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The electronic and magnetic properties of ZnS crystal with impurities of transition 3d elements Cr and 

Fe, which replace Zn atoms, are calculated. The calculations are performed in 2×2×2 sphalerite supercells 

containing 64 atoms. The same supercells, which contain both Cr and Fe impurities, are also considered. It 

is established that energies of 3d electrons of the Cr atom with spin up in the Zn31Cr1S32 supercell are lo-

calized in narrow energy intervals around the Fermi level and at the top of the valence band. For spin-

down states, this material exhibits the properties of a semiconductor with a direct band gap of 2.11 eV. The 

magnetic moment of the supercell equals to 4 μB. The results of the calculation for the Zn31Fe1S32 supercell 

show that this material is a direct-band semiconductor with the width of the band gap at the Γ point of 

about 1.96 eV. 3d electrons with spin down are localized in narrow energy bands near the Fermi level and 

at the bottom of the conduction band. The pseudogap value for electrons with spin down is 0.53 eV. The 

magnetic moment of the supercell is also equal to 4 B. It is found from the results of the calculation for 

the Zn30Cr1Fe1S32 supercell that 3d electrons of the Cr atom with spin up are localized in the vicinity of the 

top of the valence band and the Fermi level, which is inside the valence band. The optical gap at the Γ 

point is equal to 0.60 eV and the indirect fundamental gap (Γ – R) is 0.59 eV. The pseudogap value for elec-

trons with spin down is 0.60 eV. The magnetic moment of the supercell equals 8.04 μB. The calculations 

are performed using the ABINIT program. The hybrid exchange-correlation functional PBE0 is used to 

eliminate the self-interaction error of Cr and Fe 3d electrons. 
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1. INTRODUCTION 
 

ZnS and ZnSe semiconductor crystals, doped with 

transition 3d elements, have been actively studied for 

the last two decades as promising materials for use in 

laser technology [1]. The crystal ZnSe:Cr interesting for 

laser construction was first reported in 1996 [2]. In [2], 

a number of physical properties were identified that are 

particularly favorable for the use of these materials for 

the construction of lasers in the middle infrared (MIR) 

region. The most important among them are the follow-

ing properties [1, 2]: 1) the tetrahedral coordination of 

3d ions causes smaller crystal-field energy splitting, 

compared with the octahedral one, i.e. leads to the 

placement of 3d dopant transitions in the IR energy 

region; 2) II-VI crystals are transparent in a wide spec-

tral range; 3) II-VI:3d gain media are characterized by 

ultra-broad MIR tunability as well as ultra-short pulse 

generation; 4) Cr2+ (3d4) and Fe2+ (3d6) ions are the most 

attractive for laser applications, because these chemical-

ly stable divalent dopant ions provide the ‘right’ multi-

plet structure for broadly tunable MIR lasers, including 

broad absorption and emission bands, high cross-

sections, and the absence of excited state absorption [1]. 

The search for the realistic theoretical approaches 

for the electronic structure description in ZnX crystals 

for today is not completed. The reason for this is that 

LDA (GGA) approaches do not properly account the 

strong correlations of the Zn 3d electrons [3]. However, 

ZnS:Cr, ZnS:Fe and ZnS:Cr:Fe materials contain 3d 

electrons of transition elements, which is even more 

problematic due to strong electron correlations. 

It was found that realistic band gaps, wave func-

tions, and crystal potentials obtained with PBE0 hybrid 

functional [4] for the exchange-correlation energy al-

lowed to obtain an electronic structure in nanostruc-

tures [5, 6] that shows good comparison with the exper-

iment. The use of the PBE0 hybrid functional made it 

possible to compare well the parameters of the electron-

ic energy spectrum in a solid solution of CdMnTe [7] 

with the measured values [8]. 

The PBE0 hybrid functional allows to correct signif-

icantly the values of the 3d electron energies in crystals 

containing d or f transition metals (TMs). This ap-

proach is implemented within the ABINIT code [9]. Our 

recent comparative calculations have confirmed that 

the use of the hybrid functional leads to the parameters 

of the electronic structure in ZnSe:TM crystals, which 

are markedly different from those [10] obtained using 

the conventional GGA functional [11]. 

The purpose of this work is a comparative study of 

the electronic and magnetic properties of ZnS:Cr, 

ZnS:Fe and ZnS:Cr:Fe crystals, in which 3d transition 

element replaces the Zn atom. Highly correlated 3d 

electrons are described using the PBE0 hybrid func-

tional, which allows partial elimination of the self-

interaction error (SIE) of the latter. 

 

2. CALCULATION 
 

The PBE0 hybrid functional allows to correct signif-

icantly the values of band gaps in crystals, especially 

for materials containing d or f transition elements. This 

approach combines the LDA (GGA) with the Hartree-

Fock exact exchange for d or f electrons, in the ex-

change-correlation energy functional, as implemented 

within the ABINIT code [9]. 

We solve the Schrödinger equation on the basis of 

projector augmented waves (PAW) [12], which com-

bines the features of pseudopotential approaches and 
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the all-electron method of augmented plane waves 

(APW). 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, wave functions of both regions are 

combined on the surface of the sphere to ensure conti-

nuity throughout space. In the PAW method, augmen-

tation is performed using a projection procedure. 

The all-electron wave and pseudo-wave functions 

are connected as follows [12]: 
 

 | ( )> | ( )n n   r r , (1) 

 

where the operator converts a pseudo-wave function 

| ( )n r  into an all-electron wave function | ( )>n r . 

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

 (| | ) |1 a a api i i
a i

       ,  (2) 

 

where | ( )
a

i r  is the atomic wave, | ( )
a

i r  is the 

pseudo-wave, and |
a

ip  is the projector function. The 

stationary Schrödinger equation, 
 

 | |n n nH     , (3) 

 

taking into account (2), takes the following form [12]: 
 

 | |n n nH      
 

  , (4) 

 

in which the required electron spectrum is the same as 

in Eq. (4). The idea of the PAW method is to convert the 

Schrödinger equation to an equation in which the un-

known state function is | n  . If it is found, then with 

the help of (1) the all-electron wave function is ob-

tained. Through the latter we find the electron density 

and the corresponding Hartree potential. The ex-

change-correlation potential was chosen in the form of 

PBE0 [4, 11], according to which the exchange-

correlation energy 
 

0

3 3[ ] [ ] ( [ ] [ ])
PBE PBE HF PBE

xc xc x d x dE E E E      ,  (5) 

 

where PBE corresponds to the generalized gradient 

approximation (GGA-PBE) of the exchange-correlation 

functional [11], and 
HF

xE is the exchange energy in the 

Hartree-Fock theory. The recommended value of the 

mixing factor  is equal to 0.25. In formula (5), the 

exchange energy, in which the SIE of 3d electrons is 

the largest, is partially subtracted. In fact, these elec-

trons move in narrow energy bands with a high density 

of states (DOS). In the included exact term of the ex-

change energy, the SIE is absent in general. Neglecting 

the second term in formula (6) leads to the conventional 

GGA-PBE exchange-correlation functional suitable for 

describing materials with s (p) electrons. All calcula-

tions were performed using the ABINIT program [9], in 

2×2×2 sphalerite supercells containing 64 atoms. A 

substitutional defect in the Zn32S32 supercell of one Zn 

atom by a transition element T, i.e., Zn31T1S32, wass 

considered. The calculations were performed on the 

basis of PAW. The following valence configurations of 

atoms were selected: Zn: 3d104s2, S: 3s23p4, Cr: 

3s23p63d54s1, and Fe: 3s23p63d64s2. Basic functions and 

pseudopotentials (PAW) were generated using 

AtomPAW code [13]. The calculation of the wave func-

tion was performed on the basis of plane waves deter-

mined by the maximum kinetic energy cut  44 Ry on a 

spatial grid of 90×90×90. The electron density and 

potentials were calculated on a denser grid of 

180×180×180 determined by an energy cut  156 Ry. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Electronic and Magnetic Properties of  

ZnS:Cr Crystal 
 

Fig. 1a and Fig. 1b show the electronic energy spec-

tra of ZnCrS crystal corresponding to spin up and 

down, respectively. Fig. 1a detects the presence of the 

3d states of the Cr atom in the vicinity of the Fermi 

level, but below the latter. For states with spin up, we 

have a direct optical band gap at the Γ point of 0.63 eV 

and a fundamental gap (Γ – R) of 0.62 eV. For electrons 

with spin down, the direct optical gap at the Γ point 

equals to the fundamental one, and its value is 2.11 eV. 

The magnetic moment of the Cr atom inside the aug-

mentation sphere is 2.84 μB, the total moment of all 

atomic spheres is 2.89 μB, and the total magnetic mo-

ment of the supercell is 4.00 μB. Fig. 1c shows that the 

top of the valence band is formed by the Cr 3d electrons 

and to a lesser extent by the S p electrons. The bottom 

of the conduction band is formed by the Zn s electrons. 

The 3d electrons of the Cr atom move in narrow energy 

bands with large DOS values, so the use of hybrid func-

tional (5) is needed. 
 

 
 

Fig. 1 – The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr crystal obtained with parameter   0.25 in (5) 
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3.2 Electronic and Magnetic Properties of  

ZnS:Fe Crystal 
 

Fig. 2a and Fig. 2b show the electronic energy spec-

tra of ZnFeS crystal corresponding to spin up and 

down, respectively. Fig. 2b detects the presence of the 

3d states of the Fe atom in the vicinity of the Fermi 

level, but higher than the latter. For states with spin 

up, we have direct optical and fundamental gaps at the 

Γ point of about 1.96 eV. The local magnetic moment of 

the Fe atom inside the augmentation sphere is 3.29 μB, 

the total moment of all atomic spheres is 3.46 μB, and 

the total magnetic moment of the supercell is 4.00 μB. 

Fig. 2c reveals that the top of the valence band is 

formed by the 3d electrons of the Fe atom and p elec-

trons of the S atom. The bottom of the conduction band 

is formed by the 3d electrons of the Fe atom. 

 

 
 

Fig. 2 – The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Fe crystal obtained with parameter   0.25 in (5) 

 

3.3 Electronic and Magnetic Properties of 

ZnS:Cr:Fe Crystal Obtained with the  

Parameter Value   0.25 
 

Fig. 3a and Fig. 3b show the electronic energy spec-

tra of ZnCrFeS crystal corresponding to spin up and 

down, respectively. Fig. 3b detects the presence of the 

3d states of the Cr atom with spin up and 3d states of 

the Fe atom with spin down in the vicinity of the Fermi 

level. For states with spin up, we have direct optical 

and fundamental gaps at the Γ point of about 0.60 eV, 

and the value of the fundamental indirect gap (Γ – R) is 

0.59 eV. The magnetic moment of the Cr atom inside 

the augmentation sphere is 2.85 B, Fe – 3.30 B, the 

total moment of all atomic spheres is 6.37 B, and the 

total magnetic moment of the supercell is 8.04 B. 
 

 
 

Fig. 3 – The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr:Fe crystal obtained with parameter  = 0.25 in (5) 

 

3.4 Electronic and Magnetic Properties of 

ZnS:Cr:Fe Crystal Obtained with the  

Parameter Value   0 
 

Fig. 4a and Fig. 4b show the electronic energy 

bands in ZnS:Cr:Fe crystal obtained with the mixing 

parameter   0. This crystal has an optical gap of 

0.769 eV at the Γ point and an indirect fundamental 

gap (Γ – R) of 0.767 eV. The magnetic moment of the 

Cr atom inside the augmentation sphere is 2.83 B, 

Fe – 2.99 B, the total moment of all atomic spheres 

is 6.21 B, and the total magnetic moment of the 

supercell is 8.02 B. 

Fig. 3 depicts the results obtained taking into ac-

count strongly correlated electrons (  0.25) and 

Fig. 4 shows the curves found without strong correla-

tion (  0). Let us compare the parameters of the 

electronic energy spectra of ZnS:Cr:Fe crystal ob-

tained for the parameter values of 0.25 and 0. For 

spin-up states, the optical gaps are equal to 0.59 eV 

and 0.77 eV, respectively. For spin-down states, the 

corresponding values are 0.60 eV and 0.70 eV. 

The energy levels of the 3d electrons are especial-

ly sensitive to the choice of the exchange-correlation 

potential. This is clearly seen from a comparison of 

the graphs shown in Fig. 3 and Fig. 4. The hybrid 

functional (Eq. (5),   0.25) describes 3d electrons in 

Cr and Fe atoms better than the ordinary functional 

in the GGA-PBE approximation (Eq. (5),   0). The 

hybrid functional for spin-up states (Fig. 3a) and the 

GGA-PBE one (Fig. 4a) lead to significantly different 

results concerning the location of the Cr 3d levels. 

Their splitting energies are 1.74 eV and 0.88 eV, 

respectively. For spin-down states (Fig. 3b, Fig. 4b), 
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the splitting energies of the Fe 3d levels are equal to 

1.65 eV and 0.85 eV, respectively. The DOS curves 

shown in Fig. 3c and Fig. 4c also confirm these dif-

ferences due to the use of two different exchange-

correlation functionals, namely, the hybrid functional 

(5), suitable for describing the 3d electrons with high 

DOS, and the ordinary one, suitable for describing 

s (p) electrons, moving in wide energy bands and 

characterized by moderate values of electronic DOS. 

 

 
 

Fig. 4 – The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr:Fe crystal obtained with parameter  = 0 in (5) 

 

4. CONCLUSIONS 
 

Spin-polarized electronic energy band spectra and 

electronic densities of states in ZnS:Cr, ZnS:Fe, and 

ZnS:Cr:Fe crystals were obtained for supercells con-

taining 64 atoms. The magnetic moments of the 

supercells were also found. The calculations were 

performed using the hybrid exchange-correlation 

functional PBE0. The difference between ZnS:Cr and 

ZnS:Fe materials is as follows. In the first crystal, 

the electronic 3d levels are located in the upper part 

of the valence band and near the Fermi level. In the 

second crystal, the energy levels of the 3d electrons 

are localized around the Fermi level and in the lower 

part of the conduction band. The three materials 

studied here reveal collinear ferromagnetic ordering. 

The electronic structures of crystals with impuri-

ties of 3d transition elements, found without taking 

into account strong correlations of the 3d electrons 

and with the inclusion of the latter in the calculation 

scheme, reveal quite significant differences. These 

differences are especially manifested in the localiza-

tion of the energy levels of the 3d electrons and the 

energies of their splitting under the action of the 

crystal field. 
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Електронна структура кристала ZnS, легованого одним або двома атомами  

перехідного металу (Cr, Fe) 
 

С.В. Сиротюк 
 

Національний університет ”Львівська політехніка”, вул. С. Бандери, 12, 79013 Львів, Україна 

 
Розраховані електронні і магнітні властивості кристала ZnS з домішками перехідних 3d елементів 

Cr та Fe, які заміщують атоми Zn. Розрахунки виконані у надкомірках 2×2×2, які містять 64 атоми. 

Розглянуті також ці ж надкомірки, які містять одночасно домішки Cr та Fe. Встановлено, що енергії 

3d електронів атома Cr зі спіном вгору у надкомірці Zn31Cr1S32 локалізовані у вузьких інтервалах в 

околі рівня Фермі та верху валентної зони. Для станів зі спіном униз цей матеріал виявляє властиво-

сті напівпровідника з шириною прямої забороненої зони 2,11 еВ. Магнітний момент надкомірки ста-

новить 4 μB. Результати розрахунку для надкомірки Zn31Fe1S32 показують, що цей матеріал є прямо-

зонними напівпровідником, ширина міжзонної щілини якого в точці Γ дорівнює 1,96 еВ. 3d електрони 

зі спінами униз локалізовані у вузьких енергетичних смугах в околі рівня Фермі та дна зони провід-

ності. Значення псевдощілини для електронів зі спіном униз дорівнює 0,53 еВ. Магнітний момент 

надкомірки також дорівнює 4 μB. З результатів розрахунку для надкомірки Zn30Cr1Fe1S32 знайдено, 

що 3d електрони атома Cr зі спіном вгору локалізовані в околі верху валентної зони та рівня Фермі, 

який знаходиться всередині валентної зони. Значення оптичної щілини в точці Γ дорівнює 0,60 еВ, а 

непрямої фундаментальної щілини (Γ – R) – 0.59 еВ. Значення псевдощілини для електронів зі спі-

нами вниз дорівнює 0,60 еВ. Магнітний момент надкомірки дорівнює 8.04 B. Розрахунки виконані за 

допомогою програми ABINIT. Для усунення помилки на самодію 3d електронів атомів Cr та Fe засто-

сований гібридний обмінно-кореляційний функціонал PBE0. 

 

Ключові слова: ZnS, Структура сфалериту, Домішки 3d елементів, Сильні кореляції, PBE0, Елект-

ронна структура. 

 


