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The parameters of the spin-polarized electronic energy spectrum of ZnSe:T crystals (T = Ti, V, Cr, Mn, Fe, Co, Ni) are studied on the
basis of a 2 x 2 x 2 supercell built on the basis of a ZnSe unit cell with a sphalerite structure. The supercell contains 64 atoms, with
one Zn atom replaced by one transition 3d element T. The first stage of this study is to calculate in the ideal material ZnTSe
parameters of electronic energy bands, dependent on the external hydrostatic pressure. At the second stage, the effect of pressure on
the parameters of the electronic energy spectrum in the ZnTSe materials is investigated, taking into account the Zn vacancy. The
calculations were performed using the Abinit program. For a better description of strongly correlated 3d electrons of the element T, a
hybrid exchange-correlation functional PBEO with an admixture of the Hartree-Fock exchange potential was used, in which the self-
interaction error of these electrons is removed. Based on the obtained spin-polarized electron densities of states, the magnetic
moments of the supercells were also determined. A significant effect of pressure on the parameters of electronic energy zones was
revealed. So, the ideal ZnTiSe material at zero pressure is a metal for both spin values, but under pressure it becomes a
semiconductor. The same material with a point defect, i.e. a vacancy at the site of the Zn atom, exhibits semiconductor properties for
both spin orientations at zero pressure. It was found that vacancies radically change the parameters of electronic energy bands. The
magnetic moments of the supercell, as integral values of the spin-polarized densities of electronic states, also reflect these changes.
Thus, in ZnTiSe material without defects, the magnetic moments of the supercell are 1.92, 2.0 and 2.0 5, at pressures 0, 21 and
50 GPa, respectively, while in the same material with a vacancy, the corresponding values are 0.39, 0.02 and 0.36 up . The ideal
ZnVSe material at zero pressure is also a metal for both values of the spin moment, but in the presence of a cationic vacancy it is
characterized by a pseudogap because the Fermi level is localized in the upper part of the valence band. Ideal ZnFeSe and ZnNiSe
crystals are characterized by similar dependences of the electronic energy parameters on the pressure, for both spins. However, the
same materials with a cationic vacancy are characterized by the Fermi level immersed in the valence band for a spin up.

Keywords: ZnSe, 3d impurity, cationic vacancy, electronic properties, spin, magnetic moment, strong correlations, hybrid
functional.

PACS: 68.35.Dv, 71.15.Mb, 71.20.Nr, 71.27.+a, 81.05.Bx

The ultrashort pulse lasers of infrared (IR) light have gained great attentions for ophthalmic, surgical, dental,
therapeutic, and aesthetic medical applications. The pulses from the picosecond (ps) to femtosecond (fs) require less
energy to ablate biological tissues and the accuracy is in the micrometer range. The passively mode-locked femtosecond
ZnSe:Cr laser was first reported in 2006, generating ~100 fs pulses at up to 75 mW power around 2.5 um wavelength [1].

ZnSe is a wide band gap semiconductor, widely used in light-emitting devices, solar cells, and photodetectors
because of its high excitation energy and excellent photoelectric performance [2]. The optical and electrical properties
of semiconductor materials are the main factors that determine the performance of devices. At present, it is the most
widely used way to regulate the photoelectric characteristics of semiconductors through morphology regulation or
doping treatment. The doping technique by introducing donor impurities or acceptor impurities into the host lattice is
one of the most effective ways to achieve regulatory effects, and it can accurately control the transport properties of the
semiconductor by adjusting the type of doping element and the doping concentration. In addition, the mechanism of the
change of optical and conductive properties of ZnSe caused by doping has not been studied deeply in theory.

The ZnS:Cr lasers have been extensively studied both experimentally and theoretically. The zinc-blende ZnS has
the larger band gap of 3.8 eV, higher thermal conductivity of 27 W/mK, higher thermal shock parameter of 7.1 W/m'?,
and lower dn/dT of 46-10° K-!, compared respectively to 2.8 eV, 18 W/mK, 5.3 W/m'2, and 70-10° K- in ZnSe [3].

The physical, spectroscopic, and laser characteristics of the single crystal and polycrystalline 1I-VI chalcogenides
are practically identical [4]. This is important since II-VI single-crystals of high optical quality are difficult to grow
while chemically vapor grown II-VI polycrystals benefited from low-cost mass production technology of fabrication
and were widely used as passive materials for middle-infrared technology [5]. The combination of low-cost and readily
available polycrystalline II-VI materials with a quantitative and affordable post-growth TM doping procedure,
preserving high optical quality of the starting materials, enabled an effective technology for fabrication of gain
elements, which is quite rare for solid-state laser materials.

Since ZnS, ZnSe, ZnTe crystals with impurities of transition 3d elements are used in devices, particular in lasers, it
is important to study their electronic structure from the unified theoretical methodology under the action of hydrostatic
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pressure and vacancies at the site of the zinc atom. The aim of this study is also to take into account the strong
correlations of 3d electrons using a hybrid exchange-correlation functional. Let us go to performing these tasks.

CALCULATION
We solve the Schrodinger equation in the basis of projectior augmented waves (PAW) [6], which combines the
features of the pseudopotential approaches [7] and the all-electronic method of augmented plane waves (APW) [8]. In
the PAW and APW methods, the crystal is divided into two regions. The first region is inside the atomic spheres, and
the second one is interspherical. In the APW approach, the wave functions of both regions are joining at the surface of
the sphere to ensure continuity throughout space. In the PAW method, an augmentation is performed using a projection
procedure.

The all-electronic wave |, > and pseudo-wave |, > functions are connected as follows [6]:

[y, (0)> =7, (r) > +X T (¢ (0> (0)>)<p{' 7> » (M

where | ¢l.a (r) > is atomic wave, | (,Zl.a (r) > pseudo-wave, and < ﬁf | projector function, respectively. The summation in (1)

is performed by the augmentation spheres, which are numbered by the index a, and the index i = {n,/,m} incorporates

the principal, orbital and magnetic quantum numbers, respectively.
From equation (1) we see that

ly, (0> =1]y,(r)>, 2
where the 7 operator converts a pseudo-wave| 7, (r) > into an all-electron wave function| v, (r)>.

The explicit form of the operator 7 follows from equation (1):
T =1+Z X (g >4 >)<pf|. 3
ai

Stationary Schrodinger equation
Hly,>=¢, |y, > “)
taking into account (2) takes the following form [4]:
T+HZ'|I/7H >= T+Z'|l/7n >£,, 5)
in which the required electron spectrum ¢, is the same as in equation (4).

The idea of the PAW method is to convert the Schrodinger equation to an equation in which the unknown state
function is| 7, > . If it is found, then with the help of (1) the all-electronic wave function is obtained. Through the latter
we find the electron density and the corresponding Hartree potential.

The exchange-correlation potential was chosen in the form of PBEO [9-12], according to which the exchange-

correlation energy

EPPp1= EX o1+ a(EX Ty, 1- EXF Ly, ) s 6)

where PBE corresponds to the generalized gradient approximation (GGA-PBE) of exchange-correlation functional [12],

and EfF [w5, 11s the exchange energy in the Hartree-Fock theory. The recommended value of a mixing factor « is equal

to 1/4. In formula (6), the exchange energy EfBE[ 541, in which the self-interaction error (SIE) of 3d electrons is the
largest, is partially subtracted. In fact, these electrons move in narrow energy bands with a high density of states. In the
included exact term of exchange energy EfF [w5,] the SIE is absent in general. Neglecting the second term in

formula (6) leads to a conventional GGA-PBE exchange-correlation functional suitable for describing materials with s
(p) electrons.

The functional E;BEO[ p]is important for describing materials containing d (f) electrons. In particular, it has been

successfully used to study nanostructures containing transition 3d elements [13, 14]. Energy band structure peculiarities
and luminescent parameters of CeX; (X = Cl, Br, I) crystals were revealed and shown good comparison with
experiment [15]. Electronic properties of orthorhombic Inl and TII crystals taking into account the quasiparticle
corrections and spin-orbit interaction, have been evaluated based on the results, defined at the level of the hybrid
functional as the starting point [16]. The combined approach of the hybrid functional and quasiparticle GW was
successfully used in the calculations of the electronic structure in chalcogenides ZnX (X=0, S, Se, Te) [17]. The results
obtained in works [16, 17] are in good agreement with experimental data. The electronic structure of the CdMnTe solid
solution [18] is satisfactory agreed with the experimental results [19]. Electronic structure, magnetic and mechanical
properties of MnCoSi half-Heusler alloy also have been found with the hybrid PBEO exchange-correlation
functional [20], where the different values of the mixing coefficient « were used.
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All calculations were performed using the ABINIT program [21], in 2 x 2 x 2 supercells containing 64 atoms. At

the first stage, the defect of substitution in the supercell Zn,,Se,, of one Zn atom by transition element T, i.e.

Zny T, Se,, is considered. At the second stage the supercell with a vacancy, Zn, v,T Se,, , is treated. The electronic

30”1
structure of these materials was calculated under the action of hydrostatic pressure.
The calculations are performed on the basis of PAW. The following valence configurations of atoms were
selected: Zn: 3d'%4s?, Se: 4s?4p*, Ti: 3s?3p°3d?4s?, V: 3s23p®3d34s?, Cr: 3s?3p®3d°4s!, Mn: 3s?3p®3d°4s?, Fe:
3s?3p®3d%4s?, Co: 3s?3p®3d74s?, and Ni: 3s23p®3d®4s?. Basic functions and pseudopotentials (PAW) were generated
using AtomPAW code [22, 23]. The calculation of the wave function was performed on the basis of plane waves
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determined by the maximum kinetic energy ¢, = 40 Ry, on a spatial grid of 90x90x90. Electron density and potentials

t

were calculated on a denser grid of 125 x 125 x 125, determined by an energy ¢, = 80 Ry.

t

RESULTS AND DISCUSSION
The spin-polarized electron energies in the ZnTiSe material are shown in Fig. 1. The parameters of the electronic

energy band spectrum are denoted as follows: E - the energy of the top of the valence band, £ - the Fermi energy,

E_ - the lowest electron energy in the conduction band. Figures 1a and 1b show the electron energies in an ideal ZnSe

crystal in which one Zn atom is replaced by a Ti atom. The parameters of supercell 2x2x2, which contains 64 atoms,
correspond to the applied external pressures from 0 to 50 GPa. In other words, the value of the constant lattice for the
supercell a =19.14 A corresponds to the pressure P = 50 GPa, and the value of a = 21.64 A corresponds to the
pressure 0 GPa, i.e. to ambient conditions.

Note that under normal conditions (P = 0) the ZnTiSe material exhibits metallic properties for both spin

orientations, i.e. £,= 0. The magnetic moment of the supercell M =1.92 u, . However, under the action of hydrostatic

pressure, this material reveals the properties of a semiconductor for both spins. Increasing the hydrostatic pressure leads

to an increase in the width of the band gap £, as it is shown in Figures l1a and 1b. At a pressure value of P =21 GPa

for spin up, the direct optical gap at the pointI" ¢ , =0.72 eV, and the fundamental indirect one ¢, =0.61 eV.
4 gi

For the spin down, the optical direct gap is identical with the fundamental one, and the numerical value is

£, = 2.19 eV. Magnetic moment of the supercell M =2.0 uz, . At a pressure P =50 GPa, for spin up, the direct optical
gap at the I" point Egq = 0.69 eV, and the fundamental indirect one £y = 0.54 eV. For the spin down, the optical and
fundamental band gaps are equal, and the numerical value of £, = 2.03 eV. Magnetic moment of the supercell

M =2.0 u, . As can be seen from Figs. la, 1b, and the Fermi level is located inside the forbidden gap.

However, the presence of a point defect, i.e. a vacancy at the Zn atom site, leads to a significant change in the
dependence of the electronic energy spectrum in the ZnTiSe material on the external hydrostatic pressure. From Figures 1c
and 1d, we see that for both spin orientations, the ZnTiSe material with a point defect exhibits semiconductor properties for

all hydrostatic pressure values. At a pressure value P =0, for the spin up, the optical gap at the point I Egq = 0.20 eV,
and the fundamental indirect one £g; = 0.18 eV. For spin down, the optical gap Egq = 0.71 eV, and the fundamental
indirect one £, = 0.70 eV. The magnetic moment of the supercell M =0.39 1, . At a pressure value of P = 20 GPa, for
the spin up, the optical gap at the pointI" Egq = 0.38 eV, and the fundamental indirect one g = 0.35 eV. For spin down,
the optical pap Eq = 0.40 eV, and the fundamental indirect one £g = 0.37 eV. The magnetic moment of the supercell
M =0.02 ;. At a pressure value of 48 GPa, for the spin up, the optical gap at a point I’ Egq =0.43 eV, and the
fundamental indirect one £y = 0.38 eV. For the spin down, the optical gap Egq = 0.43 eV, and the fundamental indirect
ones,; = 0.38 eV. The magnetic moment of the supercell M =0.36 4, . The largest band gap £, is expected under

normal conditions for electrons with spins down. For this state, the band gap &, decreases with increasing pressure

(decrease in the constant lattice of the crystal) from 0 to about 20 GPa, after which its values remain almost constant for
both spin orientations, including the pressure value of 48 GPa.
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Figure 1. The spin-polarized electronic energy band parameters in the ZnTiSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ev, Fermi energy Er and bottom of conduction band Ec.

The calculation results for the ZnVSe material are shown in Fig. 2. First, consider the parameters of an ideal

crystal shown in Figures 2a and 2b. For a pressure P =0, the material reveals a metallic state with a band gap £, = 0

for both spin values. The magnetic moment of the supercell M =2.7u,. However, at higher pressures,
0 <P <21GPa, and for states with spin up E =FE_, ie we again have a metallic state. For pressures

21 < P £50 GPa, in states with spin up £ P <E <E,_, ie. the Fermi level is localized in the valence band. On the

contrary, for spin-down electronic states, the ZnVSe crystal is a semiconductor whose fundamental interband gap

£,= 0 at a pressure P =0, and for higher pressures 0 < P < 21 GPa it increases. At a pressure P =21 GPa, the optical
and fundamental gaps are the same, i.e. g, = 2.20 eV for both spin orientations. The value of the magnetic moment of

the supercell M =3 u, . At higher pressures, i.e. in the interval 21 < P < 50 GPa, the interband gap is almost constant,
and the Fermi level is shifted toward the conduction band. At a pressure of 50 GPa, the optical and fundamental slits are

the same, i.e. £, = 1.99 eV for both spin orientations. The magnetic moment of a supercell M =3 1, .

If there is a vacancy, we have another picture, shown in Figures 2c and 2d. In fig. 2c we see that for states with
spin up, at pressure P =0, the Fermi level is localized inside the band gap, and in the upper part of the valence band at
higher pressures. At a pressure of P =0 we have a direct band gap &,=1.10 eV at a pointI". At pressures of 20 and

48 GPa, the values of the pseudogaps are 1.25 and 1.14 eV, respectively. At pressures of 0, 20 and 48 GPa, the

magnetic moments of the supercell are 2.7, 3.0 and 3.0 4, , respectively.
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Figure 2. The spin-polarized electronic energy band parameters in the ZnVSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ey, Fermi energy Er and bottom of conduction band E.

If there is a vacancy, we have another picture, shown in Figures 2c and 2d. In Fig. 2c we see that for states with
spin up at pressure P =0 the Fermi level is localized inside the band gap, and in the upper part of the valence band at
higher pressures. At a pressure of P =0 we have a direct band gaps,=1.10 eV at a pointI". At pressures of 20 and
48 GPa, the values of the pseudogaps are 1.25 and 1.14 eV, respectively. At pressures 0, 21 and 50 GPa, the magnetic
moments of the supercell are 2.7, 3.0 and 3.0 z, , respectively.

For electrons with spin down (Fig. 2 d), under pressure P =0, we have a direct band gap &, =1.12 eV ata pointI".

At 0 < P <20 GPa pressures, the Fermi level is localized at the top of the valence band, and the pseudogap value is
1.50 eV if P =20 GPa. At 20 < P < 48 GPa pressures, the ZnVSe material with the vacancy is a semiconductor with a

band gap of £, = 1.33 eV (P =48 GPa). At pressures 0, 20 and 48 GPa, the magnetic moments of the supercell are
2.00,2.05 and 2.05 y, , respectively.

The parameters of the ZnCrSe material £ , £ and E_, depending on the pressure, differ from those shown in

Figures 1 and 2 above. Let us first consider the results obtained for an ideal ZnCrSe crystal. They are shown in Figures
3a and 3b. For the spin up (Fig. 3a) we notice the immersion of the Fermi level in the valence band. The interband
pseudogap increases with increasing pressure. For the spin down we have a semiconductor, the width of the band gap of
which increases with increasing pressure. At pressure values of 0, 22 and 51 GPa, the magnetic moment of the supercell

is the same and equal to 4 12, and the values of the optical and fundamental gaps coincide and are 1.20, 2.22 and

1.99 eV, respectively.
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Figure 3. The spin-polarized electronic energy band parameters in the ZnCrSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ey, Fermi energy Er and bottom of conduction band E.

Now consider the results obtained for a ZnCrSe crystal with a vacancy at the Zn atom site. At0 < P <22 GPa
pressures, the Fermi level of electrons with spin up (Fig. 3c) is localized in the valence band, and the width of the
pseudogap increases. A further increase in pressure leads the material to a metallic state. For electrons with spin down
(Fig. 3d), the Fermi level is in the upper part of the valence band, and the pseudogap shows a slow change as a function
of pressure. The values of pseudogaps at pressures 0, 20 and 49 GPa are 1.06 eV (optical and fundamental), 1.50 eV
(optical) and 1.46 eV (indirect fundamental), and 0 eV, respectively. The magnetic moments of the supercell

corresponding to these pressures are equal to 2.75, 2.57 and 2.37 u,, , respectively.

The pressure-dependent parameters of the electronic energy spectrum of an ideal ZnMnSe material are shown in
Figures 4a and 4b. Their change, if there is a vacancy, is shown in Figures 4c and 4d. In an ideal material at pressures of
0,22 and 51 GPa, the optical band gaps coincide with the fundamental ones, and their values are 1.04, 1.96 and 1.85 eV
for spin up, and 1.20, 2.21 and 1.95 eV for spin down, respectively. The magnetic moments of the supercell are the

same for these pressure values and are equal to 5z, . Figures 4a and 4b indicate that for both spin up and down, the

material is a semiconductor whose band gap slowly increases with increasing in pressure to 22 GPa, and a further
increase in pressure causes a slow decrease in bandwidth.

In the presence of a vacancy at the Zn atom site, the picture changes radically. The Fermi level for both spin
orientations is at the top of the valence band. At pressures of 0, 20 and 49 GPa, the values of pseudogaps 1.03, 1.96 and
1.85 eV for spin up, and 1.20, 2.07 and 1.55 eV for spin down, respectively. The values of the magnetic moments of the

supercell at these values of pressure are equal to 4.16, 4.2 and 4 4, , respectively.

The parameters of the electronic energy bands in the ZnFeSe material, depending on the pressure, found without
taking into account the vacancy, are shown in Figures 5a, 5b. For spin-up states, we have a direct-band material with
interband gaps of 1.14, 1.83, and 1.94 eV, at corresponding pressure values of P =0, 15, and 49 GPa. The increase in
pressure leads to a gradual lowering of the Fermi level in the band gap, i.e. it shifts towards the top of the valence band
(Fig. 5a).
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Figure 4. The spin-polarized electronic energy band parameters in the ZnMnSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ev, Fermi energy Erand bottom of conduction band E.

9
(a) ZnFeSe spin up Ev 8 (¢) ZnFeSe vac spin up Ev
84 —_— Ef 1 —Ef
Ec
74 7
6 6
N N
o 54 L 5
4 4
3 34
20 0 19 5 20 0 20 5
a(a.u. ) a(a.u.)
(o) ZnFeSe spindown — 8+ (d)  ZnFeSe vac spin down Ev
= ——Ef
7 Ec
6
3 5
4
34
2 T T T T T T ¥ T X T
19.5 20.0 20.5 21.0 215 20 0
a(a.u.) a(a.u. )

Figure 5. The spin-polarized electronic energy band parameters in the ZnFeSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ey, Fermi energy Erand bottom of conduction band E..
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A completely different picture is observed for the states of the electron with the spin down. At a pressure value
of 0, the Fermi level is in the conduction band, and the pseudogap equals to 1.13 eV. An increase in pressure leads to a
decrease in the Fermi level and its immersion in the valence band. The latter occurs at a pressure of P =15 GPa, at
which the pseudogap is 0.96 eV. A further increase in pressure leads to a slow increase in the pseudogap to 1.17 eV.

The magnetic moment of the supercell at all pressure values P =0, 14 Ta 47 GPa equals to M =4 11, .

The presence of a vacancy radically changes the parameters of electronic energy zones. For the spin up, the Fermi
level is in the valence band, and at pressure values of P =0, 14, and 47 GPa, the values of the pseudogaps are 1.01,
1.71, and 1.82 eV, respectively.

For spin down at 0 < P <14 GPa pressures, the material is a semiconductor with an optical gap of 0.59 eV and a
fundamental indirect one of 0.53 eV. The increase in pressure leads to a slow growth of these gaps, i.e. if P =14 GPa,
the values of these gaps are 0.63 and 0.60 eV. At 14 < P < 47 GPa pressures, the Fermi level is immersed in the
valence band. The corresponding value of the pseudogap at a pressure of P =47 GPa is 1.80 eV. The magnetic

moments of the supercell at pressures 0, 14 and 47 GPa are 4.56, 4.49 and 1.48 1, , respectively.

The results of calculations for an ideal ZnCoSe crystal are shown in Figures 6a, 6b. The ZnCoSe material exhibits
semiconductor properties at all investigated pressure values for both spin orientations. For the spin up at pressures of 0,
20 and 49 GPa, the predicted optical gaps coincide with the fundamental ones and are equal to 1.15, 2.04 and 1.96 eV,
respectively.

For spin down, at these pressure values, the optical gaps are 1.24, 2.11 and 1.71 eV, and the fundamental gaps
equal 1.24 (direct at the I" point), and two indirect gaps of 2.04 and 1.63 eV, respectively. The magnetic moments of the

supercell are the same for all investigated pressure values and equal to 3 ,, .

For a point-defect crystal, the data obtained are shown in Figures 6¢c, 6d. In the material with the vacancy for both
values of the spin moment, the Fermi level is in the valence band. So, we can only talk about pseudo-gap. For spin up at
pressures 0, 19 and 47 GPa, the values of pseudogaps equal to 1.12, 2.01 and 1.90 eV, and for spin down they are equal
to 1.22, 1.74 and 1.31 eV, respectively. The magnetic moments of the supercell corresponding to pressures 0, 20 and

49 GPa are 2.26, 2.44 and 2.25 u, , respectively.
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Figure 6. The spin-polarized electronic energy band parameters in the ZnCoSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ev, Fermi energy Er and bottom of conduction band Ec.
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The parameters of the electronic energy bands in an ideal ZnNiSe crystal are shown in Figures 7a and 7b. For the
spin up, the Fermi level is inside the band gap, i.e. the material is a semiconductor. At pressure values of 0, 20 and
49 GPa, the optical and fundamental gaps are identical and equal to 1.19, 2.05 and 1.97 eV, respectively.

For spin down at 0 < P < 20 GPa pressure values, the Fermi level is inside the band gap, i.e. the crystal is a
semiconductor. At a pressure of P =0, the band gap is 0.99 eV, at its value P =20 GPa equals 1.24 eV. At
higher 20 < P < 49 GPa pressures, the Fermi level is in the valence band, and the pseudo gap corresponding to its
largest value equals to 1.43 eV. The magnetic moments of the supercell are the same for the investigated pressure

values and equal to 2 4,

The introduction of the vacancy causes a radical change in the parameters of the electronic energy zones shown in
Figures 7c, 7d. the magnetic moments of the supercell are 2.21, 2.15 and 1.94, respectively. For spin down at these
pressures, the optical slits are 0.25, 0.29 and 0.21 eV, and the indirect fundamental slits are 0.19, 0.21 and 0.18 eV,
respectively. The corresponding dependences of the parameters of the electronic energy zones are shown in Fig. 7d,
allow to characterize the material as a narrow-band semiconductor.
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Figure 7. The spin-polarized electronic energy band parameters in the ZnNiSe material versus the 2x2x2 supercell lattice constant:
top of valence band Ev, Fermi energy Er and bottom of conduction band Ec.

In Figures 1-7, we observe a change in the dependence of the parameters of the electronic energy bands as a
function of pressure (lattice parameter), which occurs at20 < P < 21 GPa pressure values. To reveal the nature of this
behavior, let us consider the partial 3d DOS of transition elements. In Figures 8 a, b we notice a significant
redistribution of the 3d DOS of the Ti atom caused by the increase in pressure. At pressure P =0 we see the presence of
3d electrons of the Ti atom at the Fermi level for both values of the spin moment. This corresponds to the metallic state,
as mentioned above. However, at a pressure of 21 GPa 3d states are absent at the Fermi level, and as noted above, the
ideal ZnTiSe material exhibits semiconductor properties for both spin moments.

The magnetic moments on the Ti atom in an ideal ZnTiSe material at pressures of 0, 20, and 50 GPa are equal to

1.06, 1.00, and 0.92 u,, respectively. In the presence of a vacancy, their values vary greatly and at pressures of 0, 20

and 48 GPa are equal to 0.26, 0.01 and 0.00 x,, respectively.
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Figure 8. The spin-polarized DOS of the Ti 3d electrons in the ideal ZnTiSe material.

In Fig. 9 we also observe a significant redistribution of 3d electrons of the V atom caused by the increase in
pressure. At a pressure P =0 (Fig. 9 a) we see the presence of the V 3d electrons at the Fermi level for both spin
orientations. However, at a pressure of 20 GPa (Fig. 9 b) we observe the presence of the V 3d electrons at the Fermi

level only for the spin up.
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Figure 9. The spin-polarized DOS of the V 3d electrons in the ideal ZnVSe material.

The magnetic moments on the V atom in an ideal ZnVSe material at pressures of 0, 21, and 50 GPa are 1.72, 1.67,

and 1.54 u, , respectively. If there is a vacancy, their values are much lower and at pressures 0, 20 and 48 GPa are

equal to 1.44, 1.34 and 1.26 ,, respectively.

All the results of the electronic energy structure calculation were obtained here with the hybrid exchange-
correlation functional PBEQ. In this approach, it is possible to achieve a better positioning of 3d energy levels compared
to that obtained using the usual GGA-PBE approximation [24].

We compare our results found in the PBEO formalism for ZnCrSe and ZnFeSe materials with those obtained in
the GGA-PBE approach [24]. From Figures 10 a, b we note that the Cr 3d states with higher energies and the spin up
are located at the Fermi level, and those with lower energies are immersed in the valence band. This contradicts the
results of [19], according to which the Fermi level and energy of 3d electrons are very close to the conduction band.
For spin down approaches PBEO and GGA-PBE [24] qualitatively give similar results, according to which 3d
electrons form a conduction band. However, in the PBEQ approximation, the Fermi level is approximately 1.6 eV
away from the lowest level of 3d electrons, whereas in the GGA-PBE formalism [24] this distance is approximately
equal to 0.2 eV.

The results obtained for the ZnFeSe material are shown in Figures 10 c, d. In the PBEO approach, we obtained the
following results. For spin up, the smallest distance between the Fe 3d levels equals to 1.2 eV, whereas the GGA-PBE
approximation [24] leads to its value of 0.6 eV. For spin down, part of the 3d states with lower energies is localized at
the Fermi level, and the distance to the high-energy peak density of the 3d states is 1.6 eV. The same distance obtained

in the GGA-PBE approach [24], approximately equal to 0.7 eV.
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Figure 10. The spin-polarized partial DOS of the Cr (a) and Fe (c) atoms, and total DOS in the ideal materials ZnCrSe (c) and
ZnFeSe (d).

Such differences between the parameters of the electronic energy bands obtained here in the PBEO approach and
in the GGA-PBE approximation [24], are explained by the fact that in the GGA-PBE formalism the electron density of
s, p and d electrons is described by the same terms of the exchange-correlation functional. In the hybrid functional
PBEDO s and p, electrons moving in wide energy zones are described in the GGA-PBE approximation. At the same time,
the motion of 3d electrons in narrow energy zones with a high density of states is taken into account. The self-
interaction error of 3d electrons is eliminated by adding the Hartree-Fock exchange potential, i.e. the PBEO approach,
which we apply here to all studied materials, has a significant advantage over the GGA-PBE approximation in

describing the properties of materials containing d (f) electrons.
CONCLUSIONS
The electronic and magnetic properties in the ZnSe:T crystals have been evaluated for supercells
Zny, T, Se,, and Zn, v, T  Se,, under hydrostatic pressure. Here 3d transition atom T={Ti, V, Cr, Mn, Fe, Co, and Ni}

substitutes the Zn one. The second supercells contain additionally a vacancy at Zn atom site. The strongly correlated 3d
electrons are treated by means of the hybrid exchange-correlation functional PBEO, in which their self-interaction error

is partly removed. It was found that under ambient conditions the materials Zn, Ti,Se,, and Zn, V,Se,, reveal metallic

properties for both spin values. However, under the action of pressure, they become semiconductors. The introduction
of a vacancy leads to a semiconductor state for all considered values of pressures and both spins in
the Zn, v, Ti| Se,, material. But in the Zn,,v V| Se,, material the Fermi level is located in a valence band under low

pressure, and it is a semiconductor under pressures P >21 GPa. We have found that the combination of factors such as
hydrostatic pressure and vacancy at the Zn atom site leads to a number of unexpected variety of the electronic and
magnetic properties for the materials studied here. The results obtained in this work will be the basis for experiments to

find effective materials for electronics application.
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BILJIMB T'TIPOCTATHYHOI'O TUCKY I KATIOHHOI BAKAHCII HA EJJEKTPOHHI TA MATHITHI
BJIACTHUBOCTI KPUCTAJIIB ZnSe:T (T =Ti, V, Cr, Mn, Fe, Co, Ni)
Crenan B. Cuporiox
Hayionanenuii ynieepcumem “Jlvgiscvka nonimexnixa”, 79013 Jlv6ie Yrpaina
[MapameTpu monIpH30BaHOTO 32 CIIHOM EJIEKTPOHHOTO eHepreTnyHoro crekrpy kpucranis ZnSe: T (T = Ti, V, Cr, Mn, Fe, Co, Ni)
BUBYAIOTHCS HA OCHOBI HAJKOMIpKH 2x2x2, moOynoBaHoi Ha 6a3i kpucrana ZnSe 31 cTpyKkTypoto chanepury. Hagkomipka MicTHT
64 aromu, 3 SKHX OJMH aToM Zn 3amimyerbcs mnepexigauMm 3d emementom T. [leprumii etam QaHOTO JOCHIPKEHHS IMOJSTaE B
pO3paxyHKy B imeampHOMy Matepiami ZnTSe 3aneXHUX BiJi 30BHIIIHBOIO TiJIPOCTATHYHOTO TUCKY MapaMeTpiB CICKTPOHHUX
SHepreTHYHNUX 30H. Ha npyromy erami 1OCIiKyeThCs BIUIMB THCKY Ha 3HAYEHHS NapaMeTPiB €IeKTPOHHOTO EHEPreTUYHOTO CIEKTPY
MmarepianiB ZnTSe 3 ypaxyBaHHsM BakaHcil Ha By3ii aromMa Zn. Po3paxyHKM BHKOHaHI 3a gomoMororo mporpamu Abinit. Jlms
KpaImoro OmHCy CWIBHO CKOpenboBaHHMX 3d enekTpoHiB enemeHTa T OyB 3acTocoBaHWi TiOpumHWil OOMIHHO-KOpEIALiHHUN
¢ynkuionan PBEO 3 gomimkoro oOMmiHHOTO moteHmiana Xaptpi-Doka, y sKoMy BiACYTHS caMOZis muX enekTpoHiB. Ha ocHoOBi
OTPUMaHHX €JICKTPOHHHX T'YCTHH, IOJIPH30BAHHUX 32 CIIHOM, OyJIM BU3HAYEHI TaKOXK 1 MAarHITHI MOMEHTH HaJKOMipok. BussieHo
3HAYHMH BIUIMB THUCKY Ha IapaMeTpH €IEeKTPOHHUX €HepreTHYHHX 30H. Tak, imeampHUH MaTepian ZnTiSe 3a HyJIBOBOTO THCKY €
MeTaJoM JUIsl OOMIOX 3HAYeHb CITiHa, ajie i Ai€0 THCKy BiH cTae HamiBIIpoBigHUKOM. Lleli ske MaTepiasl 3 TOUKOBUM Ae(EKTOM,
TOOTO BaKaHCIEH HA BY3Ji aToMa Zn, BUSBIISLE BIACTHBOCTI HAMIBIPOBIIHUKA Ui OOUABOX OPIi€HTAIlIl CIiHA 32 HYJIHOBOTO THCKY.
BusiBneHo, 110 BakaHCii TOKOPIHHO 3MIHIOIOTh MapaMeTpH CNIEKTPOHHUX SHEePreTMYHUX 30H. MarHiTHIi MOMEHTH HAJKOMIPKH, SIK
iHTerpajbHi BEIMYMHU TOJISIPHU30BAHUX 32 CHIHOM TyCTHH €JEKTPOHHHX CTaHiB, TAKOXK BiJOOpaxaroTh Iii 3MiHM. Tak, y marepiaii

ZnTiSe 6e3 peexTiB MarHiTHi MOMEHTH HAJKOMIPKM CTaHOBILITE 1.92, 2.0 Ta 2.0 4, , 32 Tuckis 0, 21 ta 50 GPa, Toxi sk Tomy x

marepiaii 3 BAKAHCI€I0 BiANOBiAHi 3uauenHs cTaHOBIATH 0.39, 0.02 ta 0.36 11, . Ineanbuuii Marepian ZnVSe 3a HyJILOBOIO THCKY

TaKOXK € METajoM JUIsi OOMJBOX 3HAUCHH CIIIHOBOTO MOMEHTY, ajle 3a HasBHOCTI KAaTIOHHOi BakaHCii BiH € XapaKTepHU3yeThCs
TICEBIOIIUIMHOIO, OCKITIBKY piBeHs DepMi JIoKaTi30BaHUH y BEpXHiil YacTHHI BaleHTHOI 30HH. [neansHi kpucramu ZnFeSe ta ZnNiSe
XapaKTepH3yIOThCS MOAIOHUMHU 3aJIEKHOCTSIMH BiJl THCKY IapaMeTpiB eIEKTPOHHUX SHEPreTHYHUX 30H Ui 00MABOX cmiHiB. OqHaK
1l K MaTepiayii 3 KaTiIOHHOIO BaKaHCIEI0 XapaKTepH3YIOTHCS s CIiHIB Bropy piBHeM depMi, 3aHypeHNM y BaJICHTHY 30HY.
Kuarouosi ciioBa: ZnSe, momimka 3d, kaTioHHA BakaHCisl, €IEKTPOHHI BIACTHBOCTI, CIiH, MarHiTHUI MOMEHT, CHJIbHI KOpessuii,
ribpunHuii QyHKIIOHA.





