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determined. Also, the data of chemical bond formation in the crystals under discussion have
been obtained.

Keywords: crystal structure, crystal growth, computer simulation, electronic structure,

absorption edge, optical functions.

https://doi.org/10.15407/spqe025.01.019
PACS 31.15.E-, 71.15.Mb, 71.20.-b, 78.20.Ci, 81.10.-h

Manuscript received 05.11.21; revised version received 10.01.22; accepted for publication
22.03.22; published online 24.03.22.

1. Introduction

Currently, intensive work on finding electrode materials
for sodium-ion batteries, which could potentially replace
lithium-ion batteries has been underway [1]. A
significant advantage of sodium-ion batteries compared
to lithium ones is that there is much more sodium on
Earth than lithium, therefore, sodium batteries could be
cheaper than the lithium ones. Solid electrolytes are also
needed to create sodium batteries [2]. Promising
materials with high ionic conductivity based on sodium
cations at room temperature are ternary glasses known in
the systems Na—Ge-S(Se) [3, 4]. For the presence of
ionic conductivity, it is necessary to have “tunnels” in the
crystal lattice of the matrix, along which alkali metal ions
move. Among these materials is sodium selenogermanate
(NazGeSeg).

For a long time, information on phase equilibria and
the formation of compounds in the Na;Se-GeSe, system
was absent in literature. The author of [5] succeeded to
synthesize only four alloys in the Na;Se—GeSe, system
containing 10, 20, 30, and 40 wt.% Na,Se. Alloys
containing 10 and 20 wt.% of Na,Se were obtained in a
crystalline state, and those containing 30 and 40 wt.%
NazSe — in a glassy state. The author [5] carried out the

synthesis of alloys by fusion of sodium selenide and
germanium diselenide. Later, Na)GeSe; [6] and
Na,Ge,Ses [7] crystals were synthesized and their crystal
structure was studied.

Prospects for practical application of materials
based on solid electrolytes are defined by the degree of
understanding the nature of physicochemical properties
formation and finding interactions of their purposeful
modification. The solution to such problems requires a
detailed study of the electronic structure and chemical
bonds of ternary compounds known in the Na.Se—GeSe>
system. Up to date, the electronic structure and optical
properties have been studied only for Na,Ge,Ses [7, 8]. It
should be noted that Na.Ge;Ses crystals exhibit strong
nonlinear optical (NLO) second harmonic generation
responses in the visible and infrared regions.

In this paper, an original method of synthesizing
and growing the ternary compound NaxGeSes is
described, as well as the results of studying the edge
absorption spectrum. Using the density functional
method in LDA and LDA+U approximations, we
calculated the energy band structure, total and local
partial densities of states, spatial distribution of the
electron density and the optical functions of Na,GeSes;
crystal.
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2. Synthesis of compound and crystal growth
2.1. The synthesis of the compound

The direct synthesis of Na,GeSe; compound by fusion of
elementary components is difficult because of high
reactivity inherent to the alkali metal and the explosive
nature of sodium-selenium interaction. A more accep-
table preparation method of sodium seleno-germanate is
fusing stoichiometric amounts of Na,Se and GeSe; in
evacuated silica ampoules. However, during the reaction,
sodium selenide partially interacts with the walls of silica
ampoule, thereby leading to a violation of stoichiometry
and contamination of the ternary compound.

To obtain a single-phase and a high degree of purity
for the ternary compound NaxGeSes suitable for growing
high-quality single crystals, and to avoid the explosion
hazard of the synthesis process, two new synthesis
methods have been proposed (Fig. 1). According to the
first method, the Na,GeSes; compound was obtained by
fusion of a stoichiometric amount of the alkali metal
(Na), mono- or diselenide of germanium and selenium,
loaded in layers into an alundum crucible (2). The
alundum crucible with starting materials was placed
inside the silica ampoule (1), after which it was pumped
out to the pressure of 0.1 Pa and sealed (Fig. 1a). The
necessity of layered loading of starting materials in the
crucible is caused by the high reactivity of the alkali
metal and the explosive nature of its interaction with
selenium. Considering that germanium mono- and
diselenide reacts actively with sodium, this leads to the
strong local heating, accompanied by the destruction of
the alundum crucible at the alkali metal — germanium
mono- or diselenide boundary. For this reason, it is
necessary to isolate the alkali metal during the synthesis
both from selenium and the alundum crucible walls. This
problem was solved using the second synthesis method
of the ternary compound Na,GeSes. To protect the alkali
metal from direct contact with selenium, interaction
between which leads to the destruction of the alundum
crucible and the explosion of the ampoule, special
crucibles were made from germanium diselenide (Fig. 2),
inside of which the alkali metal was placed (Fig. 1b).

According to the second method, initially, selenium
(3) was loaded into the alundum crucible (2), then
germanium diselenide crucible (4) with sodium (5) in it.
Then, the silica ampoule (1) was evacuated down to
0.1 Pa and sealed (Fig. 1b). All preparatory operations,
weighing of the starting materials, loading them into
ampoules were carried out in a chamber of a purified
argon atmosphere, to prevent the interaction of the alkali
metal with air and moisture.

It should be noted that specially made crucibles
from germanium monoselenide were also successfully
used for the synthesis since the interaction of GeSe with
sodium was less aggressive than in the case of
germanium diselenide.

The synthesis of compounds was carried out in a
vertical dual-zone resistance tube furnace, providing a
temperature gradient along the ampoule, with the aim of

1 —
2 —

a b

Fig. 1. The location of starting components for synthesizing
the Na2GeSes crystals in accord with the first method (a) and
the second one (b). 1 — silica tube, 2 — alundum crucible,
3 — selenium, 4 — germanium diselenide crucible, 5 — sodium.

heating the upper part of the ampoule (the alkali metal
location zone) higher than the lower ampoule part
(selenium location zone).

The synthesis was carried out in three stages. At the
first stage, the initial substances were heated to the
temperature 10...25 K higher than the sodium melting
temperature at the rate of 10...15 K/h, then keeping it in
the furnace for 15...20 hours. The temperature gradient
was 8...10 K/cm. Such heating rates and exposure
ensured the slow reaction rate and complete sodium
interaction. It interacted mainly with germanium mono-
or diselenide, but not directly with selenium, which
avoided a violent exothermic reaction and excluded the
ampoule explosion. The presence of the temperature
gradient slowed down the diffusion of selenium to
sodium through the bottom of crucibles from germanium
mono- or diselenide.

At the second stage, the temperature was increased
to 910...920 K at the rate of 50...60 K/h and kept for
3..4 hours, which was sufficient for the complete
interaction of selenium. After that, at the third stage, the
temperature gradient in the furnace was reduced to
3...5K/em for 1..2 hours, and the temperature was
increased up to 110 K with the rate 0of 90...100 K/h and
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Fig. 2. Forms of germanium selenide crucibles (GeSe and
GeSey).
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kept for 1.5...2 hours. This gradient was sufficient for
steady heating the batch and at the same time prevented
sublimation of the substance from the alundum crucible
into the upper part of the silica ampoule, and the
temperature regime ensured the complete reaction.
Cooling the substance was carried out at the rate of
100...120 K/h down to 750...770 K, then kept at this
temperature for 160 hours, and cooled to the room
temperature in an off mode furnace.

The described method of synthesis NaGeSes
compound allows us to avoid the disadvantages of
previously known methods, and to obtain a high-purity
stoichiometric compound, also to eliminate the explosion
hazard of the synthesis.

2.2. Preparation of crucibles from germanium
chalcogenides

Preparation of crucibles from germanium mono- or
diselenide is based on vacuum sublimation of these
compounds in evacuated silica ampoules of appropriate
dimensions. The required amount of germanium mono-
or diselenide (4...7 g) was loaded into the silica ampoule,
the inner diameter of which corresponded to the inner
diameter of the alundum crucible in which Na,GeSes
compound was synthesized. The silica ampoule with the
starting material was evacuated down to 0.1 Pa and
sealed, then it was placed in the horizontal dual-zone
resistance furnace. Polycrystalline germanium mono- or
diselenide (1) was located in the hot zone (2), where it
sublimated, and at the bottom and walls of the ampoule
(4) in the cold zone (3) it condensed with the crucible
formation (5) (Fig. 3). The temperature of the hot zone
was 880...900 K and in the cold zone — 800...820 K.
During the sublimation process, the ampoules were
simultaneously rotated and moved in the furnace.
Visualization of the crucible formation process, rotation,
and movement of the ampoule in the furnace enabled to
vary the wall and bottom thicknesses, and crucible
dimensions (0 = 10...15 mm, 1 = 20...50 mm, wall and
bottom thicknesses 1...2 mm).

After crucible formation, the ampoule was cooled in
air, and then in the flame of gas burner (carefully, not
leading to melting). The formed crucibles from GeSe or
GeSe; were heated, which facilitated its separation from
the walls of ampoule. The ampoule was broken and the
crucible of germanium mono- or diselenide extracted

(Fig. 2).
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Fig. 3. Preparation scheme for germanium chalcogenide
crucibles.

2.3. Crystal growth

Single crystals were grown using directional
crystallization of the melt by the Bridgman—Stockbarger
method in a vertical dual-zone resistance furnace.

At the first stage, the formation process providing
the growth of crystallization center was carried out. With
this aim, the ampoule with the charge was evacuated
down to 0.1 Pa, then placed in the hot zone (T = 856 K)
of a growth furnace and completely melted. Further, the
ampoule with the melt was moved down (to the cold
zone), where the cooling of the melt lower part occurred
and crystallization of the substance began. Since
Na,GeSe; compound is characterized by significant
undercooling, formation of the single-crystal seed was
provided in the following way. By moving the ampoule
with the melt down (from the hot zone to the cold one),
spontaneous crystallization of the melt part was achieved.
Then, the ampoule was moved back to the hot zone with
a temperature exceeding the melting point of the
compound and the spontaneously crystallized region was
etched, until its length was 3...5 mm. Recrystallization
annealing was carried out for 24...48 hours, at the end of
which a stepwise growth of the substance was carried out
on the resulting seed at the rate close to 0.1...0.15 mm/h.
The growth was stopped, when the crystallization front
reached the capillary part of the growth ampoule.

At the second stage, the single crystal was grown by
moving the furnace at the rate of 0.25...0.6 mm/h, with
the temperature gradient reaching 4...5 K/mm. Upon
completion of the full crystallization process, in order to
avoid cracks and possible internal stresses of the single
crystal, the annealing process was carried out in the crys-
tallization zone for 80...100 h. Cooling to room tempera-
ture was performed at a rate not higher than 10 K/h.

Using the method of differential thermal analysis
(DTA), the melting temperature (Tn = 850 K) and
crystallization one (Ter = 795 K) of obtained Na,GeSes
single crystals were determined. The method of diffe-
rential scanning calorimetry (DSC) is used to determine
the melting enthalpy (AH = 30.3 kJ/mol), and then the
melting entropy (AS = 35.6 J/K-mol) was calculated.

2.4. Crystal structure

X-ray diffraction studies of Na>GeSes crystals that we
have grown confirmed that this compound crystallized in
a monoclinic structure, the symmetry of which is
described by P2i/c space group, which was previously
reported in [6]. The unit cell contained four formula units
(Z = 4) with lattice parameters a = 7.097, b = 16.068, ¢ =
6.073 A [6]. The experimentally measured density was
pexp = 3.76 g/cm?, the calculated one — pear = 3.72 glcm?.
In the unit cell, Nal, Nall, Ge, Sel, Se2, Se3 atoms
occupy 4e positions with the coordinates: (0.78060;

0.47380; 0.16640), (0.56890; 0.83460; 0.02820),
(0.02680; 0.17030; 0.34020), (0.19590; 0.56150;
0.33720), (0.94070; 0.30630; 0.17790), (0.62690;
0.64720; 0.05640). Ge atoms are in tetrahedral

environment with selenium atoms. The framework
of the crystalline structure is formed by endless chains
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Fig. 4. The crystal structure of Na.GeSes.

<GeSe3>in_ elongated along ¢ axis, between which there

are channel voids. The motif from which the chains are
built is formed by two tetrahedra [GeSes], interconnected
by common vertices, having a-cis mutual orientation
(Fig. 4), which determines the zigzag nature of chains.
The unit cell contains two types of non-equivalent chains
that differ in the opposite direction of twisting. The
interatomic distances in Ge-Se chains (bridging) are
2.37...2.39 A, Ge-Se (non-bridging) 2.30...2.31, Ge-Ge
3.97 A, and the Se-Ge—Se bond angle is 95.71...117.31°.
Thus, at the fusion of GeSe, and Na,Se binary
compounds in the 1:1 ratio there is the destruction of
double tetrahedra [Ge,Ses] characteristic of germanium
diselenide [9], which linking endless tetrahedral chains
into three-layer packets. That finally leads to formation
only of NaxGeS; chain structure. In the voids between the
chains, there are Na atoms in two nonequivalent
positions: octahedral (Nal) and pentagramal (Nall). The
latter (this polyhedron) can be described as a distorted
trigonal bipyramid. The average Nal-Se distances are
2.91 A, and Nall-Se 3.19 A, respectively.

3. Method for calculation

The electronic structure and optical functions of
Na,GeSe; were calculated in the framework of the
electron density functional theory [10] in the LDA and
LDA+U approximations [11] by using the SIESTA
software package [12]. As a fundamental calculation
basis, linear combinations of atomic orbitals were used.
The periodic structure of the crystal was taken into
account through the boundary conditions of the unit cell.
The first-principle atomic norm-conserving pseudo-
potentials were used [13] in the calculation for electronic
configurations: for Ge atoms — [Ar] 4s24p?, Se — [Ar]
4s%4p* and Na — [Ne] 3s! atoms. The indicated states
relate to valence shells and [Ar], [Ne] relates to the core.
The 4s-, 4p- and 4d-orbitals of germanium and selenium
atoms and the 3s-, 3p- and 3d-orbitals of sodium atoms
were included in the basic set of atomic orbitals of this
compound.

The cut-off energy of atomic orbitals for a self-
consistent calculation (SCF) was chosen so that to obtain
convergence in the total energy of the cell no worse than
0.001 Ry/atom and was equal to Ec,: = 200 Ry. The basis
counted about 22320 atomic orbitals. The grid density of
k-points in reciprocal space for the self-consistent
calculation was chosen for the same reasons. The
electron density was calculated by interpolation between
5x3x6 grid nodes in reciprocal space. The total and
partial densities of electronic states were determined
using the modified tetrahedron method, for which the
energy spectrum and wave functions were calculated on
the k-grid containing 90 points. Integration over the
irreducible part of the Brillouin zone was carried out
using the special k-point method [14].

4. Results and discussion

4.1. Electronic structure
corresponding electronic states

The band structure of Na>GeSe; crystal was calculated at
the points of high symmetry I', B, D, Z, C, Y, A, E and
along the lines between them in the Brillouin zone (BZ).
It is shown in Fig. 5. The band structure of Na,GeSes
calculated in LDA+U approximation is shown in Fig. 6.
The position of the top of the valence band located in the
center of BZ at the point I was selected as the starting
point in the energy scale. The bottom of conduction band
also lies in the center of BZ, therefore sodium seleno-
germanate is a direct-gap crystal with the calculated band
gap Egqe = 1.7eV in LDA and Eg = 2.61eV in the
LDA+U approximations.

The correct choice of parameters corresponding to
the one-center exchange-correlation of LDA+U calcula-
tions for the electron band structure leads to results close
to the experimental estimation of the band gap in
comparison with calculations using LDA approximation.

and nature of the

Fig. 5. The first Brillouin zone for the monoclinic lattice with
distinguished points of symmetry and the way along which the
band structure was calculated.
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Fig. 6. The electron structure of monoclinic Na:GeSes
(LDA+U).
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Fig. 7. The total and local partial densities of electron states in
the Na2GeSes (LDA+U) crystal.

The band gap value found from the LDA+U calculations
(Fig. 6) is equal to 2.61eV and coincides with its
experimental value 2.6 eV, which allows us to use these
data to calculate the optical functions of Na,GeSes
crystal.

Valence bands have a weak dispersion and form
three energetically isolated bundles of bands. Information
on the contributions of atomic orbitals to the crystalline
states of Na,GeSes is provided by calculations of the
total and local partial densities of states. The distribution
profiles of the total density of states, as well as the
contributions from the individual states of various atoms
for Na,GeSesz are shown in Fig. 7. It follows from the
analysis of the energy distribution of local partial
densities of states for sodium, germanium and selenium
that in each of the three bundles of occupied bands of s-
and p-states they give unequal contributions that differ in
value from each other. In the valence band of Na,GeSes,
the 4s- and 4p-states of selenium predominate, and their
energy position is significantly different.

The lowest energy bundle of valence bands, located
in the energy range from —13.73 to —10.99 eV, is formed
mainly by 4s-states of selenium atoms. Despite the
prevailing nature of 4s-states of selenium, hybridization
effects of Ge and Se atoms states for this valence
subband are noticeable, and it leads to the appearance of
contributions of 4s-states of germanium atoms, which are
mainly localized in the energy region of the four lower
bands, and contributions of Ge 4p-states into the next
bundle of 6 zones having a weak dispersion.

The average bundle of 4 bands following the
s-bands of selenium is separated from them by the energy
range of 3.20 eV, and it has a width of 2.07 eV and does
not overlap with the upper valence subband, thus it forms
an isolated subband. This filled subband has a hybrid
character and is formed as a result of the overlapping of
Geds- and Se4p-states, thus playing a significant role in
formation of Ge—Se covalent bonds in [GeSe4] tetrahedra
forming infinite chains.

The upper bundle of occupied zones can be
conditionally separated into two parts: the lower part
(-4.42...-2.18 eV) of 12 zones, which has a mixed
character with participation of hybridized 4p-states of
selenium and 4p-states of germanium with a slight
admixture of s- and p-states of sodium; the upper one
(-2.18...0 eV) containing 20 zones, i.e., is mainly
formed by non-bonding 4p-orbitals of selenium, which
are filled with two electrons (a lone pair), with the
admixture of p-, d-states of germanium and s-, p-states of
the alkali metal. The top of valence band at the point I is
formed exclusively by non-bonding 4px-states of
selenium (Fig. 8).

A characteristic feature of Na)GeSes electronic
spectrum is the presence of one isolated unoccupied
subband, separated by a forbidden energy interval of the
width 0.84 eV from subsequent unoccupied zones. The
low-energy electron structure of unfilled electron states
of sodium selenogermanate is mainly formed by the
“mixing” of free p-states of selenium with s- and p-states
of germanium and sodium.
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Fig. 8. Dispersion of p-states in selenium.
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Fig. 9. Experimental transmission spectrum (1) and the
calculated absorption one (2) for the Na2GeSes crystal.

4.2. Optical properties

The energy spectrum of valence electrons directly defines
such important characteristics of the crystal as the
spectral dependences of the absorption and reflection
coefficients. By now, there are only our experimentally
measured transmission spectrums in the range of the
crystal fundamental absorption edge Na.GeSes; (Fig. 9,
curve 1). For comparison of the calculation results with
the experimental data on interband absorption, it was of
interest to compare behavior of the calculated absorption
coefficient o(w) near-edge Ey; with the experimental
transmission spectrum of Na;GeSes crystal in the range
of intrinsic absorption edge, which allowed us to estimate
the band gap Egs = 2.6 eV (Fig. 9, curve 1). Thus, the
theoretically calculated value of Egq = 2.61 eV was close
to that experimentally determined.

More complete information about the electronic
structure of a semiconductor gives a complex of spectra
of optical fundamental functions [15]: imaginary (e2) and
real (g1) parts of the dielectric constant; absorption (o)
and reflection (R) coefficients; refractive (n) and
absorption (k) indices; the real (Re €?, Re(1 +¢)?) and
imaginary (-Ime?, —Im(1 + ¢)) parts of the bulk and
surface characteristic losses of electrons, etc. In the
presence of the experimental reflection spectrum
measured in a wide range of energies by using Kramers—
Kronig integral relations and corresponding analytical
functions, it is possible to calculate the whole complex of
optical functions. Since there are no data on the reflection
spectrum of Na,GeSes crystal in a wide energy range, we
have performed theoretical calculations of optical
functions based on the calculated density of states.

The most important characteristic of the crystal
optical response calculation to electromagnetic influence
is the complex dielectric function & (o) = e1(®) + iex(w).
To calculate the frequency-dependent dielectric function,
it is necessary to have its proper values of energy and
wave functions of electrons, which are the initial data for
the band structure calculation. The imaginary part of
dielectric function &2(®) in the optical frequency range

was calculated integrating between the occupied and
unoccupied electron states, according to the expression:

82(@):25 T z

8o k\V,C

(w8 |u-r|w) ) <8(ES ~EY ~ho), @)

where Q is the volume of unit cell, u — vector
determining the polarization of the electric field of light
radiation, which is averaged across all spatial directions
in the polycrystalline case, k — reciprocal lattice vector,
and <\11§|ur|\11‘k’> — matrix elements that determine the

probability of electron transitions from levels E\k’ in the

valence band to levels EkC in the conduction band

(transition moments).

The real part of dielectric function &i(w) was
calculated from the imaginary part of &2(®) dependence
by using the known Kramers—Kronig relationship:

sl(oa)zlJr3 co:f;(m;)dm'. 2
Tt -

Optical constants — refractive n and absorption
(coefficient of extinction) k indices — are expressed
through the real and imaginary parts of the complex
dielectric permittivity in the following way:

n?—k?=g(0), 2nk=g,(0), oz=4;1—k 3)

and are linked by the Kramers—Kronig relationships in
the following form:

n(o)=1+P J'd,((”’) ,
O -0
k(w)=-P j%”% . @)

The reflection coefficient R of light falling normally
on the investigated crystal surface is associated with the
complex refractive index n(w) = n — ik by the ratio:

®)

(—1F +K2
n

2
S :
In+1] (n+17 +k2

Sl 3l

Being based on the band structure of Na,GeSes
crystal, the real ei(fw) and imaginary ex(fiw) parts of
dielectric function were calculated using the relations (1)
and (2), and they are shown in Figs 10a and 10b for three
different polarizations of optical radiation (E|la, E|b,
E|c). As illustrated in Figs 10a and 10b, the dielectric
functions of this crystal have the most significant depen-
dence on the vector E direction of the electromagnetic
wave within the energy range 2.6...12 eV. The significant
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Fig. 10. Real &1 (a) and imaginary ¢z (b) parts of the dielectric function, reflection R (c) and absorption o (d) spectra, absorption k
(e) and refraction n (f) coefficients of Na2GeSes crystal for light polarized along the principal axes a, b, c.

anisotropy of ex(fim) within the range 2.6...8 eV is
mainly caused by the spatial polarization of the localized
electron p-orbitals of selenium forming the upper part of
Na,GeSe; valence band (Fig. 8).

The values of static dielectric constant (Fig. 10a) at
zero frequency are as follows: &™(0) =4.319,
€1"Y(0) = 4.239, £1%(0) = 3.967. The calculated spectrum
of g2(hw) begins with the energy of 2.61 eV, which
defines the position of long-wave edge of this crystal
fundamental absorption (Fig. 9, curve 1). With increasing
energy, it is observed a sharp growth in &2, which reaches

its maximum value at 3.57 eV in polarization E|ja, then
sharply decreases down to its minimum value at 4.5 eV,
then again the increase in gx(%w) occurs until the second
maximum is reached at 5.46 eV, which is followed by a
sharp decrease, on which the features in the form of steps
are observed. In polarization E||b, the first maximum in
the spectrum of e2(Aw) is slightly shifted to the high-
energy range (4.11 eV), and the features observed in the
spectrum of €x(%w) in polarization E|ja in the form of
steps, also in polarizations E|lb and E||c appear as ma-
xima. The maximum of €2( iw) dependence at the photon
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energy e = 3.57eV is caused by optical transitions
between the upper group of the valence band and the
lower separated bundle of unfilled bands (Figs 6 and 7).

The calculated spectral dependences of reflection
R(fiw), excitation Kk(hw), and absorption a(iw)
coefficients of Na,GeSe; crystal (Fig. 10d, 10e and 10f)
well reflect the main features of ex(im) dependence
(Fig. 10b). The shape of calculated spectral dependence
n(fiw) and the energy positions of maxima and minima of
Na,GeSe; refractive index are in good agreement with
maxima and minima on the curve of the real dielectric
function g1(w). The calculated values of refractive index
n(hw) at zero frequency are as follows: n*(0) = 2.08,
n¥(0) = 2.06, n#(0) = 1.99, and the maximum value falls
inside the energy range 2.5...7.5 eV.

Being based on calculations of the electronic
structure (Fig. 6) and the density of states (Fig. 7), the
existing features in spectra of optical functions within the
range 2.5...12 eV can be associated with interband
transitions between the levels of the upper valence band
formed by p-states of selenium lone pairs and the lower
levels of the conduction band. Thus, the maximum at
3.57 eV is caused by the transitions from the top of the
valence band formed by 4p-states of selenium lone pairs
to the lower conduction band formed by hybridized free
p-states of selenium and s-, p-states of germanium and
sodium. The most intense maximum at 5.46 eV is caused
by optical transitions between the middle group of the
upper valence band and the lower separated conduction
band (Fig. 7).

Thus, both in the reflection spectrum and in
Na,GeSe; dielectric functions spectra, the complex
structure is observed as associated with optical
transitions from the occupied valence bands to the
unoccupied conduction bands.

4.3. Spatial distribution of the electron charge

Studying the distribution of the total valence electron
charge density p(r) in the form of contour maps
allowed us to obtain useful information about the
nature of chemical bonds in Na;GeSes both within the
same chain and between chains, which is rather
difficult to study experimentally in this complex
crystal structure. Also, additional information on the
nature of ionic conductivity can be obtained from
electron density maps.

When constructing electron density contour
maps, the decisive factor is the choice of suitable
crystal section planes. The short-range tetrahedral
structure in Na.GeSes complicates the representation
of contour maps in an accessible 2D format. In this
case, it is the most conve-nient to imagine electronic
configurations in a separate [GeSes] tetrahedron in a
plane passing through two selenium atoms and one
germanium atom, i.e., in the plane along Se-Ge-Se
bond lines. Since in [GeSe4] tetrahedra linked in the

chain, there exist two bridging (Se-Ge-Se) and two
non-bridging (Ge-Se) selenium atoms, it is
appropriate to draw two planes: one through the
germanium atom and two bridging selenium atoms,
and the second one through the germanium atom and
two non-bridging selenium atoms. The electron
density distribution p(r) between the germanium atom
and two non-bridging and bridging selenium atoms
belonging to the same [GeSes] tetrahedron is
illustrated by the electron density maps shown in Figs.
11a and 11b, respectively. From the comparison of
contour maps in Figs 11a and 11b, it follows that the
maximum of electron density p(r) is concentrated
inside the [GeSe4] tetrahedra near the positions of
selenium atoms. In both planes, there are common
contours p(r), covering the maxima of electron density
on selenium and germanium atoms. The only
difference is that in the plane passing through non-
bridging selenium atoms, there are only common
contours covering two selenium atoms and the same
germanium atom, and these contours are elongated
from each selenium atom only along with one Ge-Se
bond line (Fig. 11a). In the plane containing two
bridging selenium atoms (Fig. 11b), common contours
cover the same bridging selenium atom of [GeSea]
tetrahedron and two germanium atoms belonging to
two neighboring tetrahedra. As a result, mainly due to
the overlap of electron clouds of bridging atoms of
selenium and germanium the peculiar chains

<Ge8e3>i”_ are formed.

Common contours covering the electron density
maxima at germanium and selenium atoms
characterize the covalent component of the chemical
bond. Deformation of contours in the direction of
germanium and selenium atoms indicates a
predisposition of these directions to formation of sp®-
hybrid bonding orbitals. In addition to the covalent
component of the chemical bond, Na,GeSes contains
ionic and weak van der Waals components. The ionic
component is determined by a partial charge density
transfer from germanium and sodium atoms to more
electronegative selenium atoms.

Sodium atoms localized in an interchain space have
no common electron density contours p(r) with
neighboring anions (selenium atoms). It can be seen from
the electron density contour maps of Na>GeSes crystal
(Figs 11c, 11d) that between endless chains of [GeSes]
tetrahedra linked by common vertices there are “tunnels”
of minimal electron density, which serve as the channels
for the movement of Na* ions. Thus, weak participation
of sodium atoms in formation of electronic states (low
charge density around Na* ions) and the presence of
through “tunnels” between endless chains <GeSe3>:n_
with a very low charge density along the ¢ axis provide
high mobility of sodium ions along these channels, and
as a result high ionic conduction.
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(a) (b)

Fig. 11. Maps of the spatial distribution of the charge density in Na2GeSes crystal at the plane passing: through Ge atom and two
non-bridging (a) or two bridging (b) Se atoms in the same [GeSe4] tetrahedron; along Se—Ge—Se bonds in endless chains (c);
through atoms of selenium, germanium, and sodium (d) in Na2GeSes.
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5. Conclusions

An original method has been developed for the synthesis
of NaxGeSe; compound by fusion of the corresponding
stoichiometric amounts of the alkali metal, germanium
mono- or diselenide (in the form of a specially made
crucible, inside which the alkali metal was placed) and
selenium according to the certain regime, which prevents
explosion and avoids destruction of the container during
the reaction of sodium with germanium selenides and
selenium. The Bridgman method was used for growing
Na.GeSes single crystals of high optical quality.

The ab initio method of the density functional in the
LDA+U approximation, the energy band structure, total
and partial densities of states, spatial distribution of the
electron density, and optical functions of the Na,GeSes
crystal were calculated. Sodium selenogermanate is a
direct-gap semiconductor with the calculated band gap
Eq = 2.61 eV, which is in good agreement with the
experimental value E; = 2.6 eV determined from the
analysis of the optical absorption edge.

From the analysis of electron density distribution
maps of Na,GeSes; crystal, it follows that the chemical
bond between the cation (germanium) and the anion
(selenium) in endless chains has a covalent-ionic
character, and the chains are linked to each other by weak
van der Waals forces. The low charge density around Na*
ions and the presence of through “tunnels” between
endless chains provide high mobility of sodium ions
along these channels and, as a result, the high ionic
conductivity of the crystal and glass.
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OTpuMaHHS, eJIeKTPOHHA CTPYKTYPa Ta ONTHYHI BiacTuBocTi kpucramiB NaxGeSes

J.I. baenkan, B.B. Bakyabuak, I.JI. Mukaiino, O.A. Mukaiijio

AHoTanis. 3 nepmux NPUHIMINB y pamkax Teopii ¢yHkuioHana ryctuau y LDA ta LDA+U-HaGnmxeHHIX
MPOBEJICHO PO3paxyHKH 30HHOI CTPYKTYpH, MOBHOI 1 MHapIiajdbHOi T'yCTHH EJIEKTPOHHHX CTaHIB, HPOCTOPOBOIO

pO3MOMIMY TYCTHHU €JEeKTPOHHOTO 3apsily Ta ONTHYHHUX QYHKIIN: JieJeKTPUYHOI TPOHUKHOCTI,

MOKA3HUKIB

3aJIOMJIGHHSI Ta MOTJIMHAHHA, KoeQilieHTiB BinOmBaHHA Ta morimmHaHHS NaoGeSes. 3a pesynbraTaMu pO3paxyHKY
Na>GeSes € npsIMO30HHMM KpPHUCTAJIOM i3 BEPUIMHOIO BaJICHTHOI 30HM Ta JHOM 30HH NPOBiAHOCTI y Toumi I 30HH
Bpunmoena. Po3paxoBana mivprHa 3a00pOHEHOT 30HHM CTaHOBUTH Egq = 1.7 eB B LDA 1 Egg = 2.6 eB y LDA+U-
HaOnMKeHHI. 3a JaHUMH TIOBHOI 1 MapIiajJbHUX I'YCTUHM €JIEKTPOHHUX CTaHIB BU3HAYEHO BKJIAJM aTOMHHX opOiTayeit
Y KpHCTalliuHi op0OiTasi, a TAKOXX OTPUMAaHO J1aHi Mpo (GOPMYBaHHS XIMIYHOTO 3B 53Ky y JOCIHIKYBaHUX KPUCTAJIAX.

JIIOYOBI CJI0OBA: K I/ICTEU'Ii‘IHa CTPYKTYypa, BUPOILITIYBAHHS MOHOK] I/ICTaJ'IiB KOMII OTEPHE MOACIIFOBAHHS, CJICKTPOHHA
Karouosi cioBa s s ? "

CTPYKTYpa, Kpail IOTJIMHAHHS, ONTUYHI (QYHKIII].
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