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The influence of strong d-electron correlations on the values of the parameters of the electron energy
bands in the solid solution Cdi..Mn.Te (x = 0.25) was studied. At the first stage, the spin-resolved electronic
energy bands were obtained in the GGA approach. At the second stage, strong correlations were taken into
account for the Mn d-electrons by means of the hybrid exchange-correlation function PBEO, and at the
third stage, correlations of the Mn and Cd d-electrons were included simultaneously. It was revealed that
the material is a semiconductor for both spin channels. Found that for spin-up electrons, after taking into
account the strong correlations of the Mn 3d-electrons, the top of the valence band was shifted by
—0.10 eV, and the bottom of the conduction band has increased by 0.02 eV, which resulted in an increase
in the band gap, E,, by 0.12 eV. Strong correlations of the Cd 4d-electrons add to an increase in E; a value
of 0.03 eV. The total increase in E; for spin-up electrons is equal to 0.15 eV. For the spin-down electrons,
the inclusion of strong 3d-electron correlations of Mn led to an increase in the top of the valence band by
0.12 eV, and the bottom of the conduction band has increased by 0.54 eV, resulting in an increase in the
band gap by 0.42 eV. Strong correlations of the Cd 4d-electrons add to an increase in E; a value of 0.02 eV.
The total increase in E; for spin-down states equals 0.44 eV. It was found that for spin-up electrons, the
value of E; of solid solution, without taking into account strong correlations of d-electrons, is 1.32 eV, and
the inclusion of 3d-electron correlations of Mn leads to the E; value of 1.44 eV. And the additional inclusion
of 4d-electron correlations of Cd gives the E; value of 1.47 eV. It was found that for spin-down electrons,
the value of E; of a solid solution, without taking into account the strong correlations of d-electrons, is
1.69 eV, and the inclusion of 3d-electron correlations of Mn leads to the Eg value of 2.11 eV. And the ac-
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counting of 4d-electron correlations of Cd has caused only a slight increase in the Es to 2.13 eV.
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1. INTRODUCTION

Solid solutions of the Cdi-«Mn.Te system, which are
obtained in the quasi-binary CdTe—MnTe section via the
controlled substitution of Mn for Cd, represent a quite
broad class of dilute magnetic semiconductors (DMSs)
[1-3]. The main specific feature of DMSs consists in the
fact that, apart from pure semiconductor properties,
they also exhibit giant magnetooptical effects and mag-
netic polarons, which is caused by the high magnetic
moments of the atoms with unfilled 3d shells in their
compositions [3-5]. As a result, DMSs exhibit a strong
exchange interaction between their magnetic atoms and
between the magnetic atoms and electrons. This ex-
change interaction can be used in the spintronics which
is promising for discovering a new way of data storage
media in the chip-producing industries [6]. Spintronics
is a branch of science and technology which employs
both the charge and the spin of the electron. This, in
turn, requires the materials which exhibit both ferro-
magnetic and semi-conductor properties in order to
combine the permanent magnetic storage and the con-
ventional electronics of semiconductors in one device [7].
Namely these properties are characteristic of CdMnTe
solid solution.

In this article we present the results of investigation
of the electronic structure of zinc blende solid solution
Cdi-xMnsTe (x=0.25) that was carried out within the
GGA [8] and PBEO [9] approaches. All the calculations
have been done by means of ABINIT code [10, 11]. It
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should be noticed that the self-consistent wave functions
and crystalline potential obtained on the basis of ABIN-
IT code can be used to calculate the electrical properties
of spintronics devices. This can be done in future by
using the method proposed in [12, 13]. This method is
based on the short-range scattering models for electron
interaction with a various types of crystal defects and
demonstrates much better qualitative and quantitative
agreement with experiment compared with commonly
used long-range scattering models.

2. CALCULATION

The electronic structure calculations have been car-
ried out using the PAW [14] method, in which the elec-
tron wave function with its full nodal structure

| wh(r)> is represented in terms of the smooth nodeless

function| y, (r) > as

lyn (N> =7 |yp(r) >, @)

where 7 is the transformation operator,
=1y (f)- ) @

and | ¢$|a (r) > is the all-electron basis function, | &Ia(r) >

is the pseudopotential basis function, and | f)ia (r)> 1is
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the projector function, which was calculated using the
AtomPAW code [15]. The subscript i denotes the quan-
tum numbers, and the superscript a represents the
atomic augmentation sphere index.

Substituting (1), (2) to the Kohn-Sham equation

H|W0{k>:|wak>8ak’ (©)

we obtain the system of linear equations

+ - + |-
T Hr|l//ak>:r T|‘/’ak>£ak’ 4
where «i1s the band number, k denotes the vector in

the first Brillouin zone, and ¥ defines the Hermitian
conjugate of 7. The exchange-correlation potential was
calculated in the form of PBEO [9], according to which
the exchange-correlation energy is written as

PBEO

[p]= Eroo o]+ BES Tyl - Ey o [pg]) (5)

where E)I(DCBE corresponds to the PBE exchange-

correlation functional [8], and yg, pg represent the

wave function and the electron density of the selected
electrons, respectively [10]. The latter are the Mn 3d-
electrons and Cd 4d-electrons. The mixing coefficient
value pB=0 corresponds to the usual exchange-
correlation functional PBE without strong correlations.
In order to take into account the strong correlations in
formula (5), the authors recommend the value = 0.25.
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The crystal symmetry is described by the space group
P-43m (number 215) Bravais lattice is cP (primitive
cubic).

We have generated the PAW functions for the fol-
lowing valence basis states: {4s24p64d105s25p%} for Cd,
{3523p¥3d>4s24p°} for Mn and {5s25p*} for Te. The PAW
functions have been evaluated by means of the
AtomPAW code [14, 15]. The inclusion in the basis of 4s
and 4p states of the Cd atom and of 3s and 3p states of
the Mn atom slows down the calculation, but increases
the precision and eliminates the problem of ghost
states which can appear among solutions of the secular
equation constructed on a minimal set of functions [16].
The radii of the augmentation spheres are 2.2, 2.1 and
2.4 a.u. for Cd, Mn and Te, respectively.

3. RESULTS AND DISCUSSION

Let us consider the results obtained in the GGA and
PBEO approaches. In the GGA approach, the strong cor-
relations of 4d (Cd) and 3d (Mn) electrons are not taken
into account, whereas in the PBEO approach they are
included in the calculation scheme.

First, we consider the electronic energy band spec-
trum of a solid solution obtained using the hybrid ex-
change-correlation functional PBEO. Fig. la-b shows
energy bands with the spin-up (1a) and spin-down (1b),
respectively. We can see that for both values of the spin
moment we have a material with a direct optical and
fundamental band gap at the point I of the first Bril-
louin zone. In addition, we note that the Fermi level is
inside the band gap.
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Fig. 1 — The band structure of Cdi-.Mn,Te (x = 0.25) with the spin-up (a) and spin-down (b), in the zinc-blende phase, calculated
using hybrid functional PBEO, plotted along various symmetry directions

The densities of electronic states obtained without
taking into account the strong correlations of the Mn-
3d and Cd-4d states, i.e. in the GGA approximation,
are presented in Fig. 2a-d. We will concentrate our
attention on the states of the upper part of the va-
lence band and the lower part of the conduction
band. The parameters of the electronic energy bands
in the considered Cdi1-«Mn.Te (x = 0.25) solid solution,
obtained within the GGA, are as follows. The exam-
ined material is the direct band semiconductor for

both spin orientations. The minimum optical and
fundamental gaps are equal to 1.32 eV for spin-up
and 1.69 eV for spin-down, and both are attributed to
the I' — I transition. The upper part of the valence

band consists of the hybridized d-states of Mn-d, Te-p
and Cd-s states, covering the energy range from — 5.0
to — 0.5 eV for electrons with spin up, and the range
from — 5.0 to — 1.0 eV for electrons with spin down.
The strong asymmetry of the curves in Fig. 2a-d indi-
cates a ferromagnetic ordering in the crystal. The
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lower part of the conduction band consists of the Mn-
d and Te-p states.

Let us draw attention to the quantitative and qual-
itative changes in the electronic properties obtained by
considering strong correlations of the 3d-states of Mn.
The corresponding densities of states are shown in
Fig. 3a-d. Comparing the curves depicted in Figs. 2¢
and 3c, we note that taking into account the strong
correlations of the Mn d-electrons has led to the dis-
placement of the main peaks of the corresponding den-
sities of states. In particular, the maximum of the den-
sity of states with spin up dropped by about 1.5 eV in
the valence band. Conversely, the peak of states with
spin down shifted in the conduction band of about
0.5 eV up. Taking into account the strong correlations
of the Mn d-electrons has led to an increase in the
direct band gap of 0.12 eV for spin up and of 0.42 eV
for spin down. The minimum optical and fundamental
gaps are equal to 1.44 eV for spin-up and 2.11 eV for-
spin-down, and both are attributed to the I — T tran-
sition.

Finally, we consider the results of calculating the
electronic structure of the material Cdi«Mn.Te
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(x = 0.25) obtained with the inclusion of strong corre-
lations of the Mn and Cd d-electrons depicted in Fig.
3a-d. As can be seen from Figs. 2¢, 3c and 4c, the
main peaks of the PDOS of Cd d-states were dropped
by about 0.5 eV in the valence band. The influence of
the inclusion of strong correlations of the Cd d-
electrons on the parameters of the electron energy
spectrum, as shown in Figs. 2, 3 and 4, was insignifi-
cant. In fact, the direct band gap for electrons with
spin up is 1.47 eV, i.e. it has increased only by
0.03 eV. The band gap for electrons with spin down is
2.13 eV and it has increased only by 0.02 eV due to
the inclusion of strong correlations of the Cd d-
electrons. This contrasts very much with the results
obtained with taking into account the strong correla-
tions of the Cd d-electrons in a pure CdO crystal, as
well as in CdO doped with transition elements [17].

In the case of the PBEO approach, i.e. with strong
correlations, the minimum optical and fundamental
gaps are equal to 1.47 eV for spin-up, and 2.13 eV for
spin-down. Table 1 summarizes the quantitative pa-
rameters of the electron energy band spectrum of a
solid solution CdMnTe.
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Fig. 2 — Partial and total density of states in the zinc-blende solid solution Cdi-.Mn,Te (x = 0.25) obtained within the spin-
polarized GGA approach without the strong correlation of d electrons
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Table 1 — The spin-polarized electronic properties of the solid solution Cdi-xMn,Te (x = 0.25) obtained for spin-up (up) and spin-
down (dn) states without (GGA) and with (PBEO) the strong correlation of d-electrons

XC Element L | & eV |s,eV| g eV | g eV n M, uB
GGA, up 0.0 |[364 |232 |1.32 |267 |6791]| 4.82
GGA, dn 0.0 3.25 1.56 1.69 2.67 63.09
PBEO, up Mn 0.25 | 366 | 222 | 144 | 297 | 67.98 | 4.96
PBEO, dn Mn 0.25 | 3.79 1.68 2.11 2.97 63.02
PBEO, up Mn, Cd 0.25 | 3.67 | 2.19 1.47 2.96 67.98 | 4.96
PBEO, dn Mn, Cd 0.25 | 3.79 | 1.66 | 213 | 296 | 63.02

In Table 1, the energy parameterss., &,, & denote 4. CONCLUSIONS

the bottom of the conduction band, the top of the va-
lence band and the band gap at I point of the Bril-
louin zone, respectively, and &r is the Fermi energy.
Parameter n denotes the number of electrons in a
unit cell with opposite spins, which difference gives
the magnetization M. Table 1 shows the parameters
of the electron energy spectrum obtained without
(8=0) and with (8#=0.25) taking into account the
strong correlations of d-electrons. The results evalu-
ated with taking into account the strong correlations
of only d-electrons of the Mn atom are present in the
third and fourth rows of the Table 1. The last two
rows of Table 1 represent the results obtained on the
basis of strong correlations of d-electrons of the Mn
and Cd atoms.

The results given in Table 1 indicate the weak in-
fluence of strong correlations of the Cd d-electrons on
the value of the band gap width for both spin orienta-
tions. The values of the Fermi energy and the mag-
netic moment of the elementary cell are also very
weakly dependent on strong correlations of the Cd d-
electrons.
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Briue cubHUX KOPEISIii HA HOJISPU30BaHi 32 CHIHOM €JIEKTPOHHI €HePreTUYHi 30Hu
TBepaoro posununy CdMnTe

C.B. Cupotor, O.I1. Manux

Haujionanvruii ynisepcumem "Jlveiscora nonimexnira”, 8ysn. C. Bandepu, 12, 79013 Jlvsis, Yikpaina

JlociipreHo BILUIMB CHJIBHUX d-€JIEKTPOHHUX KOPEJISAIi Ha 3HAYEHHS IIapaMeTpiB eHepreTUIHUX 30H
eJIeKTpoHIB y TBepaomy podunni Cdi..Mn,Te (x = 0.25). Ha mepmomy erami y minxomi GGA orpumaro mosis-
pH30BaHI 3a CIIIHOM EeJIEKTPOHHI eHeprerwyHi 3oHu. Ha npyromy eraml BpaxOByBaJIMCS CHJIBHI KODPEJISIINI
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st d-esiekTpoHiB Mn 3a 10moMoroo TiOpHmIHOro 0OMIHHO-KOpeJiaiiiHoro gyrkiionasa PBEO, a ma tpe-
THOMY €TAIll OJJHOYACHO BRJIIOUAJINCA Kopesisini d-esekTporiB Mn ta Cd. Busisiieno, 110 maTtepiaJji € HaImiBm-
POBITHHUKOM 1 000X CITIHIB. BeTaHOBIIEHO, IO /I €JIeKTPOHIB 31 CIIIHOM BrOpy yPaxyBaHHS CKOPeJIboBa-
Hux 3d-emexrTporiB Mn mpuBoauTh 70 3cyBYy cresi BaseHTHOI 30U Ha — 0,10 eB, a 1HO 30HH TTPOBITHOCTI Ii-
nuocuthbesa Ha 0,02 eB, mo cupuunnioe 36iabIenHs mmpuHn 3a6oporeHoi 3ouu Ha 0,12 eB. CuibHi Kopesis-
mii 4d-esexrponis Cd momators mo 36iabmenus E; suavenssa 0,03 eB. Cymapue 36inbimenns Eg misa coina
Bropy mopisaioe 0,15 eB. {151 crria BHU3 BRIIOUEHHS CHIBHUX 3d-eJIEKTPOHHUX Kopessrii Mn mpuseso 10
iJIHECeHHSI BepIIMHKA BajieHTHOI 30HM Ha 0,12 eB, a mHo 30mm mposigHocTi mimsummuiocs Ha 0,54 eB, 1o
IPHUBEJIO 10 30LIbINEHHA IMUPUHU 3a00poHeHol 3oHu. Ha 0,42 eB. CunbHi kopeamnii 4d-emexrponis Cd mo-
nanu fo 30uteineHHa Eg gumre 0,02 eB. Cymapue 30iabmrenuss Eg muis cTtaHiB 31 CIIHOM BHU3 JOPIBHIOE
0,44 eB. BcranosiieHo, 1o 11 criiHa Bropy 3HadyeHHsi Eg TBepioro po3unHy 6e3 ypaxyBaHHS CUJIBHUX KOpe-
JIAIIA d-eJIeKTpoHIB cTaHoBUTH 1,32 B, a BrioueHHs 3d-eJIEKTPOHHUX KOpeJsaiii Mn mpuBoauTh [0 3HA-
uenns Fg 1,44. eV. Jlonarkose BrioUeHHA 4d-emexTporHux kopessmi Cd nae sHavenus Eg 1,47 eB. Bera-
HOBJIEHO, IO JIJIs CIIIHA BHU3 3HAYEHHS Ky TBEPIOro po3YuHy 0e3 CHJIbHUX KOPEJISIHi d-eJIeKTPOHIB, CTAHO-
BUTH 1,69 eB, a BrimoueHHa 3d-eJIeKTPOHHUX KopeJsariin Mn mpuBomuTs 1m0 smadenHsa Eg 2,11 eB. Briio-
ueHHs 4d-eekTpoHHuX Kopessiii Cd aymMmoBuIio suiiie HesHavHe 301mbIeHHsa 3HavYeHHsa Eg 1o 2,13 eB.

Knrouogi ciosa: Teepauit posunn, CuibHi kKopessiii, Enexrponni eneprernuni 3ouu, CiHTpoHIKA.
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