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The spin-polarized electronic energy spectra of the ZnSeS solid solution were obtained based on calculations
for the supercell, which contains 64 atoms. At the first stage, the properties of the material based on the Mn:ZnSeS
supercell, in which Mn replaces the Zn atom, were calculated. The calculation results reveal that the material is a
semiconductor for both spin orientations. The second stage is based on the simultaneous presence of a Mn impurity
and a cation vacancy. Comparing the results of the first two stages allows us to reveal significant changes in the
electronic energy structure caused by the cation vacancy. The material with a vacancy exhibits metallic properties
for both spin orientations. The third stage is implemented for the supercell without a vacancy, but under the action
of hydrostatic pressure. The material exhibits semiconducting properties for both values of the spin moment. At the
fourth stage, the Mn:ZnSeS supercell with a vacancy and under pressure is considered. In the presence of pressure
and a Vzn vacancy, the ZnMnSeS material exhibits metallic properties for both spin orientations. A material with a

vacancy and under pressure can be characterized as a magnetic metal.
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Introduction

Earlier, the possibility of obtaining scintillation
materials based on mixed crystals (ZnS-ZnTe) has been
shown [1]. These mixed crystals have found many
applications, namely in development of detecting devices
for introscopic systems and in multi-energy X-ray
radiography [2]. The variation of the band gap width opens
possibilities for obtaining ZnS-based materials with pre-
determined scintillation properties [3].

Obtaining of ZnSTe1x mixed crystals is difficult due
to the limited solubility of their components and is
possible only at 8-10% concentrations in accordance with
the ZnScTey« state diagram [4]. Among various AlIBVI
solid solutions, ZnSe1«Sx crystals are of especial interest.
Unlimited ZnS-ZnSe mutual solubility makes possible
obtaining of the ZnSe1«Sx crystals with any x value [5].

Work [6] reports on a-ZnSe, a-ZnS and a-ZnSySe;.x
heterolayers obtained by the method of isovalent
substitution.  Thin  layers of wide-gap [I-VI
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semiconductors are widely used in various electronic
devices. Among them, these devices are considered to be
characterized by a number of properties favorable for use.

AIIBVI materials are intensively studied now within
the framework of various theoretical approaches. In
particular, the Kinetic properties of the CdTe material were
recently studied from the first principles in the formalism
of projection augmented waves (PAW, projector
augmented waves) [7]. The electronic, phonon, optical,
and thermodynamic properties of the CdTe crystal were
studied on the basis of the density functional theory (DFT)
using the pseudopotential method [8]. The same
theoretical approach was successfully applied to study the
electronic structure of CdSeTe solid solutions [9].

Experiments with crystals 11-VI with impurities of
transition elements revealed materials, in particular
Fe:ZnSe, suitable for the co-construction of lasers in the
mid-infrared region of the spectrum [10]. ZnX
chalcogenides (X = S, Se, Te) were devoted to a number
of experimental and theoretical studies of their electronic
and optical properties [11-14].
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However, studies of 1I-VI solid solutions with
impurities of transition elements are currently rare [15,
16]. These materials are also promising in terms of
obtaining the nanostructures [17].

The purpose of this work is to study the influence of
pressure and point defects, as well as the combined effect
of these factors on the change in the electronic and
magnetic properties of the Mn:ZnSeS crystal. Calculations
were performed in a 2x2x2 supercell containing 64 atoms.

%) = [P (1)) + 2o Zi(| 98 () = |BE)) (B2 P,),

where|¢&(r)) is the atomic wave function, | (r)) is the
pseudo-wave function, and (pf#| is the projector function.
The summation in (1) is carried out over the augmentation
spheres, which are numbered with the index a, and the
index i = {n,1,m} corresponds to the principal, orbital,
and magnetic quantum numbers, respectively.

From equation (1) we see that

%, (1) = €|%, (), @)

where operator ¢ transforms the pseudo-wave function
|, (1)), into an all-electronic state ¥, (r)

The explicit form of the operator follows from
equation (1):

=1+ X Dl £ () — |df () (5. ©)
Stationary Schrodinger equation
Hllpn) =|'Pn>gn ) (4)

taking into account (2), takes the following form:

EyF[¥s4]

Where n, n’ are the quantum numbers of correlated states
occupied by electrons, and g, o,/ are the corresponding
spins.

Four variants of calculations were performed in
2x2x2 supercells using the Abinit program [18] in the
PAW basis.

1. The Mn:ZnSeS supercell contains 64 atoms, and its
formula unit is Zn31Mn;SexsSg, that is, one Zn atom is
replaced by an Mn atom. Conditions are normal, i.e.
pressure P = 0.

2. The supercell is taken from the previous point 1, but
the external hydrostatic pressure P = 23 GPa.

3. The supercell contains 63 atoms, and its formula
unit is Zn30Mn1Se248S8, i.e. there is a Zn vacancy, Vzn.
Pressure P = 0.

4. The supercell is taken from the previous point 3, but
with the presence of external hydrostatic pressure
P =23 GPa.

First, the influence of the transition Mn 3d element
impurity on the electronic structure of the ZnSeS material
was studied, and then the changes in the electronic
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I. Theory and calculation details

The method of projection augmented waves (PAW,
projector augmented waves) [18, 19] combines the
features of the pseudopotential and the all-electronic
approach of augmented plane waves. The wave ¥, () and
pseudo-wave &, (r) functions are related to each other as
follows:

o))

THHT|E,) =t*T|¥,)e, (5)
in which the desired electron spectrum is the same as in
equation (4).

The idea of the PAW method is to transform the
Schrédinger equation into an equation in which the
unknown state function is |%, ). If it is found, then with the
help of (1) the entire electronic function of the state |¥,)
is obtained. Using the latter, we find the electron density
and the corresponding Hartree potential.

The exchange-correlation potential was chosen in the
PBEO form [20, 21], according to which the exchange-
correlation energy functional

EEEEO[p] = ELPE[p] + 5 (EHF[W3q] — EZPE[psal), (6)

where PBE corresponds to the exchange-correlation
functional [20], and W54, ps4 denote the wave function
and electron density the Mn atom.

Exchange energy in the Hartree-Fock theory

Pn (MW (PR Y (")

r=r"|

, ()

properties caused by the combined action of the
substitution atom, external pressure, and the Vz, point
defect were revealed. The structure of the material was
optimized by the minimizing the total energy as a function
of the volume of the supercell. A spatial grid of 90x90x90
was used to calculate the wave function, and the more
denser 125x125x125 grid was applied for evaluation of
the electron density and crystal potential.

Il. Results analysis

Figure 1 shows the spin-polarized electronic energy
spectra of the Mn:ZnSeS crystal without and with Zn
vacancy (Vz, vac). These results were obtained under
ambient conditions, that is, in the absence of external
pressure (P=0). A comparison of dispersion laws reveals a
significant influence of the Vz, vacancy on the electronic
structure of the Mn:ZnSeS material for both spin
orientations. In particular, if in the absence of defects the
material is a semiconductor for both spin orientations, then
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Fig. 1. Spin-polarized electronic energy spectra of the Mn:ZnSeS material without and with a VVz, vacancy (vac).
Pressure P = 0.
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Fig. 2. The Mn partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy.
Pressure P = 0.

in the presence of vacancies it exhibits metallic properties.
Indeed, the Fermi level in a material with defects is
localized in the upper part of the valence band.

Figure 2 shows the spin-polarized densities of
electronic states of Mn for an uncompressed crystal.

Mn:ZnSeS without a Vz, vacancy and with the
presence of the latter. We note that in a material with
defects (vac), the Fermi level crosses the density of states
of 3d symmetry of electrons with spins up.

Figure 3 shows the spin-polarized partial densities of
electronic states of Zn in the Mn:ZnSeS material, found
under normal conditions. We note that in the material with
point defects (vac) the electronic states of Zn are present
at the Fermi level.

In Fig. 4 are shown the spin-polarized partial densities
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of electronic states of Se in the Mn:ZnSeS material,
calculated under normal conditions. The curves of the
density of states for the material with defects (vac) reveal
the presence of the Se p states at the Fermi level for both
values of the spin moment.

Figure 5 shows the spin-polarized partial densities of
electronic states on the S atom in the Mn:ZnSeS material,
calculated under ambient conditions. The curves of the
density of states for the material with defects (vac) reveal
a significant presence of the atom S p states at the Fermi
level for both values of the spin moment.

In Fig. 6 are presented the spin-polarized electronic
energy spectra of the Mn:ZnSeS crystal without the Zn
vacancy (Vz,) and with last one (vac). These results were
found in the presence of an external pressure of
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Fig. 3. The Zn partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy.
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Fig. 4. The Se partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy (vac).
Pressure P = 0.
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Fig. 5. The S partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy (vac).
Pressure P = 0.

P =23 GPa. A comparison of dispersion laws reveals a
significant influence of the Vz, vacancy on the electronic
structure of the Mn:ZnSeS material for both spin
orientations. In particular, if in the absence of defects the
material is a semiconductor for both spin orientations, then
in the presence of vacancies it exhibits metallic properties.
This conclusion follows from the localization of the Fermi
level of the material with vacancies in the upper part of the
valence band.

Figure 7 reveals a significant dominance of the 3d
electrons of the Mn atom in the valence band as well as in
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the conduction one. This dominance is characteristic for
the material without defects and in the presence of the
latter. The material without defects remains in the
semiconducting state even in the presence of pressure, but
vacancies induce its transition to the metallic state. This is
confirmed by the intersection of the density of states
curves with the Fermi level.

Figure 8 shows the partial densities of electronic states
of the Zn atom. On the left are the curves obtained for the
Mn:ZnSeS material under hydrostatic pressure, but
without point defects. They correspond to the material in
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Fig. 6. Spin-polarized electronic energy spectra of the Mn:ZnSeS material, without and with the Vz, vacancy (vac).
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Puc. 7. The Mn partial density of electronic states in the Mn:ZnSeS material, without and with the Vz, vacancy
(vac). Pressure P = 23 GPa.

the semiconductor state. On the right are the results found
for the material under pressure as well as in the presence
of vacancies. The Fermi level is localized at the top of the
valence band, so it corresponds to the metallic state.

Fig. 9 shows the partial densities of electronic states
of the Se atom. On the left are the curves obtained for the
Mn:ZnSeS material under hydrostatic pressure, but
without point defects. They correspond to the material in
the semiconductor state. On the right are the results found
for the material under pressure as well as in the presence
of vacancies. The Fermi level is localized at the top of the
valence band, so it corresponds to the metallic state.

In fig. 10 shows the partial densities of electronic
states of the S atom. On the left are the curves obtained for
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the Mn:ZnSeS material under hydrostatic pressure, but
without point defects. They correspond to the material in
the semiconductor state. On the right are the results found
for the material under pressure as well as in the presence
of vacancies. The Fermi level is localized at the top of the
valence band, so it corresponds to the metallic state.

Comparison of the dispersion curves shown in Figures
1 and 6, as well as the densities of electronic states
(Figures 2-5, 7-10) reveals that Vz, cation vacancies
cause significant changes in the parameters of electronic
energy bands. If the external hydrostatic pressure does not
lead to a change in the nature of the material, vacancies
contribute to the transition of the material from the
semiconductor state to the metallic state.



S.\V.

spin up

st/eV/spin

spin down
04+ ‘ .
-5 0 5
eV

st/eV/spin

Syrotyuk, A.Y. Nakonechnyi, Yu.V. Klysko, H.1. Vlakh-Vyhrynovska, Z.E. Veres

04

vac spin up

spin down

-04

| =

-5 0
eV

Fig. 8. The Zn partial density of electronic states in the Mn:ZnSeS material, without and with VZn vacancy (vac).
Pressure P = 23 GPa.
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Fig. 9. The Se partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy (vac).
Pressure P = 23 GPa.
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Fig. 10. The S partial density of electronic states in the Mn:ZnSeS material, without and with Vz, vacancy (vac).
Pressure P = 23 GPa.

Conclusion

The spin-polarized electronic energy spectra of the
Mn:ZnSeS system were obtained for the 2x2x2 supercell.
The calculated electronic structure of this material without
and with the presence of a point defect — vacancies at the
node of the Zn atom. The calculations were performed
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under normal conditions and in the presence of external
hydrostatic pressure. It was found that the 3d electrons of
the Mn impurity atom are localized in narrow energy
zones with large values of the density of electronic states
(DOS).

The electronic structure of the Mn:ZnSeS material
without point defects and under normal conditions reveals
semiconducting properties for both spin orientations. For
electrons with upward spin, the fundamental band gap is
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1.6049 eV, and the optical one is 1.6052eV. For The electronic structure of the Mn:ZnSeS material
oppositely oriented spin, these parameters are equal to with a vacancy on the Zn atom node (VVZn) and under the
1.7765 eV and 1.7771 eV, respectively. The magnetic action of external hydrostatic pressure reveals metallic
moment of the supercell is 5.0 ug, and the contribution of properties for both spin orientations. This follows from the

the Mn atom to it is 3.80 yj. fact that the Fermi level is localized in the upper part of
The electronic structure of the Mn:ZnSeS material the valence band. The magnetic moment of the supercell
with a vacancy on the Zn atom node (VZn) and under is 4.15 ug, and the contribution of the Mn atom to it is

normal conditions reveals metallic properties for both spin 3.54 up.
orientations. This follows from the fact that the Fermi
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Kagheopa xomn romepuszosanux cucmem asmomamuxu, Hayionanonuii ynigepcumem "Jlvsiscoka nonimexuixa”,
JIvsie, Yrpaina, stepan.v.syrotiuk@lpnu.ua

Ionsipr3oBaHi 3a CIiHOM €IEKTPOHHI €HEPreTUYHI CIIEKTPH TBEPAOTO po3unHy ZNSeS oTpuMaHi Ha OCHOBI
PO3paxyHKiB UL HAAKOMIPKH, sIka MicTHTb 64 atomu. Ha nepuomy erami nigpaxoBaHi BIaCTUBOCTI MaTepialy Ha
ocHOBI HagkoMipku Mn:ZnSeS, y sikiit Mn 3amintye atom Zn. Pe3ynbraTu migpaxyHKy BUSIBISIOTH, [0 MaTepial €
HATIBIIPOBITHUKOM Ui OOMIBOX Opi€HTAIli CmiHa. /[[pyeuil eram TPYHTYEThCS Ha OJHOYACHIM TPHCYTHOCTL
nominiku Mn i kaTionHoT BakaHcii. [TopiBHSIHHS pe3yJbTaTiB MEPIIUX ABOX €TalliB JO3BOJISIE BUSABUTH 3HAYHI 3MiHN
CJICKTPOHHOI EHEPreTUYHOI CTPYKTYpH, 3yMOBJICHI KaTIOHHOIO BaKaHCi€l0. Marepial 3 BaKaHCI€I0 BHABIIIE
MeTaJeBi BIaCTHBOCTI ISl OOMIBOX Opi€HTAIiH criHa. Tpemiil eTam peai3oBaHUH Ul HAIKOMIpKH 0e3 BakaHCil,
aJie MmijI Ai€ro TiIpoCTaTUYHOTo THCKY. Marepial BUSBIISIE HAIIBIPOBIAHMKOBI BIACTHBOCTI JJIsl OOMIBOX 3HAYCHb
criiHoBOro MoMeHTY. Ha uemegepmomy erani po3risiHyTa HagkoMmipka Mn:ZnSeS 3 BakaHCi€ro 1 i Ai€0 TUCKY. 3a
HasIBHOCTI THCKY i BakaHCi1 VznMatepian ZNMnSeS BusiBisie MeTaseBi BITaCTUBOCTI ISl OOMIBOX Opi€HTALIH CITiHa.
Marepian 3 BakaHCIi€l0 1 i Ai€l0 THCKY MOKHA XapaKTEepU3yBaTH K MarHiTHUI MeTail.

Karouosi cioBa: Tepai Posunnu AlIBVI, Toukosi ledextn, Tuck, Enexrponna Ctpykrypa.
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