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First, this work examines the structural characteristics of the formation of a ZnSeTe solid solution.
Further, after the introduction of Fe substitution impurity, electronic energy spectra and densities of elec-
tronic states were calculated. Significant changes in parameters of the electronic structure and magnetic
properties caused by external hydrostatic pressure were revealed. It was found that the doped solid solu-
tion of ZnFeSeTe under normal conditions is a semiconductor for both spin orientations. However, under
the action of hydrostatic pressure, this material turns into a metallic state, since the 3d states of iron are
now at the Fermi level. Under the influence of pressure, the magnetic moment of the supercell decreases
by more than six times, that is, from 4.0 to 0.67 Bohr magnetons.
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1. INTRODUCTION

Single crystals of ZnSeTe having uniform composi-
tion were grown on a ZnSe or ZnTe seed over the whole
range of molar composition by a vapor-phase sublima-
tion technique [1]. Measurable improvements in the
purity of the final crystals were achieved by the slightly
modified version of the simple vapor-phase sublimation
technique, by which single crystals without ZnO inclu-
sions were grown [1].

Optical characterization was performed on wafers
sliced from crystals of ZnSe, ZnTe, and ZnSei-xTex
(0 <x<0.4) grown by physical vapor transport [2]. En-
ergy band gaps at room temperature were determined
from optical transmission measurements on 11 wafers.
A best fit curve to the band gap versus composition x
data gives a bowing parameter of 1.45. This number lies
between the value of 1.23 determined previously on
ZnSeTe bulk crystals and the value of 1.621 reported on
ZnSeTe epilayers. Low-temperature photoluminescence
(PL) spectra were measured on six samples. The spectra
of ZnSe and ZnTe were dominated by near band edge
emissions and no deep donor-acceptor pairs were ob-
served. The PL spectrum exhibited a broad emission for
each of the ZnSe:-.Tex samples, 0.09 <x<0.39. For
x =0.09, this emission energy is about 0.2 eV lower than
the band gap energy measured at low temperature. As x
increases the energy discrepancy gradually decreases
and reduces to almost zero at x = 0.4. The single broad
PL emission spectra and the spectra measured as a
function of temperature were interpreted as being asso-
ciated with the exciton bound to Te clusters because of
the high Te content in these samples [2].

The optical parameters were obtained alone from
the transmission spectrum of the ZnSexTe: - » thin films
[3]. The thickness of the ZnSesTe1 -« thin film is about
368.48 nm and the single-oscillator energy and the
dispersion energy are about 3.64 and 17.19 eV, respec-
tively. The value of optical band gap (=2.34 eV) for the
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thin films in a direct transitions type was determined
by the analysis of absorption data. The difference in the
band gap between the bulk and film might be due to
the strain and temperature effects [3].

In case of ZnSe (Te, O), the combination of semicon-
ductor properties and characteristics of a highly effi-
cient scintillator makes it possible to create scinti-
electronic detectors of X-ray radiation. But at higher
energies’ use of ZnSe(Te, O) is limited by bad transpar-
ence and also the high value of refractive index
(n = 2.4) which leads to significant light losses. To over-
come this problem combined X-ray detectors based of
semiconductor-scintillator ZnSe (Te, O) were suggest-
ed. Detectors of charged particles and ultraviolet radia-
tion based on the Schottky barrier structure of “metal-
nZnSe(Te)” have also been developed. ZnSe(Te) have
also been found useful for advanced medical applica-
tion of computer X-ray tomography. Computer X-ray
tomography is a powerful tool for early recognition of
various diseases, especially those requiring surgery.
Hence, ZnSe(Te) crystals can be used in low energy
detectors in computer X-ray tomography [4].

We analyze physical models accounting for deep-
level conduction band transitions to describe impurity
absorption spectra in tetrahedral-structured semicon-
ductors [5]. The investigations were carried out for
ZnSe crystals doped with transition metals (Ti, V, Cr,
Mn, Fe, Co, Ni) from a vapor phase. It was shown that
the impurities provide acceptor centers with ground
state energy offset by 0.3-0.6 eV from the edge of the
conduction band, forming long-wave bands in the ab-
sorption spectra of the materials studied [5].

2. CALCULATION
2.1 The Structure Optimization

The electronic structure of ZnSeTe solid solutions
doped with Fe atoms was calculated using the ABINIT
complex of programs [6] in two stages.
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At the first stage, structural optimization was done,
which also consisted of two steps. The first step was to
optimize the lattice parameter, and the second was to
find the precise coordinates of the atoms of the super-
cell. In order to save space, we present the optimization
results for the ZnsSe2Te2 supercell, which contains
eight atoms. The corresponding results are shown in

Table 1 — An example of optimizing the structure of a smaller
supercell of a ZnsSe2Te: solid solution

Atom xla y/b zlc

Te 0.5 0 0

Te 0 0.5 0

Se 0 0 0.5

Se 0.5 0.5 0.5

Zn 0.75 0.25 0.2705
Zn 0.25 0.75 0.2705
Zn 0.25 0.25 0.7295
Zn 0.75 0.75 0.7295

As can be seen from Table 1, the Zn atoms have re-
duced z-coordinates (z/c) different from the starting
ideal values 0.25, 0.25, 0.75, 0.75, respectively. The
optimized values of the lattice lenghts have acquired
the following values: a=b=11.27822,
¢=11.26872 a.u., respectively. The starting lattice
lenghts had the same values a=b=c¢=11.12720 a.u.
For none of the atoms, the condition of fixing the
reduced coordinates was not applied. And the lattice
angles remained the same as in the ideal starting
supercell, i.e. a= = y=90 degrees.

In this work, we performed all calculations for the
Zns1Fei1SeieTe1s supercell, which consists of 64 atoms.

2.2 Details of the Calculation Scheme

Calculations of the electronic structure were per-
formed here in the PAW basis (projector augmented
waves) [7]. The PAW approach combines the properties
of the pseudopotential (PP) [8] and the augmented
plane wave (APW) [9] methods. Both of the latter
methods use plane waves to calculate the matrix ele-
ments of the Hamiltonian operator.

In the PAW method, as in the APW approach, the
crystal space consists of two parts: the augmentation
space, which is inside the spheres built around the
atoms, and the interspherical subspace (interstitial
space). The augmentation spheres do not overlap, be-
cause the overlap can lead to numerical instability of
the iterative searching for the wave functions of the
crystal ground state. All components of the PAW basis
are localized in these two subspaces [10].

The first component of the PAW basisy is localized

in the interspherical subspace, in which acts a weak

pseudopotential. It corresponds to a smooth
pseudowave function,
|V >=2¢alk +G)| k+ G >, (1)

where |k + G > are the plane waves, and a(k + G) are
the Fourier series coefficients.

The second component of the PAW basis is localized
in the deeper part of the augmentation sphere, in which
are concentrated the atom core electrons and acts a
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strong atomic potential. The corresponding function is a
linear combination of partial atomic waves y, i.e.

ly> %0,

The third component of the PAW basis is localized
in the peripheral part of the augmentation sphere, in
which acts a weak atomic pseudopotential, and the
corresponding pseudowave function is a linear combi-
nation of partial atomic pseudowaves ¥, i.e.

1§ > X i, 1)

In the PAW approach, a smooth pseudo-wave func-
tion |, > is first calculated, from which the true all-

electronic wave function |y, > is obtained. Here a is a
band index, and k is a vector from the first Brillouin
zone. The true all-electronic wave function is derived
from the smooth pseudo-wave function using the opera-
tor 7 [6]

Vo >= 7| Vgy >, (2)

which is constructed from partial atomic wavesy,
pseudowaves ¥, and projectors p; , namely

t=1+X(p; > =) <pil, 3)

The Schrodinger equation, which is based on the
matrix of the Hamiltonian H, after replacing (2), (3) is
reduced to the problem of the eigenfunctions and ei-
genvalues of the matrix of the effective Hamiltonian,
with a mutual electronic energy spectrum &4;, namely

T+HT|T/‘/ak >= T+T|¢ak > Eaks 4)

By means of the transformation 7, we obtain from
the all-electronic Hamiltonian H an effective Hamilto-
nian H.r; = H = t*Hr, the eigenfunction of which is
called the pseudo-wave function ¥, . From the latter, a
true all-electronic function ¥ = t%,, will be found. It
allows us to calculate the dipole matrix elements nec-
essary to obtain the optical constants of crystals and
the kinetic coefficients of semiconductors [11].

The presence of a subsystem of strongly correlated
3d Fe electrons determines the use of a hybrid ex-
change-correlation functional. We chose the latter in
the form of PBEO [12], namely

EZZP0lp] = ExPlp] + B(EXT[¥3a] — EX®F[p3al), (5)

In this functional, the exchange-correlation energy of
the 3d electrons of the Fe atom, found in the GGA [13]
approximation, is partially removed, and the exchange
energy of the same electrons, found in the Hartree-Fock
theory, is substituted in its place. Namely, the PBEO
functional includes the usual PBE term, which corre-
sponds to electrons with a smooth change in space of their
density. The second term of formula (5) leads to the par-
tial elimination of self-interaction error of 3d electrons.
The mixing factor #1is recommended to be 0.25 [12].

Previously, we tested and found the effectiveness of
the exchange-correlation functional PBEO for describing
electronic subsystems that contain strongly correlated d-
symmetry electrons. Various properties of semiconduc-
tors with impurities of d elements were investigated
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using hybrid exchange-correlation functionals. In partic-
ular, the electronic structure of the crystal ZnS, doped
with one or two transition metal atoms (Cr, Fe), was
calculated [14]. It was also established the influence of
cationic vacancies and hydrostatic pressure on electronic
and magnetic properties of doped ZnTe:Mn crystal, with
taking into consideration the strongly correlated 3d
electrons [15]. The effect of the spin-orbit interaction on
the electronic band energies in cadmium chalcogenides
was revealed by means of the screened exchange energy,
namely within the HSEos — GW approach [16].

3. RESULTS AND DISCUSSION

The calculated electronic properties of the ZnSeTe
solid solution, at ambient conditions, in which the Fe
atom replaces the Zn atom, are shown in Figures 1-3.
The external pressure equals to zero. As can be seen
from Figures 1-3 the material ZnFeSeTe is a semicon-
ductor for both spin orientations.

Energy (eV)

Fig. 1 —The majority-spin electronic energy bands, evaluated
for supercell ZnsiFeiSeisTe1s at ambient conditions

Energy (eV)

Fig. 2 — The minority-spin electronic energy bands, evaluated
for supercell Znsi1FeiSeisTe1s at ambient conditions
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Fig. 3 — The majority- and majority-spin partial DOS, evaluat-
ed for supercell ZnsiFeiSeisTeis at ambient conditions

J. NANO- ELECTRON. PHYS. 15, 05002 (2023)

The densities of states presented in Fig. 3 show that
the top of the valence band is formed mainly by p
states of Se and Te, as well as by d states of Fe.

Curves in Fig. 3 reveal a significant asymmetry of the
Fe d states, which indicates the presence of a non-zero
magnetic moment of the supercell. The latter equals to

4.0 4z and the Fe atom contribution is 3.23 x .

Energy (eV)

Fig. 4 — The majority-spin electronic energy bands, evaluated
for supercell Zns:FeiSeisTe1s at pressure 33 GPa

Energy (eV)

Fig. 5 — The minority-spin electronic energy bands, evaluated
for supercell Zns:1FeiSeisTe1s at pressure 33 GPa

The results shown in Figures 4 — 6 allow us to re-
veal the effect of pressure on the electronic structure of
the ZnFeSeTe material. The spin-polarized electron
energy spectra shown in Figures 4, 5 reveal a metallic
state at the Fermi level for electrons in spin-up and
spin-down states, respectively.
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Fig. 6 — The majority- and majority-spin partial DOS, evalu-
ated for supercell ZnsiFei1SeisTeis at pressure 33 GPa

As can be seen from fig. 6, at the Fermi level domi-
nate the Fe 3d electrons in spin-up and spin-down
states. Narrow bands in which Fe 3d electrons move, as
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well as large values of the density of states in them,
indicate a subsystem of strongly correlated electrons.
The most appropriate approach for describing such sys-
tems is the use of hybrid exchange-correlation energy
functionals [12].

The total magnetic moment of the supercell under
pressure 33 GPa equals to 0.78 uB and the contribution
of the Fe atom dominates and amounts of 0.63 us.

4. CONCLUSIONS

Electronic energy bands were calculated for
Znz1Fei1SeieTe1s solid solution in which the Zn atom is
replaced by the Fe atom. First, the optimized structural
parameters of the solid solution were calculated, and
then the electronic and magnetic properties of the ma-
terial were evaluated. The specified properties were
also found taking into account the external hydrostatic
pressure. We found that at the pressure P=0 the 3d
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duction bands. However, after application of hydrostat-
ic pressure, namely P =33 GPa, the dispersion curves
of these electrons for both spin moment orientations
cross the Fermi level. That is, the hydrostatic pressure
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romagnetically ordered semiconductor with a magnetic
moment of 4 up, and under the action of pressure
P =33 GPa, it turned out to be a magnetic metal with a
supercell magnetic moment of 0.63 us.
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Bmuiue Trcky HA eJIeKTPOHHI Ta Mar"iTHi BiacTusocTti Teepaoro po3uunHy ZnSeTe, merosanoro
aromamu Fe

S.V. Syrotyuk!, M.K. Hussain?

1 Hauionanvrull yuigepcumem «/Ivsiecora nonimexnikar, gyn. C. Bandepu, 12, 79013 Jlvsis, Yrpaina
2 AL-Hussain University College, Karbala-Najaf str., 56001 Kerbala, Iraq

VY nmaniit po6OTi pO3rIAOAIOTECA CTPYKTYPHI XapaKTepPUCTUKN YTBOPEHHS TBepaoro podunny ZnSeTe. ITi-
CJIsT BBeJEHHA NOMIIIKK 3aMinieHHs Fe, Oyim po3paxoBaHi €JeKTPOHHI €HEePreTHYHl CIEeKTPU TA T'YyCTHHK
€JIeKTPOHHUX CTAHIB. BUABJIEHO CYTTEBl 3MIHU IIAPAMETPIB €JIeKTPOHHOI CTPYKTYPH TA MATHITHHX BJIACTH-
BOCTEM, 3yMOBJIEHI 30BHIIIHIM TipOCTATUYHUM THCKOM. YCTAHOBJIEHO, IO JIETOBAHUN TBEPIAUN POIYUH
ZnFeSeTe 3a HOpMAaIbHUX YMOB € HAIIBIIPOBIIHUKOM JJIs 000X CITIHOBHUX opieHTari. OmHak mig Tien rig-
POCTATUYHOIO TUCKY I[e¥ MaTepla IepexouTh y MeTaJeBUi cTaH, OCKUIBKY 3d CTaHM 3ai1i3a Temep 3HaXO0-
nsrbest Ha piBHl @epwi. [lix gieo THCKy MArHITHHN MOMEHT CyllepesieMeHTa 3MeHIIYEThCs OLIBIN HIE Y

mricTh pasie, To6To 3 4,0 mo 0,67 marumerona Bopa.

Kmiouori cmoBa: Teepmuit posumu ZnSeTe, TpuBumipma mgomimka, EeKTpoHHI eHepreTwdHl 30HH,

Maruitauit Mmoment, Edexr tucky.
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