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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 2x2X2 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 Zns1CriSs2 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 pB. The results of the calculation for the ZnsiFe1Ss2 supercell
show that this material is a direct-band semiconductor with the width of the band gap at the I' 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 uB. It is found from the results of the calculation for
the Zn3oCriFe1Ss2 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 I'
point is equal to 0.60 eV and the indirect fundamental gap (I' — 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 pB. The calculations
are performed using the ABINIT program. The hybrid exchange-correlation functional PBEO 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+ (3d*) and Fe?* (3d®) 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 PBEO hybrid
functional [4] for the exchange-correlation energy al-
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lowed to obtain an electronic structure in nanostruc-
tures [5, 6] that shows good comparison with the exper-
iment. The use of the PBEO 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 PBEO hybrid functional allows to correct signif-
icantly the values of the 3d electron energies in crystals
containing d or [ 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 PBEO hybrid func-
tional, which allows partial elimination of the self-
interaction error (SIE) of the latter.

2. CALCULATION

The PBEO 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 Schrodinger 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]:

lyn (N> =7y, (r)>, @

where the operator converts a pseudo-wave function
| 7,(r) > into an all-electron wave function |y (r)>.

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

7 =1+ S XA >)<pf @
a i

where |4’ (r)> is the atomic wave, |4’ (r)> is the

pseudo-wave, and < f)ia | is the projector function. The

stationary Schrodinger equation,
Hly, >=¢, v, >, ®)
taking into account (2), takes the following form [12]:
T+Hr|l/7n >=T+T|l/7n>8n, 4)

in which the required electron spectrum is the same as
in Eq. (4). The idea of the PAW method is to convert the
Schrédinger equation to an equation in which the un-

known state function is |y, >. 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
PBEO [4, 11], according to which the exchange-
correlation energy

PBE PBE

E Lol = E [p]+ a(E [way1-EL [ ]), )

where PBE corresponds to the generalized gradient
approximation (GGA-PBE) of the exchange-correlation

functional [11], and E:(_| Fis the exchange energy in the

(@)
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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
2x2x2 sphalerite supercells containing 64 atoms. A
substitutional defect in the Zns2Ss2 supercell of one Zn
atom by a transition element T, i.e., Zn3iT1Ss2, wass
considered. The calculations were performed on the
basis of PAW. The following valence configurations of
atoms were selected: Zn: 3d'%4s%, S: 3s23p%, Cr:
3523pb3do4s!, and Fe: 3s23p¢3df4s2. 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 &u = 44 Ry on a
spatial grid of 90x90%x90. The electron density and
potentials were calculated on a denser grid of
180%x180x180 determined by an energy &u: = 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 I' point of 0.63 eV
and a fundamental gap (I' — R) of 0.62 eV. For electrons
with spin down, the direct optical gap at the I' 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 puB, the total moment of all
atomic spheres is 2.89 uB, and the total magnetic mo-
ment of the supercell is 4.00 uB. 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.
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Fig. 1 - The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr crystal obtained with parameter a = 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
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I" point of about 1.96 eV. The local magnetic moment of
the Fe atom inside the augmentation sphere is 3.29 uB,
the total moment of all atomic spheres is 3.46 uB, and
the total magnetic moment of the supercell is 4.00 pB.
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.
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Fig. 2 — The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Fe crystal obtained with parameter a = 0.25 in (5)

3.3 Electronic and Magnetic Properties of
ZnS:Cr:Fe Crystal Obtained with the
Parameter Value a=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 I" point of about 0.60 eV,
and the value of the fundamental indirect gap (I' — R) is
0.59 eV. The magnetic moment of the Cr atom inside
the augmentation sphere is 2.85 uB, Fe — 3.30 uB, the
total moment of all atomic spheres is 6.37 uB, and the
total magnetic moment of the supercell is 8.04 pB.
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Fig. 3 — The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr:Fe crystal obtained with parameter a = 0.25 in (5)

3.4 Electronic and Magnetic Properties of
ZnS:Cr:Fe Crystal Obtained with the
Parameter Value a=0

Fig. 4a and Fig. 4b show the electronic energy
bands in ZnS:Cr:Fe crystal obtained with the mixing
parameter a=0. This crystal has an optical gap of
0.769 eV at the I" point and an indirect fundamental
gap (I' = R) of 0.767 eV. The magnetic moment of the
Cr atom inside the augmentation sphere is 2.83 uB,
Fe — 2.99 uB, the total moment of all atomic spheres
is 6.21 uB, and the total magnetic moment of the
supercell is 8.02 uB.

Fig. 3 depicts the results obtained taking into ac-
count strongly correlated electrons (a=0.25) and
Fig. 4 shows the curves found without strong correla-
tion (a=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), a=0.25) describes 3d electrons in
Cr and Fe atoms better than the ordinary functional
in the GGA-PBE approximation (Eq. (56), a=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

(@)
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(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.
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Fig. 4 — The spin-resolved electronic structure (a, b) and DOS (c) of ZnS:Cr:Fe crystal obtained with parameter a = 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 PBEO. The difference between ZnS:Cr and
7ZnS: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.
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Enexrpouna crpykrypa kpucrasa ZnS, jieroaHoro ogaum ado JsomMa aroMmaMu
nepeximgaoro merainay (Cr, Fe)

C.B. Cuporior

Haujionanvruii ynisepcumem “JIvsiscora nonimexwnira”, 8ysn. C. Bandepu, 12, 79013 Jlvsis, Ykpaina

PospaxoBani eeKTpOHH] 1 MATHITHI BJIACTHBOCTI KpHcTaia ZnS 3 JOMIIIKAMH IepeXigHuX 3d eJIeMEeHTIB
Cr ta Fe, axi samingyors aromu Zn. PospaxyHkr BUKOHAHI y HaIKOMIpKax 2X2X2; skl micTarb 64 aTomu.
PosrismyTi Tako® I 9k HAJKOMIPKH, AKI MicTaTh omHodacHo moMimiu Cr ta Fe. Beramosmeno, 1o emeprii
3d enexrponiB aroma Cr 3i cmiroMm Bropy y Hagromipii ZnsiCriSss jiokasizoBaHi y By3bKHX 1HTEpBAJax B
okouti piBusg @epmi Ta Bepxy BasieHTHOI 30HHU. J[JIA CTAHIB 31 CIIHOM YHU3 Il MaTepiayl BUSABJISE BIACTUBO-
CTl HAIBIIPOBITHUKA 3 ITUPUHOI IMPAMOI 3a00poHeHol 30uu 2,11 eB. MaruiTHmil MOMEHT HaIKOMIPKH CTa-
HoBuTh 4 pB. Pesynpraru pospaxyHry miist Hankomipku ZnsiFe1Sse mokasyors, mo meil Marepias € mpsmo-
30HHMMU HAINBIIPOBIIHUKOM, IIIMPUHA MIYK30HHOI IIIJIUHEU sgkoro B Touri I’ mopisuioe 1,96 eB. 3d esexrponnu
3l cIIiHAMU YHU3 JIOKAJII30BaHl y By3bKHUX €HePreTUYHUX cMyrax B okoJil piBHA DPepmi Ta gHA 30HU IPOBII-
HocTi. 3HAUEHHS TICEBIOIINHA IS eJeKTPOHIB 31 crmiHoMm yHua mopisHioe 0,563 eB. MarniTuuit momeHT
HAIKOMIPKHU Takrosk nopisHioe 4 nB. 3 peaysbrariB pospaxyukry mis HagroMipku ZnsoCriFeiSse suaiineno,
o 3d esekrporu atoma Cr 3i CIIHOM Bropy JIOKaJIi30BaHI B OKOJI Bepxy BasieHTHOI 30HM Ta piBHA Depwmi,
SIKMM 3HAXOAUTHCS BCEPEIUHI BAJEHTHOI 30HU. 3HAYEHHS ONTUYHOI 1iimay B Toulti I' mopisaioe 0,60 eB, a
"ernpamol dyuaamentanbHol mmEr (I' — R) — 0.59 eB. 3Havenns mceBIONIIIMHN 11 €JIEKTPOHIB 31 CIi-
uamu BHE3 nopiBaioe 0,60 eB. MaruiTauit momenT HagroMipkn gopisaioe 8.04 uB. Pospaxynku Bukonasi 3a
nmoromoromo rporpamu ABINIT. s yeysernns nmomuiaku Ha camomito 3d enexrponis atomis Cr ta Fe 3acro-
coBaHUY riOpUAHUN 00MIHHO-KOpessaiiaui dyHkiionan PBEOQ.

Kmiouosi cnosa: ZnS, Crpykrypa chanepury, Jomimru 3d enementis, CuibHi kopessiii, PBEO, Emext-
POHHA CTPYKTYypA.
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