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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 ZnSe1−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 ZnSe1 − xTex 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 ZnSexTe1 – x thin films 

[3]. The thickness of the ZnSexTe1 – x 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 

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 Zn4Se2Te2 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 Zn4Se2Te2 solid solution 
 

Atom x/a y/b z/c 

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, 

c  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.      90 degrees. 

In this work, we performed all calculations for the 

Zn31Fe1Se16Te16 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 basis  is localized 

in the interspherical subspace, in which acts a weak 

pseudopotential. It corresponds to a smooth 

pseudowave function,  
 

 |̃𝑎𝒌 >= ∑ 𝑎(𝒌 + 𝑮)| 𝒌 + 𝑮 >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 

strong atomic potential. The corresponding function is a 

linear combination of partial atomic waves , i.e. 
 

 | > ∑ 𝑐𝑖𝑖𝑖  .  
 

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, i.e. 
 

 |̃ > ∑ 𝑐𝑖̃𝑖𝑖 . (1) 
 

In the PAW approach, a smooth pseudo-wave func-

tion |̃𝑎𝒌 > is first calculated, from which the true all-

electronic wave function |
𝑎𝒌

>  is obtained. Here  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  [6]  
 

 |𝑎𝒌 >=  |̃𝑎𝒌 >, (2) 
 

which is constructed from partial atomic waves, 

pseudowaves ̃
𝑖
 and projectors 𝑝𝑖 , namely 

 

 𝜏 = 1 + ∑ (|𝜑𝑖 > −|�̃�𝑖) < 𝑝𝑖𝑖 |, (3) 
 

The Schrödinger 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 𝜀𝑎𝒌, namely 
 

 𝜏+𝐻𝜏|̃𝑎𝒌 >= 𝜏+𝜏|̃𝑎𝒌 > 𝜀𝑎𝒌, (4) 
 

By means of the transformation τ, we obtain from 

the all-electronic Hamiltonian H an effective Hamilto-

nian  𝐻𝑒𝑓𝑓 = �̃� = 𝜏+𝐻𝜏, the eigenfunction of which is 

called the pseudo-wave function ̃𝑎𝒌. From the latter, a 

true all-electronic function 𝑎𝒌 = 𝜏̃
𝑎𝒌

 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 PBE0 [12], namely 
 

 𝐸𝑥𝑐
𝑃𝐵𝐸0[𝜌] = 𝐸𝑥𝑐

𝑃𝐵𝐸[𝜌] + 𝛽(𝐸𝑥
𝐻𝐹[3𝑑] − 𝐸𝑥

𝑃𝐵𝐸[𝜌3𝑑]), (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 PBE0 

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  is recommended to be 0.25 [12].  

Previously, we tested and found the effectiveness of 

the exchange-correlation functional PBE0 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 HSE06 – 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.  
 

 
 

Fig. 1 – The majority-spin electronic energy bands, evaluated 

for supercell Zn31Fe1Se16Te16 at ambient conditions 
 

 
 

Fig. 2 – The minority-spin electronic energy bands, evaluated 

for supercell Zn31Fe1Se16Te16 at ambient conditions  
 

 
 

Fig. 3 – The majority- and majority-spin partial DOS, evaluat-

ed for supercell Zn31Fe1Se16Te16 at ambient conditions 
 

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 
B

  and the Fe atom contribution is 3.23
B

 . 

 

 
 

Fig. 4 – The majority-spin electronic energy bands, evaluated 

for supercell Zn31Fe1Se16Te16 at pressure 33 GPa 
 

 
 

Fig. 5 – The minority-spin electronic energy bands, evaluated 

for supercell Zn31Fe1Se16Te16 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.  
 

 
 

Fig. 6 – The majority- and majority-spin partial DOS, evalu-

ated for supercell Zn31Fe1Se16Te16 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 B and the contribution 

of the Fe atom dominates and amounts of 0.63 B. 

 

4. CONCLUSIONS 
 

Electronic energy bands were calculated for 

Zn31Fe1Se16Te16 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 

states of Fe are localized in both the valence and con-

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 

causes an electronic semiconductor to metal phase 

transition. Therefore, in the absence of pressure, the 

considered material exhibited the properties of a fer-

romagnetically ordered semiconductor with a magnetic 

moment of 4 B, 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 B. 
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Вплив тиску на електронні та магнітні властивості твердого розчину ZnSeTe, легованого 

атомами Fe 
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У даній роботі розглядаються структурні характеристики утворення твердого розчину ZnSeTe. Пі-

сля введення домішки заміщення Fe, були розраховані електронні енергетичні спектри та густини 

електронних станів. Виявлено суттєві зміни параметрів електронної структури та магнітних власти-

востей, зумовлені зовнішнім гідростатичним тиском. Установлено, що легований твердий розчин 

ZnFeSeTe за нормальних умов є напівпровідником для обох спінових орієнтацій. Однак під дією гід-

ростатичного тиску цей матеріал переходить у металевий стан, оскільки 3d стани заліза тепер знахо-

дяться на рівні Фермі. Під дією тиску магнітний момент суперелемента зменшується більш ніж у 

шість разів, тобто з 4,0 до 0,67 магнетона Бора. 
 

Ключові слова: Твердий розчин ZnSeTe, Тривимірна домішка, Електронні енергетичні зони,  

Магнітний момент, Ефект тиску. 
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