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ABSTRACT

The structural, electronic and magnetic properties of Cd;..Mn,Te alloy in the zinc-blende (ZB) phase were studied
within the framework of spin-polarized density functional theory using the generalized gradient approximation (GGA).
We employed the GGA+ USI® (GGA method plus self-interaction correction potential), which gives a better description
of systems with strong Coulomb correlations of the d-electrons. In this paper, we first discuss implementation of the
GGA+U method to the ground state calculations of pure CdTe and ferromagnetic MnTe. The alloys are modelled at
selected compositions as ordered structures described in terms of periodically repeated supercells for the compositions of
x = 0.25, 0.5, and 0.75. The compositional dependences of the lattice constant, electronic band structure and partial
densities of states of the ferromagnetic Cd;..Mn.Te alloy were also studied. We estimated the spin-exchange splitting
energies produced by the Mn 3d-states and determined the exchange constants for the conduction and valence bands of
the alloy. The energy positions of the occupied and unoccupied Mn 3d-bands in the electronic structure of the
ferromagnetic Cd;..Mn,Te alloy are also presented. Our calculations based on the GGA+ USIC approach agree well with
the available experimental data and other calculations.
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1. INTRODUCTION

The simultaneous semiconducting and magnetic behaviors of different materials bring about interesting magnetic,
magneto-optic, and magneto-transport effects [1, 2]. One of the promising materials of such types are diluted magnetic
semiconductors, which have attracted a great deal of interest over the last decades due to the possibility to produce a
ferromagnetic semiconductor at room temperatures [2]. Among diluted magnetic semiconductors, much focus has been
paid to Cd;xMnxTe, which can form homogeneous alloys for x ranging from 0 to 0.75 [3, 4]. Cd;Mn,Te alloy
crystalizes in the zinc-blende (ZB) structure where random Cd cation sites are replaced by transitional metal magnetic
Mn?" ions, whose electronic 3d-shell is half-filled producing a spin value of 5/2. The d-d exchange interaction of coupled
magnetic ions causes formation of spin-glass and antiferromagnetic phases [3, 5], although ferromagnetic ordering at
low temperatures has also been observed [4]. The most prominent feature of diluted magnetic semiconductors is a
coexistence of different electronic subsystems: delocalized conduction, valence band electrons and localized electrons of
magnetic ions [1]. In particular, a large sp-d exchange interaction between the charge carriers and the magnetic ions
leads to strong band splitting in Cd;..Mn,Te crystals, which results in the giant Faraday rotation and Zeeman splitting [1,
6]. Recently, Cd.«Mn,Te alloy was proposed as a material for nuclear radiation detectors [7, 8] due to its good electron
transport properties and high resistivity [9, 10].

In view of its great technological importance, Cd..Mn,Te alloy has been a subject of various theoretical investigations,
from empirical [11] to first principles based on the density functional theory (DFT) [12-19]. Although the overall picture
regarding its structural, electronic and optical properties has been thoroughly studied, some details concerning energy
position and hybridization of the Mn 3d-state are still questionable. Most of the published ab initio studies were
performed using the pseudo-potential or the full-potential linearized-augmented plane wave methods within the local
density approximation (LDA) [12] or the generalized gradient approximation (GGA) [13-19]. One of the main
drawbacks of DFT approximations, such as the LDA and GGA, is the underestimation the band gap of semiconductors
and insulators compared to the experimental gaps. Many theoretical studies were undertaken to obtain better agreement
with experiments, such as LDA/GGA+U correction [20], B3LYP function calculations [21], Hybrid Heyd-Scuseria-



Ernzerh (HSE) functionals [22], GW implementations [23], among others. The computational cost of B3LYP, HSE or
GW calculations is increased by one or two orders of magnitude compared to LDA/GGA+U calculations. Furthermore,
the on-site Coulomb interaction (Hubbard U) leads to a better description of many systems with strong Coulomb
correlations of the 3d-electrons. Recently, the so-called GGA+US® method [24, 25] was applied to self-consistent
calculations of structural and electronic properties of CdTe [26]. It was demonstrated that the accuracy of this method is
comparable with that of the hybrid functional HSE method and gives better values for the lattice constant and the bulk
modulus, but with less computational cost.

In the present work, we apply the GGA+USC method for the calculations of the structural, electronic and magnetic
properties of pure CdTe, ferromagnetic MnTe and Cd;..Mn,Te alloy. The paper is organized as follows. The
computational methods are explained in Section 2. Implementation of the GGA-+USC method to ground state
calculations of pure CdTe and ferromagnetic MnTe is presented in Section 3. The results obtained for the structural,
electronic and magnetic properties of Cdi..Mn,Te alloy are discussed in Section 4. In Section 5 we summarize the main
conclusions of this work.

2. COMPUTATIONAL METHODS

The calculations of the structural, electronic, and magnetic properties of Cd;.Mn,Te alloy were performed within a
framework of the spin-polarized density functional theory using the plane-wave pseudopotential code ABINIT [27]. The
GGA approximation parameterized by Perdew—Burke—Emzerhof (PBE) [28] was used to describe the exchange and
correlation effects. Pseudopotentials and all-electron-like wavefunctions were described based on the projector-
augmented wave (PAW) method [29]. The following initial atomic configurations were employed: 3d'%4s*(Cd), 5s°5p*
(Te), and 3d°4s* (Mn). The electron wavefunctions were expanded in a plane-wave basis with 410-eV cutoff energy. The
Brillouin zone integrations were performed using k-point grid set (6x6x6) generated according to the Monkhorst—Pack
scheme [30]. The self-consistent convergence of the total energy was set to 1.0° eV/atom. All input parameters have
been tested to ensure well converged results.

We modelled alloys with several selected compositions: x = 0.25, 0.5, 0.75 in terms of periodically repeated supercells.
The basic cubic cell was chosen as a unit cell. Describing random alloys by periodic structures introduces spurious
correlations beyond certain distances. Preventing this problem needs very large supercells for which first-principle
calculations are still impractical. In this study, the special quasi-random structure (SQS) approach [31] is applied, which
effectively reduces the size of the supercell (to 8-32 atoms per unit cell) for studying the properties of the random alloys.
For x = 0.25 and 0.75 the simplest structure is an eight-atom cubic cell, in which the anions form a regular simple cubic
lattice. For the composition x = 0.5, the smallest ordered structure is a four-atom tetragonal cell, corresponding to the
(001) superlattice. This structure is strongly anisotropic, and thus not very suitable for simulating random alloys [31].
Therefore, we consider also the chalcopyrite structure, which has a 16-atom tetragonal cell. So, for the Mn concentration
x=0.25 and x = 0.75, a cubic supercell composed of 8 atoms (4 Te atoms, 3 Cd atoms, 1 Mn atom and 4 Te atoms, 1 Cd
atom, 3 Mn atoms, respectively) is considered. In the case of Mn with the concentration x = 0.5, we used a supercell that
is formed of 16 atoms (8 Te atoms, 4 Cd atoms and 4 Mn atom). For comparisons, all calculations for parent compounds
CdTe and MnTe were obtained for an 8 atom cubic supercell. In addition, we perform the structural optimization by
calculating the total energies for different volumes around the equilibrium cell volume. The calculated total energies
were fitted using the Murnaghan’s equation of state to determine the ground state properties, such as the equilibrium
lattice constant and the bulk modulus.

3. GGA+USIC CALCULATIONS FOR CdTe AND MnTe

3.1 Structural and electronic properties of CdTe

CdTe and MnTe are the basic constituents, corresponding to x = 0 and 1 in the Cd;.Mn,Te alloy. We begin by
discussing the calculations for the pure CdTe, using DFT without and with U corrections. It is well known, that DFT is
not suitable for describing excited-state properties, such as the energy gap. The band gap of CdTe, calculated within
conventional GGA-PBE method is only 0.57 eV, which is much less than the experimental value of 1.61 eV [32]. The
calculations with inclusion of the Cd d—d intra-atomic Coulomb energy Uy within GGA+U approach slightly improve
the band-gap values, but not totally. The band gap increases with increasing Uy value at the beginning, but the band gap
almost stays constant when the Uy value for Cd 3d-orbitals is larger than 7 eV. The calculated band gap (using Us= 6
eV correction) is 0.97 eV, which is still far from the experimental value.



Appling a self-interaction correction (SIC) potential to the Sp-orbitals of Te can fix the problem [24]. Moreover, the
solution to the problem is acquired at negative values of U, due to an overestimation of the exchange-correlation hole by
the GGA [25]. The predictions of physical properties of the material by the GGA+USI® method are similar to or better
than those obtained with hybrid functionals [26]. We found that the effect of U, on the band gap of CdTe is somewhat
larger than that of Uy, although it tends to saturate. The experimental band gap of 1.61 eV for CdTe was determined
when the Hubbard U values of the Cd 3d-orbitals and the Te 5p-orbitals were set up for Uy = 6 eV and U,= —14 eV,
respectively.

The calculated within GGA+US'® method equilibrium lattice constant @ and bulk modulus B of CdTe are presented in
Table 1, which also contains the results of previous calculations and experimental data. The lattice constant is 0.17%
larger than the experimental value, which is the usual level of accuracy of the GGA. The calculated value of bulk
modulus is also close to experimental one especially if compared with those calculated within a conventional PBE-GGA.

Table 1. Calculated band gap E¢ (in eV), lattice constant a (in A), bulk modulus B (in GPa), magnetic moment # (in Bohr
magneton ), conduction AE: and valence AEv (in eV) band-edge spin-splitting and exchange constants Noa, Nof (in eV)
for CdTe and ferromagnetic MnTe.

E; (eV) a(A) | B(GPa) | pu(us) | AE., AEy(eV) | Noa, Nof(eV) | References
1.61 6.533 | 42.51 Present
1.52 6.568 HSE [33]
CdTe 6.424 | 44.38 LSDA [15]
6.604 | 37.02 PBE-GGA [14]
0.54 6.499 | 45.76 WC-GGA [18]
6.481 | 44.50 Exp. [32]
Aldg Eggim) 6.351 | 4534 | 4422 | 191, 041 |-086, 0.9 | Present
i:;l(égsv)n) 450 | -195, 079 |-087, 035 |GW[34]
MnTe 6.50 | 36.04 4.617 PBE-GGA-U [35]
6.392 | 38.10 4.096 | -236, 0.71 |—120, 034 |PBE-GGA [36]
6.402 4.24 PW-GGA [37]
6.338 Exp. [38]
—0.88, 0.22 | Exp.[39]

Fig. 1 (a) shows calculations of the electronic band structure of CdTe within the GGA+USI® method along selected high-
symmetry directions of the Brillouin zone. The zero energy was placed at the valence band maximum (VBM), and the
dotted line represents the position of the Fermi energy. The partial density of states (PDOS) for CdTe (Fig. 1(b)) shows
that the upper part of the valence band (from —5 to 0 €V) contains the Te 5p-states coupled with the Cd 4p-states and 4s-
states. The unoccupied bands in the lowest energies of the conduction band consist of the s- and p-states from the Cd
atom and the p-states from the Te atom. Here, the p-states of the Cd atom seem to be dominant.

3.2 Electronic and magnetic properties of MnTe

MnTe usually crystallizes in the hexagonal NiAs structure; however, at low temperatures, the metastable zinc-blende
epitaxial MnTe layers with a lattice constant @=6.338 A were also grown on cubic substrates [38]. The calculated within
GGA+USC method equilibrium lattice constant @ and bulk modulus B for ferromagnetic MnTe are listed in Table 1.
They are in good agreement with the results of other studies and available experimental data.
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Fig. 1. Electronic band structure (a) and partial density of states (b) for CdTe.

The results of spin-polarized band structure calculations within the GGA+US'® method for hypothetical ZB
ferromagnetic MnTe are presented in Fig. 2. The zero-energy point is placed at the VBM for the spin-up case. The dotted
line indicates the position of the Fermi energy. As seen from Fig. 2, the VBM and the conduction band maximum
(CBM) are located at the center of the Brillouin zone (G point) confirming the direct gap feature of MnTe. The width of
the gap was found to be 1.78 eV and 4.10 eV for the spin-up and spin-down cases, respectively. These values agree well
with GW calculations (Table 1). We take the same Hubbard value U,= —14 eV for Te 5p-orbitals as for CdTe. Our
Hubbard correction for the Mn 3d-orbitals U;= 4.5 eV is in accordance with the known values in the literature of Uy = 4

eV, which give a sufficient description of the ground-state properties of ZB ferromagnetic MnTe [35].
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Fig. 2. Electronic band structure of ferromagnetic MnTe for spin-up (a) and spin-down (b) cases. The dotted line indicates

the position of the Fermi energy.
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The spin-dependent partial density of states for the Mn and Te sites are presented in Fig. 3. For the spin-up case, the Mn
3d-states are mixed with the Te 5p-states, whereas for the spin-down case the Mn 3d-states are unoccupied. Note that the
lowest conduction bands are formed predominantly from the Te 5s- and 5p-orbitals for the spin-up case. The crystal-
field and sp-hybridization split the Mn 3d-states into several bands. For the spin-up case two peaks on PDOS are
resolved according to e,-symmetry (centered at Evem — 4.1 eV) and t,-symmetry (centered at Evem — 4.5 eV). The 3d-
states with e,-symmetry are only slightly broadened by hybridization, while the #,.-states are strongly hybridized with
the Te S5p-states. The corresponding two peaks for the spin-down case are centered at Evemt+2.2 eV and Evevt2.8 eV,
respectively. We define two exchange splitting, separately for eg- and f.-symmetry, as the separation between the
corresponding spin-up and spin-down peaks: Ae,=6.3 eV and A#=7.3 eV. Our results compare well with GW
calculations (Aeg=6.2 eV and At,=6.7 €V [34]) and are close to the experimental exchange splitting of the Mn 3d-levels
of ~6.9 eV [40].
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Fig. 3. Partial density of states for MnTe in the ferromagnetic phase for the spin-up and spin-down cases: (a) Mn site, and
(b) Te site. The dotted line shows the position of the Fermi energy.

The calculations show that VBM for the spin-down structure is situated below the VBM for the spin-up structure, which

gives negative and large spin-splitting AE, = AEV¢ - AEVT =—1.91 eV. The situation for the conduction band is opposite:

AE, = AEC¢ - AECT =0.41 eV. The negative splitting of the VBM is a consequence of the strong Mn Hubbard-U repulsion
and indicates that the effective potential for the minority spin is more attractive than that for the majority spin [1, 2].

The predicted band-edge spin-splitting AE,. and AE, of the CBM and VBM at the G point can be used to estimate the
sp-d exchange constants Ny and Nyf . These parameters describe the exchange interactions between electron carriers
of the valence and conduction bands and the Mn spin and are defined by the relations:

Noa = 4E,. / x(S), NoB=A4E, /x(S). (1)

Here x is the concentration of Mn (x = 1 in our case), and (S > is one-half of the total spin on the magnetic ion. Due to the

hybridization, the local magnetic moment of the Mn is less than the free space value 5up. In our calculation, the total
magnetic moment within the Mn PAW sphere is 4.42 up. The calculated values of the exchange constants and spin-
splitting of the conduction and the valence bands for MnTe are given in Table 1. Our results obtained within GGA+USI®
method are close to the commonly accepted values of Ny =0.22 eV and Nyf = —0.88 eV for the valence and

conduction band, respectively [39].



4. STRUCTURAL, ELECTRONIC AND MAGNETIC PROPERTIES OF Cdi-xMn,Te
4.1 Structural properties of Cdi-xMn.Te

The Cd;..Mn,Te alloy in ferromagnetic phase was modelled using 8-atom supercells for the compositions of x = 0.25,
0.75, and 16-atom supercell for the composition of x = 0.5. For these structures, the total energies for different volumes
around the equilibrium volume cell were fitted to the Murnaghan’s equation of state. The obtained equilibrium lattice
constant and the bulk modulus of ferromagnetic Cd;..Mn,Te alloy are given in Table 2. In going from CdTe to MnTe,
when the Mn content increases, the values of Cd;..Mn,Te lattice constant decrease. This is due to the smaller size of the
Mn atom in comparison to the Cd atom. Fig. 4 show the variation of the calculated equilibrium lattice constant versus
composition x for Cd;«Mn,Te alloy. Our calculated lattice constants were found to vary almost linearly following the
Vegard’s law. The slight increase of the bulk modulus B by increasing the Mn content can be explained by the fact that
the bond length becomes shorter when incorporating more Mn atoms and is an indication that the Cd;..Mn,Te alloy
becomes harder.

Table 2. Calculated lattice constant a (in A) and bulk modulus B (in GPa) for Cdi-«Mn,Te alloy.

Composition (x) 0.25 0.5 0.75

a(d)

B (GPa)

a(A)

B (GPa)

a(d)

B (GPa)

Present

6.488

43.57

6.44

44.48

6.396

45.56

[16]

6.354

47.1

[15]

6.32

49.94

6.421

37.12

[36]
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Fig. 4. Calculated lattice constant a for Cdi-Mn.Te alloy as a function of Mn content.

4.2 Electronic and magnetic properties of CdixMn.Te

The electronic band structure calculations within the GGA+USC method of Cd;..Mn,Te alloy for compositions x = 0.25,
0.5, 0.75 show that both the top of the valence band and the bottom of the conduction band are located at the G point of
the Brillouin zone, in agreement with the pure CdTe and MnTe band structures. That is, ferromagnetic Cd;.;Mn,Te has a
direct band gap at the G point. Composition dependencies of the calculated band gap E, for the spin-up and spin-down
cases are presented in Figure 5. The calculated band gap values for Cd,.,Mn,Te are 2.29 eV (x = 0.25), 2.93 eV (x =0.5),
3.54 eV (x=10.75),4.10 eV (x = 1) in the case of the spin-up structure, and 1.64 eV (x = 0.25), 1.67 eV (x =0.5), 1.72 eV
(x=0.75), 1.79 eV (x = 1) in the case of the spin-down structure. Figure 5 shows that increasing Mn content leads to an
increase of the band gap with a downward bowing for the spin-up case and upward bowing for the spin-down case. The
calculated band gaps versus concentrations can be represented by the polynomial form:

2

E4(x) =xEppe +(1-X)Ecgre +bx(1-x),



where Epyre and Ecgte correspond to the band gaps of MnTe and CdTe, respectively, and b is a bowing parameter.

The equation (2), fitted with the calculated band gap data, yields to the band gap bowing parameter b =—0.07 eV, which
is relatively small for the spin-up case, while that for spin-down case is rather large b =0.31 eV.
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Fig. 5. Calculated band gap of CdixMn.Te alloy as a function of the Mn content for the spin-up (a) and spin-down (b) cases.
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Fig. 6. Partial density of states of Cdi.Mn,Te alloy for compositions x = 0.25, 0.5, 0.75.



For the qualitative analysis of the atomic and orbital origins of different Cd;..Mn,Te band states, we evaluated the spin-
dependent PDOS. Fig. 6 displays the PDOS of ferromagnetic Cd;..Mn,Te alloy for compositions of x = 0.25, 0.5, 0.75.
The results obtained for the Cd, Mn and Te are situated within corresponding PAW sphere. For the sake of comparison,
the energy zero of the band structure for all alloys is placed at the VBM of MnTe (x = 1) for the spin-up case. One can
see that the valence band of the alloys for the spin-up case is formed predominantly from the unoccupied Cd 4s-states.
The position of the corresponding peak in the density of states remains unchanged and somewhat broadens with a
decrease of the Mn content. The bottom of the conduction band for the spin-down structure is dominated by the
unoccupied Mn 3d-states, but there is also a contribution of the unoccupied Cd 4s-states. The position of the peaks
corresponding to the Mn and Cd states does not change with an increase of the Mn content, but a small broadening of the
Mn peak can be observed. The occupied states of the valence band for the spin-up structure are formed predominantly by
the Mn 3d-orbitals and Te Sp-orbitals. Strong sp-d hybridization shifts the Mn band to the lower energies with increasing
Mn content. The position of the peak shifts from Evem — 4.1 eV (for x = 0.25) to Evam — 4.4 eV (for x = 0.75). For the
spin-down structure, the occupied states of the valence band are formed primarily from the Te Sp-orbitals. The band,
corresponding to the strongly delocalized Te S5p-states, shifts with the Mn content to the lower energies similarly to the
Mn band.

The calculated values of the magnetic moment, spin-splitting of the conduction and valence bands and the exchange
constants Noa,, Nof3 for Cdi.Mn,Te alloy for compositions x = 0.25, 0.5, 0.75 are listed in Table 3 along with the results
of other studies. Our results show that total magnetic moment of the Mn in Cdi..Mn,Te alloy is slightly reduced from
4.42 up in MnTe to 4.40 g5 and is independent on the Mn content. The sp-d exchange splitting varies almost linearly
with increasing x providing independence of the exchange constants on the alloy composition.

Table 3. Calculated magnetic moment y (in Bohr magneton ), conduction AE. and valence AEv (in eV) band-edge spin-
splitting, and exchange constants Noa, Nof (in eV) of ferromagnetic Cdi-Mn.Te alloy.

Composition (x) 1 () AE., AE, (eV) Noa,, Nof3 (eV) Reference
025 4.41 —0.49, 0.16 —0.89, 0.29 Present
4.21 —0.80, 0.242 —1.28, 0.387 PBE-GGA [16]
4.40 —0.94, 0.33 —0.86, 0.30 Present
0.5 4.326 —1.57, 0.46 —0.63, 0.19 PBE-GGA [15]
—1.30, 0.54 PW-GGA [37]
0.75 4.40 —1.42, 0.39 —0.86, 0.24 Present
4.087 —1.83, 0.36 -1.19, 0.23 PBE-GGA [36]
5. SUMMARY

In the present work, we apply the GGA+US'C method to calculate the structural, electronic and magnetic properties of
pure CdTe, ferromagnetic MnTe and Cd;.x\MnTe alloy. Considering the explicitly on-site Hubbard U corrections
together with self-interaction correction potential leads to a better description of the structural properties and electronic
band structures of CdTe and ferromagnetic MnTe in the zinc-blende phase. The calculated values of lattice constant and
band gap of CdTe and MnTe within the GGA+USI® method are close to the experimental ones, especially in comparison
with the calculations within the conventional GGA approach. The structural, electronic and magnetic properties of Cd;.
Mn,Te alloy were studied for selected compositions of x = 0.25, 0.5, 0.75 using a supercell method. We identified the
compositional dependence of the lattice constant, band structure, and the total and partial densities of states of the alloy.
The calculated lattice constants were found to vary almost linearly on x following Vegard’s law. Increasing the Mn
content leads to an increase of the energy band gap of the alloy with a small downward bowing for the spin-up case and
upward bowing for the spin-down case. The study of Cd;..Mn,Te partial density of states revealed that the occupied
states of the valence band for the spin-up structure are formed predominantly by the Mn 3d-orbitals and Te Sp-orbitals.
Strong sp-hybridization shifts the Mn band to the lower energies with increasing Mn content. For the spin-down



structure the occupied states of the valence band are formed primarily from the Te 5p-orbitals, and the corresponding
band shifts with an increase of the Mn content to lower energies. The calculated values of the magnetic moment and
predicted spin-splitting of the conduction and the valence bands and exchange constants Noa, Nof for Cd,..Mn,Te alloy
show that the sp-d exchange splitting varies almost linearly with x, providing that the exchange constants are
independent of the Mn content.
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