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Abstract. Chalcogenide crystals reveal a wide range of changes in chemical and physical properties under
band gap light illumination. A majority of these properties are determined by the electronic structure.
However, to date there are only a few theoretical articles on the electronic structure of the As,Se, molecule
and only two on the As Se, crystal. We have studied, for the first time, the geometric and electronic structure

of the As Se, crystal versus the As,Se, molecule in the framework of a periodic model by the DFT method

within the same approximations. Equilibrium bond lengths and bond angles were calculated together with
charge density differences, Mulliken, Léwdin and Bader charges, and also Mulliken overlap populations,
and were compared for the crystal and the molecule. A character of chemical bonding in the As Se, crystal

versus the As Se, molecule was analyzed. The bandstructure DFT calculations were carried out and

demonstrated that the As Se, crystal is an indirect-gap semiconductor.

Keywords: chalcogenides, geometric and electronic structure, chemical bonding, As Se,, molecule, molecular
crystal, DFT method

Introduction

Amorphous chalcogenide materials which represent alloys of S or Se with such metals as As, Ge etc.
reveal a wide range of changes in chemical and physical properties under band gap light illumination (Elliott
1986; Kolobov 2003; Kolobov, Elliott 1995; Owen et al. 1985). These changes can be reversible or irreversible.
While photoinduced structural changes in chalcogenide glasses have been studied intensively since 1980s
(Shimakawa et al. 1998; Tanaka 2001; Yang et al. 1987), the electronic structure of molecular chalcogenide
crystals together with the photoinduced transition mechanisms have remained deficiently explored. For
example, in the As, Se, molecular crystal transition from a crystalline to an amorphous phase can be induced
by band gap light (Kolobov, Elliott 1995), and this transition may be reversible. In paper (Krecmer et al. 1997)
the another reversible effect, namely so-called the optomechanical effect with the reversible optical-induced
optical anisotropy (dichroism), was observed in amorphous As, Se,  thin films. Following the paper (Krec-
mer, Moulin, Stephenson et al. 1997) upon irradiation with polarized light, thin films of amorphous As 0.
exhibit reversible nanocontraction parallel to the direction of the electric vector of the polarized light and
nanodilatation along the axis orthogonal to the electric vector of the light.
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As Se, crystal versus As Se, molecule: A plane wave DFT study...

As opposed to amorphous As Se, there are few studies regarding the crystalline structure of As,Se,.
The first experimental studies of the As Se, molecular crystal geometry were performed in 1970s (Bas-
tow, Whitfield 1973; Goldstein, Paton 1974; Renninger, Averbach 1973; Smail, Sheldrick 1974). Realgar-
like molecular crystal As Se, with space group symmetry (P121 /e 1) belongs to the monoclinic crystal
system and has a unit cell with parameters a = 9.63 A; b =13.8 A;¢c=6.73 A; a =y =90 = 107.8°
(Bastow, Whitfield 1973) consisting of 4 formula units As,Se, as building blocks. As follows from X-ray
diffraction studies (Goldstein, Paton 1974), As Se, is a molecular crystal in which individual As,Se,
molecules can be distinguished, having two intramolecular homopolar covalent As—As bonds with
slightly different bond lengths of 2.571 A and 2.560 A respectively. For comparison, the As—As bond
length in amorphous arsenic (a-As) is 2.49 A (Elliott 1990). The As—As—Se angle, which has its vertex
at one of the As atoms that are part of the As—As bonds (101.2° (Goldstein, Paton 1974)), is also signifi-
cantly larger than the average bond angle of 98° in a—As (Elliott 1990).

The first attempts of theoretical study into the electronic structure of an As ,Se, molecular crystal
with the unit cell containing four As,Se, molecules used a simplified approach based on a study of the
electronic structure of an individual As Se, molecule by different semi-empirical methods (Chen 1975;
Salaneck et al. 1975; Tanaka et al. 1978). Based on the results of these molecular calculations, the
photoemission spectra of the crystal were interpreted (Chen 1975; Salaneck et al. 1975). In the first
paper (Salaneck et al. 1975) authors used a semi-empirical variant of the self-consistent field method,
namely the so-called complete-neglect-of-differential-overlap (CNDO) method; in the second one
(Tanaka et al. 1978) — an intermediate-neglect-of-differential-overlap (INDO) method; and in the
third one (Chen 1975) — an extended Huckel or Wolfsberg—Helmholz method. Later the calculations
of the electronic structure of an individual molecule were already performed using ab initio methods:
self-consistent-field Xa scattered-wave method (Babi¢, Rabii 1988) and the density functional method
(Babi¢ et al. 1989).

A study of the electronic structure of an individual As,Se, molecule instead of that of a molecular
crystal As,Se, is possibly a rough approximation. However, the direct calculation of an As,Se, crystal has
long been difficult, especially by ab initio methods, due to the large unit cell of the crystal containing
32 atoms. Therefore, as far as we know no first-principles electronic structure calculations were performed
until 1976. The first nonempirical calculation of the electronic structure of pristine crystal As Se, was
accomplished within the chemical pseudopotential approach (Anderson 1969) by the local orbital
method (Bullett 1976a) proposed in (Bullett 1975; 1976b). In addition, we know only one more article
with the electronic structure ab initio study of the As Se, crystal (Hasan et al. 2019). In this work the
equilibrium geometry of the As Se, crystal was calculated using the DFT method within Generalized
Gradient Approximation (GGA) with the exchange-correlation (XC) functional of PBE (Perdew et al.
1996) type with the help of the plane-wave pseudopotential code VASP. The results of the paper (Hasan
et al. 2019) are unsatisfactory, in our opinion, since the parameters of the calculated equilibrium geo-
metry differ significantly from the experimental ones, some by more than 10%. Unsatisfactory results
of the unique article with the DFT study of the crystalline As,Se, electronic structure (Hasan 2021; Hasan
et al. 2019) were the motivation to accomplish new research.

Methods and computational details

A distinctive feature of molecular crystals is that their potential energy surface (PES) usually has
a relatively flat landscape with relatively small local minima, which makes it difficult to optimize geo-
metry and to find the equilibrium geometry (Beran 2016). This problem also occurs for the As, Se, mo-
lecular crystal. In this regard, it is of interest to find the theoretical equilibrium geometry of a given
crystal and to study a question to what extent the quality of the resulting geometry depends on the
methods and approximations used in the calculations.

We studied the dependence of the theoretical equilibrium geometry of the As Se, crystal calcu-
lated by the DFT method against the type of XC functionals and pseudopotentials. To this end, we
carried out a series of calculations to fully optimize the geometry of the As, Se, crystal, including lat-
tice parameters and atomic positions, using two plane-wave pseudopotential codes: CASTEP (Clark
et al. 2005; Segall et al. 2002) and Quantum Espresso (QE) (Giannozzi et al. 2009; 2017) with GGA XC
functionals in the forms of PBE (Perdew et al. 1996) and PBEsol (Perdew et al. 2008), taking into ac-
count the van der Waals (vdW) correction in the form of Grimme-D2 (Grimme 2006). To describe

92 https://www.doi.org/10.33910/2687-153X-2024-5-2-91-103



https://www.doi.org/10.33910/2687-153X-2024-5-2-91-103

A. A. Gavrikov, V. G. Kuznetsov, V. A. Trepakov

electronic—ionic interactions, two types of pseudopotentials were used, namely the Projector Augmen-
ted—Wave (PAW) (Blochl 1994; Kresse, Joubert 1999) potentials in QE code and the optimized norm-
conserving Vanderbilt (ONCV) pseudopotentials (Hamman 2013) in CASTEP and QE codes. The
PAW potentials were taken from the PAW data-set generated by Dal Corso (Dal Corso 2014); the
ONCV scalar-relativistic pseudopotentials — from the Schlipf—Gygi pseudopotentials library (Schlipf,
Gygi 2015) (issue 2020-02-06) for CASTEP code and from PseudoDojo pseudopotentials library (van
Setten et al. 2018) for QE code.

The geometry optimization in both codes was performed using the Broyden—Fletcher—Goldfarb—
Shanno (BFGS) (Eyert 1996; Pfrommer et al. 1997; Press et al. 1992; Shanno 1978) algorithm. The
atomic positions and cell parameters were optimized until the energy difference, the Hellmann—Feynman
forces on the atoms, and all the stress components did not exceed the values 1 x 107 eV atom,
5x10*eV A, 1 x 10® GPa for CASTEP code and the values 1 x 10 Ry, 4 x 10-° Ry bohr, 1 x 102 kbar
for QE code, respectively. It is worth noting here that in QE code it is accepted to use as the energy to-
lerances the extensive quantities, as opposed to CASTEP code. The convergence criteria of a self-con-
sistent energy process were specified by the tolerance values 1 x 10® eV atom™ for CASTEP code and
1 x 10'° Ry for QE code.

The convergence of total energy with respect to the density of the Monkhorst—Pack k-mesh (Monk-
horst, Pack 1976) in the irreducible Brillouin zone (IBZ) and to the plane-wave kinetic energy cutoff was
studied. It was found that to achieve the convergence of total energy within a few meV the following
values of the energy cutoff should be taken: 1200 eV for the ONCYV pseudopotentials in code CASTEP
and 98 Ry for ONCYV pseudopotentials and PAW potentials in code QE. For given cutoff energies, con-
vergence of the total energy with the required accuracy corresponds to 7 x 5 x 9 k-point grid (96 k-points
in IBZ) in both codes.

The results of the As Se, crystal geometry optimization with different XC functionals and pseudo-
potentials are presented in Table 1 (cell parameters) along with experimental data and the results
of theoretical work (Hasan, Baral, Ching 2019; Hasan 2021), and in Table 2 (atomic positions).

Table 1. Theoretical equilibrium geometry of the As Se, crystal calculated in the present work by DFT method
using CASTEP and Quantum Espresso codes with various XC functionals and pseudopotentials

Code DET Pseudopotentials Valence a, lg, C a=vy; B ocl:3:111e Density
(type) electrons (A) (degrees) Vv (A%) (g/cm?)
0
s 9.612 90
CASTEP (EB.E””) ONCV 15*5;25221’4 13.811 857.034 | 4.770
fimme R 6.732 | 106.460
o 9.617 90
QE (Ié]ffnj Elg) PAW st ab, 13794 857396 | 4.768
PSP 6.738 | 106.413
onons | 9.610 90
QE (Ié?ﬁr?li) ONCV £ ;310;*:221’4 13.784 855579 | 4.779
: P 6.734 | 106.424
vonons | 9113 90
QE P(]éE.SO“D)Z ONCV s 3 asak, | 13380 759.289 | 5385
rimme < S 6.518 | 107.173
onons | 9.267 90
QE PBEsol ONCV £s: g’gmj:zj% 13.696 801529 | 5.101
: P 6.623 | 107.529
s 9.281 90
CASTEP |  PBEsol ONCV gsits b, 13.746 806712 | 5068
© AP 6.635 | 107.640
VASP 7.189 90
As: 4s%4p?®
(Hasan PBE PAW SeS: 4:2454 14.746 1121.500
etal. 2019) 10580 | 114.840
9.63 90
Expt. 13.80 851.562 | 4.801
6.73 107.8
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Table 2. Fractional coordinates of symmetry non-equivalent atoms in the As, Se, crystal.
Experimental data from (Bastow, Whitfield 1973)

Experimental PBE+D2 ONCV (CASTEP) PBE+D2 ONCV (QE)
x/a x/b x/c x/a x/b x/c x/a x/b x/c
Asl 0.1141 0.0182 -0.2452 0.1118 0.0215 -0.2427 0.1114 0.0218 -0.2426
As2 0.4271 -0.1405 -0.1367 0.4297 -0.1369 -0.1355 0.4295 -0.1363 -0.1378
As3 0.3256 -0.1312 0.1752 0.3258 —-0.1298 0.1804 0.3258 -0.1301 0.1782
Asd 0.0363 -0.1603 -0.2962 0.0366 -0.1604 -0.2993 0.0368 -0.1604 -0.3005
Sel 0.3485 0.0101 —-0.3065 0.3466 0.0143 -0.3103 0.3461 0.0153 -0.3107
Se2 0.2132 0.0252 0.1245 0.2131 0.0283 0.1287 0.2127 0.0282 0.1284
Se3 0.2414 -0.2323 -0.3729 0.2449 —-0.2324 -0.3731 0.2450 —-0.2318 —-0.3756
Se4 0.1018 -0.2178 0.0526 0.1016 -0.2189 0.0524 0.1022 -0.2196 0.0503

For the best theoretical equilibrium geometry (row 1 of Table 1), calculated using the CASTEP code
with a generalized gradient XC functional in the form of PBE with a vdW correction in the form of
Grimme-D2 (Grimme 2006), as well as with ONCV pseudopotentials proposed by Hamann (Hamann
2013) to describe electron—ion interactions, we calculated various electronic structure characteristics
reflecting the nature of the chemical bond in As,Se,, namely the charge electron density difference (CDD)
along with atomic and overlap populations.

In addition, within the framework of the same approach and approximations, we carried out a DFT
study of the geometric and electronic structure of the As Se, crystal versus the As,Se, molecule. Scien-
tific literature contains various theoretical data on the geometry and chemical bonding both in As,Se,
molecules and in the As Se, crystal, but their comparative theoretical analysis in the same approximations
is missing. In the present work the geometric structure of the As,Se, molecule was calculated within the
periodic model with a cubic box of size 10 x 10 x 10 A by a plane-wave DFT method with PBE XC func-
tional without vdW correction and with ONCV pseudopotentials.

Charge density difference

The electron density difference (Charge Density Difference, CDD) is defined as the difference in elec-
tron density in the structure under study (molecule and crystal) and the sum of isolated atoms. The
calculated CDD allows to visualize covalent bonds (CBs) as an increase in electron density between
atoms and the lone-pair (LP) electrons, which are associated also with an increased electron density.

Population analysis

Atomic charges in molecules and solids are ill-defined in the sense that they do not represent observable
quantities. Therefore, their values should be considered only relative to prototypical systems. Nevertheless,
a concept of atomic charge in molecules and crystals is a useful tool because it provides an intuitive way
to analyze and interpret the electronic structure. To date, various methods of calculating the atomic and
overlap populations have been developed in the quantum chemistry of molecules and solids. The most
common and widely used are the Mulliken (Mulliken 1955), Léwdin (Lowdin 1950) and Bader (Bader 1990;
Bader et al. 1979) charges. These population analysis schemes are used in the quantum chemistry of solids
within both the linear combination of atomic orbitals (LCAO) codes and the plane wave (PW) codes. In the
present paper we used the PW implementation of these population analysis schemes (Henkelman et al.
2006; Sanchez—Portal et al. 1995; Sanville et al. 2007; Segall et al. 1996; 2010; Tang et al. 2009).

Results and discussion

Geometric structure of the As Se, crystal versus the As Se, molecule

The As,Se, molecule and As,Se, crystal geometric structures are shown in Figs. 1 and 2 respectively.
As can be seen from Tables 1 and 2, in the best calculations we performed (the first three rows of Table 1 —
calculations with PBE+D2 XC-functionals), the discrepancy between the parameters of the calculated
and experimental equilibrium geometry does not exceed 0.2%. In addition, it should be noted that (i) the
quality of the equilibrium geometry strongly depends on whether van der Waals corrections are taken

into account or not; (ii) in contrast to the PBE+D2, the PBEsol XC functionals, as with and without vdW
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correction, do not reproduce well the experimental equilibrium geometry; (iii) the high accuracy of the
equilibrium geometry calculated with both ONCV and PAW pseudopotentials indicates the high quality
of the pseudopotentials used; and (iv) taking into account the d-electrons of arsenic and sulfur atoms does
not affect the quality of the calculated equilibrium geometry.

Fig. 2. Structure of the As Se, crystal. As atoms are shown in violet and Se atoms — in orange

Physics of Complex Systems, 2024, vol. 5, no. 2 95
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Bond lengths and valence angles in the As, Se, crystal for the best equilibrium geometry and in the
As,Se, molecule are presented in Table 3.

Table 3. Bond lengths and angles in the As Se, crystal versus the molecule calculated by CASTEP
(PBE+D2 ONCY for the crystal and PBE ONCYV for the molecule) along with experimental data
for the As,Se, crystal (Goldstein, Paton 1974)

Bond lengths, A
As—As As - Se Se — Se
Expt | cryst | mol Expt | cryst | mol Expt cryst mol
As2 — As3 | 2.560 | 2.595 | 2.630 | Asl1 —Sel | 2.393 | 2428 | 2.392 | Sel--Se3 | 3.487 | 3.537 | 3.521
Asl —As4 | 2571 | 2.612 | 2.630 | As2 —Sel | 2.385 | 2.419 | 2.392 | Se3--Se4 | 3.475 | 3.518 | 3.521
As2 - As4 | 3.591 | 3.638 | 3.625 | As2 —Se3 | 2.384 | 2.417 | 2.392 | Se4=--Se2 | 3.511 | 3.572 | 3.521
Asd === As3 | 3.591 | 3.639 | 3.627 | As4 —Se3 | 2.376 | 2.411 | 2.392 | Se2---Sel | 3.496 | 3.545 | 3.521
As3 -+ Asl | 3.610 | 3.659 | 3.627 | As4 — Sed | 2.378 | 2.410 | 2.392
Asl =+ As2 | 3.610 | 3.660 | 3.627 | As3 —Se4 | 2.386 | 2.418 | 2.392
As3 —Se2 | 2.387 | 2419 | 2.392
Asl —Se2 | 2.381 | 2.414 | 2.392

Angles, °
As — Se — As Se — As —Se As — As — Se
Expt | cryst | mol Expt | cryst | mol Expt | cryst mol
Asl=5el = 985 | 98.089 [98.597 | 561 S A2~ | 940 | 94.103 | 94.776 | A5* 2 A1~ | 1012 | 101.674 | 100719
As2 Se3 Se2
As2=5€3 =1 979 | 97.807 [98.541 | S¢3 S A4~ | 939 | 93.724 | 94774 | A5+ T ASI= 11002 | 99.587 | 100.678
As4 Sed Sel
Asd=5ed—| g7 61 97.824.(98.598 | 54 A3~ | 947 95204 | 94.803 | 453 S A2~ | 101.9| 102.436 | 100.761
As3 Se2 Sel
As3=2€2 - 98.4| 98.416 [98.636 | 92 S A1~ | 942 | 94.136| 94.802 | A3 T 252~ | 100.9 | 100.456 | 100778
Asl Sel Se3
Asl o285~ 1100.0| 102438 | 100777
e3
Asl o 5%~ 11016 | 101253 | 100.762
e4
As2 - 0537 1101.3| 101537 | 100677
e4
As2 - 253711007 | 100192 | 100718
e2

As can be seen from Table 3, the As—As bond lengths both in the molecule and the crystal are conside-
rably longer than 2.42 A, the covalent diameter of the As atom (Schomaker, Stevenson 1941), which quali-
tatively indicates the presence of effective repulsion between opposite As atoms (As —As,, As,—As,). On the
other hand, the values of the overlap populations As —As, and As,—As, (see Table 4) indicate the absence
of effective interaction between these atoms in the molecule and its antibonding character between the same
atoms in the crystal. This contradicts the generally accepted qualitative ideas about the existence of chemi-
cal bonds between the opposite arsenic atoms both in the molecule and in the crystal, although an attempt
to describe the complex nature of interactions by considering only pair interactions is very simplified.

Another attempt of this kind of simplified qualitative consideration was made in (Goldstein, Paton 1974).
The authors explain the elongation of the As—As bond by a preference of the molecules for a bonding
configuration having D,, symmetry concomitant with a minimization of the intramolecular repulsions
between non-bonded atoms. In their opinion, evidence of these repulsions is confirmed by the short intra-
molecular Se...Se separations in As, Se, (see column Expt in Table 3), in contrast to the shortest intra-ring
and intra-chain non-bonded Se...Se separations in a-Se (Cherin, Unger 1972) and in trigonal Se (Cherin,
Unger 1967) which are equal to 3.72 A and 3.716 A respectively.
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Table 4. Bond lengths and overlap populations in the As Se, crystal versus the molecule calculated
by CASTEP (PBE+D2 ONCYV for the crystal and PBE ONCV *for'the molecule) along with experimental data
for the As Se, crystal (Goldstein, Paton 1974)

Bond Bond lengths, A Mulliken overlap populations

mol cryst mol cryst
As4 — Sed 2.392 2.410 0.24 -0.90
As4 — Se3 2.392 2410 0.13 -0.41
As] — Se2 2.392 2414 0.24 -0.79
As2 — Se3 2.392 2.417 0.13 -0.09
As3 — Sed 2.392 2418 0.26 -0.06
As2 — Sel 2.392 2.419 0.24 -0.52
As3 — Se2 2.392 2419 0.24 -0.32
Asl — Sel 2.392 2.428 0.26 -0.15
As2 — As3 2.630 2.595 -0.03 -2.94
Asl — As4 2.630 2.612 -0.03 -2.28

The present DFT calculations demonstrate that the As—Se bond length in the As,Se, molecule
is 2.392 A (see Table 3), which is slightly larger than the sum of the covalent radii of As and Se,1.21 A
and 1.17 A respectively (Schomaker, Stevenson 1941), while the average As—Se bond length in the
As Se, crystal was found to be 2.417 A, which is one percent more than in the molecule. The calcu-
lated As—Se bond lengths both for the molecule and the crystal correlate with the sum of the covalent
radii of As and Se atoms.

Van der Waals radii of As and Se atoms are 1.85 A and 1.90 A respectively following (https://perio-
dictable.com/Properties/A/VanDerWaalsRadius.v.html). The DFT calculated distances As—As and
Se—Se for atoms belonging to the different molecules of the crystal As Se, werefound to be in agreement
with predicted double van der Waals radii of As and Se atoms respectively.

CDD and population analysis for the As Se, crystal versus the As,Se, molecule

The visualized CDD of the As Se, molecule and the As Se, crystal are presented in Figs. 3 and 4 re-
spectively. The CDD clouds reveal an increase in electron density and are marked by red color in the
figures. It is generally accepted that CDD clouds indicate the presence of covalent bonds or lone electron
pairs. In the case of As Se, we are talking about bonds As—Se, As—As and lone-pair electrons in regions
near As and Se atoms both in the molecule and the crystal. Indeed, being three-fold coordinated, arsenic
has a single s? lone pair according to valence shell Sszp},pz (single red CDD cloud near each As atom).
Selenium is two-fold coordinated and has, in addition to a s’lone pair, a pZ2 lone pair according to valence
shell s?p,p,pZ (two red CDD clouds near each Se atom).

Fig. 3. As,Se, molecule: CDD visualization of the electronic structure

Physics of Complex Systems, 2024, vol. 5, no. 2 97
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A,

Fig. 4. As Se, crystal: CDD visualization of the electronic structure

The values of Mulliken, Lowdin and Bader charges in the As Se, crystal for the best equilibrium geo-
metry along with those in the As,Se, molecule are presented in Table 5. One can see that the absolute
values of Mulliken charges for a crystal are on average 20 percent greater than those for a molecule. The
values of Bader charges turn out to be almost 2 times greater than the values of the Mulliken and Lowdin
charges, which in turn are only slightly different from each other. It is noteworthy that relative diffe-
rences in the values of the Bader charges for a crystal and a molecule are on average significantly smaller
than the corresponding differences for the values of the Mulliken and Lowdin charges, with the excep-
tion of atoms As3, As4 and Se2, for which the indicated differences are very significant for all three charge
calculation schemes. These significant differences can only be due to intermolecular interactions in the
crystal As, Se,, which lead to the electron density redistribution. The average Bader charge for As is +0.404
for crystal and +0.409 for molecule, whereas for Se, it is —0.404 and —0.409 respectively. The Bader
charges are low, emphasizing only moderate ionic contribution (polar covalency) to the bonding. Over-
lap populations (Table 4) for the intramolecular As—As distances with lengths 2.595 A and 2.612 A are
equal to —2.94 and —2.28 respectively. It means the antibonding character of effective interaction between
the nearest intramolecular As atoms in the As, Se, crystal. As opposed to the crystal, in the molecule the
overlap populations for As—As distances with lengths 2.630 A are equal to —0.03, which corresponds
to the absence of effective interaction between these atoms.

Table 5. Mulliken, Léwdin and Bader charges of the As, Se, crystal

Mulliken charge Lowdin charge Bader charge
crystal molecule crystal molecule crystal molecule
Asl 0.230 0.192 0.195 0.186 0.414 0.410
As2 0.227 0.197 0.179 0.181 0.407 0.405
As3 0.216 0.191 0.198 0.186 0.429 0411
As4 0.234 0.197 0.155 0.181 0.364 0.410
Sel —-0.207 —-0.190 —-0.097 —-0.087 —-0.410 —-0.406
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Table 5. Completion

Mulliken charge Lowdin charge Bader charge
crystal molecule crystal molecule crystal molecule
Se2 -0.214 -0.193 -0.072 —-0.084 —-0.389 —-0.405
Se3 —-0.266 -0.203 —-0.096 —-0.087 —-0.409 -0.411
Se4 -0.220 -0.190 -0.103 —-0.087 —-0.405 -0.415

As Se, crystal: band structure and DOS

The band structure of the As,Se, crystal calculated by DFT method with PBE XC functional, Grimme-
D2 vdW correction and ONCYV pseudopotentials, as implemented in CASTEP code, is shown in Fig. 5.

It was found that the As Se, crystal is an indirect gap semiconductor with an indirect gap (E ;J in Fig. 5)

value of 0.979 eV whereas the direct gap value (E H{d] in Fig. 5) is 1.42 eV. At the same time, it should be
kept in mind that the semilocal XC-functionals usually underestimate the band gap by about 50% due
to incomplete exclusion of the electron self-interaction (Perdew, Zunger 1981). The experimental value
is expected to be larger, although its magnitude is unknown.

Inspection of the band structure of the As Se, crystal (Fig. 5) shows that the valence band maximum
(VBM) lies in the interval between I and Z k-points, while the conduction band minimum (CBM) is in
the interval between D and Z k-points, thus forming an indirect band gap. The coordinates of high-
symmetry k-points D and Z in Brillouin zone are (-%, 0, %) and (0, 0, %) respectively.
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Fig. 5. Band structure of the As, Se, crystal

In addition to the band structure, we carried out the DFT calculations of the partial densities of states
(PDOS) of As and Se atoms in the molecule and the crystal, which are shown in Figs. 6 and 7. In both
figures there are two distinct regions in the valence band. The lowest valence band between —15 eV and
—8 eV is composed by the s* lone pair electron states of As and Se atoms (see also Figs. 3 and 4 for CDD).
The highest valence band for the As Se, crystal lies between —5.5 eV and 0.0 eV (E,) and exhibits three
distinct peaks from p-states of both types of atoms. These three peaks presented in PDOS graphics both
of the molecule and the crystal originate from the p,, P, and p, states of As atom and p , p, and pZ states
of Se atom. The pZ lone pair of Se atom is clearly visible on the CDD visualization graphs of both the mol-
ecule and the crystal (see Figs. 3 and 4). The lone pair nature of p-states near VBM is consistent with
widely accepted concepts about electronic structure of chalcogenide materials.

It is worth noting that PDOS structure of the As Se, crystal calculated in this study is very similar
to DOS structure of glassy As,Se, (g-As,Se,), calculated in the cluster approach by DFT method (Li, Drab-
old, Krishnaswami et al. 2002). Although the interpretations of the origin of PDOS three peaks in the
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upper valence band of the crystalline and glassy As, Se, differ significantly. So, in the article (Li, Drabold,
Krishnaswami et al. 2002) devoted to the g-As Se,, these three peaks are attributed to interactions between
various structural elements of the g-As ,Se,. However, such interpretation seems artificial since the As Se,
crystal does not contain highlighted elements characteristic for g-As,Se,, while PDOS structures of the
upper valence bands for crystalline and glassy As Se, consist of the same three peaks.

PDOS of As and Se atoms in the molecule and in the crystal are shown in Figs. 6 and 7. Similar to a crys-
tal, in the case of a molecule, the lowest unoccupied molecular orbital (LUMO) states and the highest
occupied molecular orbital (HOMO) states are composed mainly by p-states of As and Se atoms.
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Fig. 6. PDOS for the As, Se, molecule
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Conclusions

First, we studied the geometric and electronic structure of the As Se, crystal versus the As,Se, mole-
cule in the framework of a periodic model by a plane wave DFT method within the same approximations.
Equilibrium bond lengths and bond angles were calculated together with charge density differences,
Mulliken, Lowdin and Bader charges, and also Mulliken overlap populations, and were compared for
the crystal and the molecule. The features of chemical bonding in the As Se, crystal versus the As Se,
molecule were analyzed. The Bader charges of As and Se atoms turned out to be relatively small both
in the molecule and in the crystal, which emphasizes only a moderate ionic contribution to the covalent
bond (the so-called polar covalency). A comparative analysis of the overlap populations in the As Se,
molecule and crystal demonstrated the antibonding character of effective interaction between the nea-
rest intramolecular As atoms in the As Se, crystal and its absence in the molecule. The band structure
DFT calculations were carried out and showed that the As Se, crystal is an indirect-gap semiconductor.
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