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The spin-polarized electronic energy spectra of the ZnSeS solid solution were obtained based on calculations
for the supercell containing 64 atoms. The electronic properties of the materials based on the two supercells, namely
Zn31Cr1SesS24 and Zn31CriSe24Ss, were calculated, where Cr replaces the Zn atom. The calculation results reveal
that the both materials are semiconductors for the spin down electronic states. For the opposite spin momentum of
electrons both materials show the matallic states. For both materials, a significant effect of the substitutional Cr
impurity on their electronic and magnetic properties has been established. Both materials investigated here are
semimetals, so they are promising materials for spin electronics.
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Introduction

ZnS and ZnSe present identical crystal structures, the
cubic zinc blende (F43m) and the hexagonal wurtzite-2H
(P63mc), with small lattice parameter mismatches and
they can form a complete ZnS.Se;_. solid solution [1]. The
band-gap energy, Eg, of this solid solution changes
continuously with the composition according to a
quadratic function,

Ey(x) = xE[™ + (1 = x)EF™¢ — bx(1 — x),

with a bowing parameter, b, in the 0.35-0.68 eV range [2—
4].

Therefore, if this solid solution is properly doped with
Mn2+, by controlling its stoichiometry, it would be
possible to tune the band edge excitation of the host
material from ultraviolet to blue region, but keeping the
emission wavelength constant at ~585 nm [1].

High-quality ternary ZnSxSeix nanowires (NWs) with
tunable band-gaps were synthesized by a chemical vapor
deposition (CVD) method. Photoluminescence (PL),
absorption and Raman spectra were carried out to study
their optical properties, revealing that the band-gaps of
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NWs can be accurately controlled and cover the entire
range from 2.65 eV to 3.7 eV by changing the component
ratio. Optoelectronic properties were further studied by
constructing photodetectors (PDs), which exhibited a high
responsivity of 1.5x10°AW™!, a photoconductive gain of
4.5x10° and fast response speed of 520/930 ps. Such high
performances are superior to the previous reported results,
indicating these ternary ZnSsSei.x nanostructures will
have great potential applications in nano-optoelectronic
devices [5].

II-VI 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) [6]. 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 [7]. The same
theoretical approach was successfully applied to study the
electronic structure of CdSeTe solid solutions [8].

The existence of localized energy levels in the band
gaps of group IV, III-V, and II-VI semiconductors doped
with transition-metal TM impurities leads to rich optical
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and magnetic phenomenologies [9]. In the recent two
decades, transition metal (TM) doped II-VI compounds,
especially Cr?":ZnSe materials, have proven to be the most
promising candidates for room-temperature tunable Mid-
IR lasers [10, 11]. For the Cr*":ZnSe laser materials, the
divalent chromium ion incorporated into the ZnSe lattice
occupies the zinc site, which is coordinated by four
selenium anions. Because of the presence of the heavier
anions Se, which decreases the phonon cut-off frequency,
there is almost no temperature quenching in the Mid-IR
band and the quantum efficiency is close to 100% at room
temperature.

ZnX chalcogenides (X=S, Se, Te) were devoted to a
number of experimental and theoretical studies of their
electronic and optical properties [12, 13].

However, studies of II-VI solid solutions with
impurities of transition elements are currently rare [14—
16].

The purpose of this work is to study the influence of
anion concentrations on the electronic and magnetic
properties of the Cr:ZnSeS crystal. Calculations were
performed in a 2 X 2 X 2 supercell containing 64 atoms.

I. Theory and calculation details

To calculate the optical constants and kinetic
coefficients of crystals, it is necessary to have a true wave
function Y, (r). The projector augmented waves (PAW)
[17, 18] combine the features of the pseudopotential and
the all-electronic approach of augmented plane waves.
The wave Y, () and pseudo-wave 1, (r) functions are
related to each other as follows:

[ () >= tlihp (1) >, )

where the operator

T=1+3,%:(I¢pf > —|pF >) < pf )

is defined by the atomic wave function |¢f (r) >, atomic
pseudo-wave function |¢7{"(r) > and the projector
function < pf|.

The summation in (2) is carried out over the
augmentation spheres, which are numbered with the index
a, and the index i = {n, [, m} corresponds to the principal,
orbital, and magnetic quantum numbers, respectively.

The stationary Schrédinger equation

Hlpp >= [P > &p, A3)
taking into account (2), takes the following form:
tHHe| P, >=t |, > &, @)

where the desired electron spectrum is the same as in
equation (3).

The idea of the PAW method is to transform the
Schrodinger equation into an equation in which the
unknown state function is |1,l~}n >, If it is known, then by
means of (1) the true electronic function of the state
|1/~)n > 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 [19, 20], according to which the exchange-
correlation energy functional

EEEEO[p] = ELFE[p] + 5 (BT [Y34] — EZPF[psal), (5)

where PBE corresponds to the exchange-correlation
functional [19], and Y34, p34 denote the wave function
and electron density the Cr atom.

Tables 1 and 2 show the reduced atomic coordinates
of the unoptimized and optimized structures.

Table 1.
Initial and optimized reduced atomic coordinates for a smaller supercell of a ZnsSesS; solid solution
Coords Initial Optimized
Atom x/a y/b x/a y/b z/c
S 0 0 0.1874 0 0 0.1927
S 0.3333 | 0.6666 | 0.4375 | 0.3333 0.6666 0.4379
S 0 0 0.6874 0 0 0.6823
Se 0.6666 | 0.3333 | 0.9375 | 0.6666 0.3333 0.9363
Zn 0 0 0 0 0.0088
Zn 0.3333 | 0.6666 | 0.2500 | 0.3333 0.6666 0.2527
Zn 0 0 0 0 0.4975
Zn 0.6666 | 0.3333 0.75 0.6666 0.3333 0.7418
Table 2.
Initial and optimized reduced atomic coordinates for a smaller supercell of a ZnsSe;S;3 solid solution
Coords Initial Optimized
Atom x/a y/b x/a y/b z/c
S 0 0 0.1877 0 0 0.1879
S 0.3333 | 0.6666 0.4321 | 0.3333 | 0.6667 | 0.4323
S 0 0 0.6865 0 0 0.6867
Se 0.6666 | 0.3333 0.9421 | 0.6666 | 0.3333 | 0.9419
Zn 0 0 0.0081 0 0 0.0082
Zn 0.3333 | 0.6666 0.2426 | 0.3333 | 0.6667 | 0.2423
Zn 0 0 0.4980 0 0 0.4980
Zn 0.6666 | 0.3333 0.7528 | 0.6666 | 0.3333 | 0.7527
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The starting lattice lenghts were equal to (7.53403,
7.53403, 24.78802), and the optimized parameters were
(7.55834, 7.55834, 24.82234) a.u., respectively. The
initial and final pressure values were equal to 0.75 and
0.013 GPa. The initial and final lattice angles were equal
to (90.0, 90.0, 120.0) degrees, corresponding to the
wurtzite structure.

The starting lattice lenghts were equal to (7.53403,
7.53403, 24.78802), and the optimized parameters were
(7.37003, 7.37003, 24.15705) a.u., respectively. The
initial and final pressure values were equal to 1.0 and
0.00001 GPa, respectively. The initial and final lattice
angles were equal to (90.0, 90.0, 120.0) degrees,
corresponding to the wurtzite structure.

Two variants of calculations were performed in
2x2x2 supercells using the Abinit program [17] in the
PAW basis.

1. The Cr:ZnSeS supercell contains 64 atoms, and its
formula unit is Zn3;CriSesS,4, that is, one Zn atom is
replaced by an Cr atom.

2. The Cr:ZnSeS supercell contains 64 atoms, and its
formula unit is Zn3;CriSe»4Ss, that is, one Zn atom is
replaced by an Cr atom.

Both materials considered here are described by the
space group Cm (No. 8) and the Bravais lattice mC (face-
center monoclinic). Whereas the pure wurtzite crystal ZnS
is characterized by the space group symmetry P6smc
(No. 186) and the Bravais lattice hP (primitive
hexagonal).

Structural optimization was performed in two stages.
The first stage consisted of optimizing the crystal lattice
parameters. The second stage optimized the values of the
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atomic coordinates in the cell. A spatial grid of
30%x30x100 was used to calculate the wave function, and
the fine 60x60x200 grid was applied for evaluation of the
electron density and crystal potential.

II. Results and discussions

Figure 1 shows the spin-polarized electronic energy
spectra of the Cr:ZnSeS crystals. These results were
obtained for materials with different anion concentrations,
i.e. Zn3;CriSegSx and Zn3 CriSexuSs. A comparison of
dispersion laws reveals that for spin up electronic states
both materials show metallic properties. Indeed, the Fermi
level for these states intersects the dispersion curves that
correspond most closely to the d states of the Cr atom. For
electrons with opposite spin orientations, both materials
exhibit semiconductor properties. In the material with a
higher S content, the Fermi level is localized in the middle
of the band gap, i.e., as in a classical semiconductor. But
in the material with a higher Se content, the Fermi level is
shifted toward the conduction band. The band gaps for
both materials, corresponding to electrons with spin down,
equal to 1.88 and 1.64 eV, recpectively.

Figure 2 shows the spin-polarized densities of
electronic states of Zn for both materials. From Figure 2,
it can be seen that the partial densities of electronic states
in the conduction band exhibit a weak dependence on the
composition of the anionic subsystem. However, in the
valence band, which reflects the electron-populated states,
there is a noticeable redistribution of the partial densities
of states.
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Fig. 1. Spin-polarized electronic energy spectra of the Cr:ZnSeS materials.
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Figure 3 shows the spin-polarized densities of
electronic states of the Cr atom for both materials. The
curves depicted on it reveal a significant sensitivity of the
partial DOS of the Cr atom to the concentration of anions
in the supercell. The partial DOS of the 3d electrons of the
Cr atom are particularly sensitive to the anionic
composition of the supercell. The partial densities of 3d
states of Cr corresponding to supercells Zn3;Cr;SesS»4 and
Zn31CriSe2sSs show significant differences in the valence
band, in the vicinity of the Fermi level, and also in the
conduction band.

In Fig. 4 are shown the spin-polarized partial densities
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of electronic states of Se in the Cr: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 total DOS for the
Cr:ZnSeS materials. The curves of the total DOS of both
materials, containing various amounts of Se and S, exhibit
semimetallic properties. That is, for spin up they are
metals, and for spin down they have semiconductor
properties.
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Fig. 2. The Zn partial density of electronic states in the Cr:ZnSeS materials.
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Fig. 4. The partial electronic DOS on the Se and S atoms in the Cr:ZnSeS materials.
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Fig. 5. The Zn partial density of electronic states in the Cr:ZnSeS material.

The magnetic moment of the supercell Zn3Cr;SesSa4
is 4 ug, and the contribution of the Cr atom is 3 ug,. For
the supercell Zn3CriSexSs, these values are 4 up, and
3.05 ug,, respectively.

Conclusion

The spin-polarized electronic energy spectra of the
Cr:ZnSeS system were obtained for the 2 x 2 x 2 supercell.
The electronic structure of the Cr:ZnSeS material,
represented by  supercells  Zn3CriSesS,s+  and
Zn31CriSex4Ss, reveal semiconducting properties for spin
down spin orientations. For the opposite spin moments
both materials show metallic properties. It is especially
worth emphasizing the significant differences in the

differences are clearly evident in the valence band, in the
vicinity of the Fermi level, and also in the conduction
band.
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EnekTpoHHi i MArHiTHI BJACTUBOCTi FeKCArOHAJIbHUX TBEPAUX PO3YMHIB
ZnSeS, 3yMoBJeHi AoMilIKO00 Cr Ta KOHUEHTPALIEI0 aHIOHIB

'Hayionanvnuii Yuisepcumem "Jlvsiscoka nonimexuixa”, Jlveis, Yxpaina, stepan.v.syrotiuk@Ilpnu.ua;
’Kageopa enexmpomexuniunoi inoicenepii, Yuisepcumemcoruil konedic Anv-Xycetina, Kepbena, Ipax

CriH-TIONSIPU30BaHl €NEKTPOHHI €HEePreTHYHI CHEKTPH TBEPAOro pO3uMHy ZnSeS OTpHMaHO Ha OCHOBI
PO3paxyHKiB U CYMEepPKOMIpKH, IO MICTUTh 64 aToMu. Po3paxoBaHO €NEKTPOHHI BIACTHBOCTI MaTepiaiiB Ha
OCHOBI JIBOX cymepeneMeHTiB, a came Zn31CriSesS24 Tta Zn3i1CriSe2sSs, ne Cr 3amimgye atom Zn. Pesymbrati
PO3paxyHKiB MOKa3yOTh, [0 O0KIBA MaTEpiald € HAMIBOPOBITHUKAMH JJISl SICKTPOHHHUX CTAHIB 31 CIIIHOM BHHU3.
JInst IPOTHIIEKHOTO CIIIHOBOTO MOMEHTY €JIEKTPOHIB 00W/Ba MaTepiajii BUSBIAIOTh MeTaneBi cTaHd. st 060X
MaTepialliB BCTAHOBIICHO 3HAYHWI BIUIMB JOMIIIKH 3aMimeHHs: Cr Ha IXHi eIeKTPOHHI Ta MarHiTHI BIACTHBOCTI.
O0uaBa qOCHIIKEHI TyT MaTepiajy € HalliBMEeTalaMi, TOMY BOHH € TIEPCIIEKTHBHUMH MaTepiajlaMy IS CIIiHOBOT
€JIEKTPOHIKH.

Kirouosi cioBa: Tepai pozunan ZnSeS, 3d domimku, EnexrpoHHa eHepreTnyHa CTpyKTypa, MarHiTHHi
MOMEHT.
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