Due to the fact that the optical properties of
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals have not been investigated so far, this paper is devoted to the study of
the compositional behavior of the optical parameters
for (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals at the cationic
Cu+ → Ag+ substitution. In addition, in contrast to
the previous studies [13, 16, 17] performed on samples
obtained by the chemical vapor transport (CVT), the
optical properties of (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals obtained by means of the directed crystallization
from the melt, namely with the help of Bridgman–
Stockbarger (B–S) method will be investigated in this
paper. Finally, it is relevant to compare the optical
parameters for Cu7 GeSe5 I crystals obtained by CVT
and B–S techniques.

coefficient 𝑇tr and the reflectivity 𝑟 using the known
formula [︃
]︃
√︀
1
(1 − 𝑟)2 + (1 − 𝑟)4 + 4𝑇tr2 𝑟2
,
(1)
𝛼 = ln
𝑑
2𝑇tr

2. Experimental

where 𝐸𝑔 (𝑥 = 0) ≡ 𝐸𝑔 (0) and 𝐸𝑔 (𝑥 = 1) ≡ 𝐸𝑔 (1)
are the energy pseudogap values for Cu7 GeSe5 I and
Ag7 GeSe5 I crystals, respectively; 𝑐 is the bowing parameter which is the measure of a deviation from the

Cu7 GeSe5 I and Ag7 GeSe5 I crystals were grown by
the directed crystallization from a melt, whereas
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals with 𝑥 = 0.25,
0.5, 0.75 were obtained by the zone crystallization
from a melt using a modified B–S method [19]. The
XRD patterns measured by a DRON 4-07 diffractometer (conventional 𝜃-2𝜃 scanning method, Bragg angle 2𝜃 ∼
= 10–60∘ , Ni-filtered CuK𝛼 radiation) have
shown that (Cu1−𝑥 Ag𝑥 )7 GeS5 I (B–S) compounds
were indexed as face-centered cubic with the space
group 𝐹 4̄3𝑚.
A spectroscopic ellipsometer Horiba Smart SE was
used for optical constant measurements. Measurements were carried out in the spectrum region
from 440 nm to 1000 nm at an incident angle of 70∘ . The diffuse reflection measurements of
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were carried out
on a Shimadzu UV-2600 spectrometer. Optical transmission spectra of Cu7 GeSe5 I crystal were measured
by using a LOMO KSVU-23 grating monochromator. The absorption coefficient 𝛼 was calculated on
the basis of experimental values of the transmission
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where 𝑑 is the sample thickness. The relative error
in the absorption coefficient determination Δ𝛼/𝛼 did
not exceed 10% for 0.3 ≤ 𝛼𝑑 ≤ 3 [24].
3. Results and Discussion
Diffuse reflection spectra for the powders of
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals are presented in
Fig. 1. The short-wavelength edge of the diffuse reflection spectra is shown to shift toward longer wavelengths with the substitution of Cu atoms by Ag
atoms in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals. From
the spectral position of the short-wavelength edge of
the diffuse reflection spectra, the energy pseudogap
value was estimated. It is revealed that, at the Cu+ →
→ Ag+ cationic substitution, the energy pseudogap
nonlinearly decreases with the downward-bowing.
The compositional dependence of the energy pseudogap can be described by the relation [25]:
𝐸𝑔 (𝑥) = 𝐸𝑔 (0) + [𝐸𝑔 (1) − 𝐸𝑔 (0)]𝑥 − 𝑐𝑥(1 − 𝑥),

(2)

Fig. 1. Diffuse reflection spectra of (Cu1−𝑥 Ag𝑥 )7 GeSe5 I
mixed crystals: Cu7 GeSe5 I (1), (Cu0.75 Ag0.25 )7 GeSe5 I (2),
(Cu0.5 Ag0.5 )7 GeSe5 I
(3),
(Cu0.25 Ag0.75 )7 GeSe5 I
(4),
Ag7 GeSe5 I (5). The inset shows the compositional dependence of the energy pseudogap
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Fig. 2. Spectral dependence of the absorption coefficient for
Cu7 GeSe5 I crystal at room temperature

a

𝐸𝑔 (𝑥) function linearity. The best agreement, while
describing the experimental dependence 𝐸𝑔 (𝑥) by
Eq. (2,) was obtained for the 𝑐 parameter equal to
0.27 eV. It should be noted that the positive value
of 𝑐 is the evidence of the downward-bowed compositional dependence of the energy pseudogap. According to Refs. [26, 27], the bowing of the energy pseudogap plot can be caused by an energy band deformation due to the change of lattice parameters in mixed
crystals, change of electronegativity, and structural
changes due to the cation bond length variation.
The comparison of the compositional dependences
of the energy pseudogaps in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I
and (Cu1−𝑥 Ag𝑥 )7 GeS5 I mixed crystals [23] indicates
their similarity. However, the bowing parameter for
(Cu1−𝑥 Ag𝑥 )7 GeS5 I mixed crystals is more than 3
times greater than in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed
crystals. In addition, the substitution of S atoms by
Se atoms in the anionic sublattice results in a significant decrease of the energy pseudogap. Thus, the
energy pseudogaps for Cu7 GeS5 I and Ag7 GeS5 I crystals constitute 2.173 eV and 1.678 eV [23], respectively, whereas, for Cu7 GeSe5 I and Ag7 GeSe5 I crystals, they are much smaller and equal to 1.332 eV and
0.967 eV, respectively.
The optical absorption edge spectrum which has an
exponential form for Cu7 GeSe5 I (B–S) is presented in
Fig. 2. It should be noted that the optical absorption
edge in Cu7 GeSe5 I (CVT) single crystal was studied
in Ref. [17]. It was shown that the optical absorption
edge spectra for Cu7 GeSe5 I (CVT) are described by
the Urbach rule [28]
]︂
ℎ𝜈 − 𝐸0
,
𝛼(ℎ𝜈) = 𝛼0 exp
𝐸𝑈
[︂

b
Fig. 3. Spectral dependences of the refractive index 𝑛 (a)
and the extinction coefficient 𝑘 (b) for (Cu1−𝑥 Ag𝑥 )7 GeSe5 I
mixed crystals: Cu7 GeSe5 I (1 ), (Cu0.75 Ag0.25 )7 GeSe5 I (2 ),
(Cu0.5 Ag0.5 )7 GeSe5 I (3 ),
(Cu0.25 Ag0.75 )7 GeSe5 I (4 ),
Ag7 GeSe5 I (5 )
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(3)

where 𝐸𝑈 is the Urbach energy, 𝛼0 and 𝐸0 are the
convergence point coordinates of the Urbach bundle. The Urbach shape of the absorption edge is,
first of all, related to the exciton (electron)-phonon
interaction (EPI) [29]. It was shown in Ref. [17]
that the most applicable for the description of EPI
in Cu7 GeSe5 I (CVT) crystals is the Dow–Redfield
model, according to which the Urbach shape of the
absorption edge is revealed as a consequence of the
interaction of an exciton with microelectric fields of
LO phonons. The energy of the effective phonon participating in the absorption edge formation can be estimated with regard for the temperature dependence
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5
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of the parameter 𝜎 = 𝑘𝑇 /𝐸𝑈 characterizing the absorption edge slope from the known formula
)︂
(︂
)︂
(︂
~𝑤𝑝
2𝑘𝑇
tanh
,
(4)
𝜎(𝑇 ) = 𝜎0
~𝑤𝑝
2𝑘𝑇
where ~𝑤𝑝 is the effective phonon energy in the oneoscillator model describing EPI, 𝜎0 is a parameter,
related to the EPI constant 𝑔 as 𝜎0 = 2/3𝑔 [29]. For
Cu7 GeSe5 I (CVT) single crystal, 𝜎0 > 1, this is the
evidence for a weak EPI in the above-mentioned crystal [17].
The Urbach energy 𝐸𝑈 = 23.8 meV for Cu7 GeSe5 I
(B–S) single crystal was obtained from the exponential dependence presented in Fig. 2. It is shown that
the obtained value for Cu7 GeSe5 I (B–S) single crystal
is very close to the Urbach energy 𝐸𝑈 = 25.0 meV for
Cu7 GeSe5 I (CVT) single crystal [17]. For the comparison of the spectral positions of the Urbach absorption
edge in both Cu7 GeSe5 I (B–S) and Cu7 GeSe5 I (CVT)
single crystals, we used the value of the energy pseudogap 𝐸𝑔𝛼 (𝐸𝑔𝛼 is the energy position of an exponential absorption edge at a fixed absorption coefficient
𝛼 = 103 cm−1 ) which is 1.366 eV for Cu7 GeSe5 I (B–
S) crystal and 1.435 eV for Cu7 GeSe5 I (CVT) crystal
[17]. It is seen that the values of the energy pseudogap of the above-mentioned crystals do not differ
more than by 5%. It should be noted that the energy pseudogap 𝐸𝑔 (1.366 eV) determined from the
absorption coefficient spectrum for Cu7 GeSe5 I (B–S)
crystal is in a good agreement with 𝐸𝑔 determined
from the above-mentioned diffuse reflection spectrum
(1.332 eV).
The refractive indices 𝑛 and extinction coefficients 𝑘 for (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were
obtained from spectral ellipsometry measurements
which were carried out in the spectral range of
0.44–1.0 𝜇m (Fig. 3). The two anomalous dispersion regions of the refractive index are revealed in
the spectral region under investigation (Fig. 3, a).
The weakly expressed long-wavelength (e.g., 𝜆 =
= 973 nm or 𝐸 = 1.274 eV for Ag7 GeSe5 I crystal) anomaly corresponds to the band-to-band optical transition, and the spectral position of this
anomaly relates to the energy pseudogap value. Another short-wavelength (e.g., 𝜆 = 495 nm or 𝐸 =
= 2.505 eV for Ag7 GeSe5 I crystal) anomaly possibly
corresponds to the interband Van Hove–Phillips singularity. Such type of singularity was also revealed
in (Cu1−𝑥 Ag𝑥 )7 GeS5 I mixed crystals [23]. However,
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5

both anomalies in (Cu1−𝑥 Ag𝑥 )7 GeS5 I mixed crystals are shifted, as compared to the anomalies in
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals into a higher energy region (e.g., for Ag7 GeS5 I, they are observed at
1.554 eV and 2.867 eV, respectively [23]). On the spectral dependences of the extinction coefficients 𝑘 for
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals, a monotonous
decrease in its value with increasing the wavelength
is observed (Fig. 3, b).
It should be noted that, with increasing the content of Ag atoms in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals, the long-wave anomaly corresponds to the bandto-band optical transition shifts into the low-energy
region (Fig. 3, a), which corresponds to the compositional behavior of the energy pseudogap determined
from the diffuse reflection spectra (Fig. 1). At the
same time a short-wave anomaly corresponds to the
interband Van Hove–Phillips singularity shifts nonlinearly into the high-energy region at the cationic
Cu+ → Ag+ substitution in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I
mixed crystals.
4. Conclusions
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals were obtained by
means of the vertical zone crystallization method
(Bridgman–Stockbarger method). The optical (diffuse reflection, transmission and spectral ellipsometry) studies were performed both on powders and
single crystals in a wide spectral range. It is shown
that the diffuse reflection spectra shift toward longer
wavelengths with the substitution of Cu atoms by Ag
atoms in (Cu1−𝑥 Ag𝑥 )7 GeSe5 I mixed crystals. The energy pseudogaps determined from the diffuse reflection spectra at the Cu+ → Ag+ cationic substitution
nonlinearly decrease with the downward-bowing. Optical absorption studies have shown the exponential behavior of the absorption edge in Cu7 GeSe5 I
crystal. It is revealed a good agreement between
the energy pseudogaps determined from the absorption coefficient spectrum and those determined from
the diffuse reflection spectrum for Cu7 GeSe5 I (B–
S) crystal. In addition, a good proximity of values
is obtained for the energy pseudogaps in Cu7 GeSe5 I
(CVT) and Cu7 GeSe5 I (B–S) crystals. From spectral
ellipsometry measurements, the two anomalous dispersion regions of the refractive index are revealed in
the spectral interval 0.44–1.0 𝜇m. The low-frequency
anomaly corresponds to the band-to-band optical
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transition, whereas the high-frequency anomaly corresponds to the interband Van Hove–Phillips singularity. It is observed that the low-frequency anomaly
at the Cu → Ag cationic substitution shifts to the lowenergy region, while the high-frequency anomaly nonlinearly shifts to the high-energy region.
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ОПТИЧНI ВЛАСТИВОСТI
КАТIОН-ЗАМIЩЕНИХ ЗМIШАНИХ
КРИСТАЛIВ (Cu1−𝑥 Ag𝑥 )7 GeSe5 I
Встановлено, що змiшанi кристали (Cu1−𝑥 Ag𝑥 )7 GeSe5 I,
якi вирощувалися методом вертикальної зонної кристалiзацiї, мають кубiчну структуру 𝐹 4̄3𝑚. Спектри дифузного вiдбивання для порошкiв змiшаних кристалiв
(Cu1−𝑥 Ag𝑥 )7 GeSe5 I вимiрювалися при кiмнатнiй температурi. Показники заломлення та коефiцiєнти екстинкцiї
змiшаних кристалiв (Cu1−𝑥 Ag𝑥 )7 GeSe5 I були отриманi з
використанням спектральної елiпсометрiї. В спектральнiй
областi вiд 440 нм до 1000 нм спостерiгаються двi аномалiї показника заломлення. Одна з них вiдповiдає зоназонному оптичному переходу, а iнша – особливостi Ван
Хова–Фiлiпса. Виявлено нелiнiйне зменшення ширини псевдозабороненої зони при збiльшеннi вмiсту атомiв срiбла у
змiшаних кристалах (Cu1−𝑥 Ag𝑥 )7 GeSe5 I.
К л ю ч о в i с л о в а: змiшаний кристал, показник заломлення, дифузне вiдбивання, ширина псевдозабороненої зони.
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