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Spin-Polarized Structural, Electronic, and Magnetic Properties of Diluted Magnetic
Semiconductors Cd;_.Mn,S and Cd,;_,Mn,Se in Zinc Blende Phase
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We studied the structural, spin-polarized electronic band structures, density of states, and magnetic properties
of the diluted magnetic semiconductors (DMSs) Cd,-,Mn,S and Cd,_,Mn,Se in zinc blende phase (B3) with
25% Mn by using the ab initio method. The calculations were performed by using the full potential linearized
augmented plane wave plus local orbitals (FP-L/APW+1o) method within the spin-polarized density functional
theory and the local spin density approximation (LSDA). Calculated electronic band structures and the density
of states of these DMSs are discussed in terms of the contribution of Mn 3d°4s?, Cd 4d'°5s2, S 3s*3p*, and
Se 4s%4p* partial density of states and we also compute the local magnetic moments. We estimated the spin-
exchange splitting energies, Ax(d) and A(p—d), produced by the Mn 3d states, and we found that the effective
potential for the minority spin is more attractive than that for the majority spin. We determine the s—d exchange
constant Noat and p—d exchange constant Ny, which resembles a typical magneto-optical experiment. The calculated
total magnetic moment is found to be 5.0020 and 5.00013 pp for Cd; ., Mn,S and Cd,_,Mn,Se, respectively. These
values indicate that every Mn impurity adds no hole carriers to the perfect CdS and CdSe crystals. Moreover, we
found that p—d hybridization reduces the local magnetic moment of Mn from its free space charge value of 5.0up

and produces small local magnetic moments on the nonmagnetic Cd and S sites.

Introduction

In diluted magnetic semiconductors (DMSs) the lattice is
made up in part of substitutional magnetic atoms. The most
extensively studied materials of this type are the A",_ ,Mn,B"Y!
alloys, which are direct band gap semiconductors with a fraction
of group II atoms replaced at random by Mn.!> Mn has the
electronic configuration 3d°4s?, where the 3d band is half-filled
and has the ground-state configuration is Sy ). The ternary
nature of A,_ Mn,B"! gives us the possibility of tuning the
lattice constant and band parameters by varying the composi-
tion of the material. The random distribution of magnetic
ions over the cation sublattice leads to important magnetic
effects, e.g., the formation of the spin-glass-like phase at low
temperatures. The substitutional Mn atoms in the ATBY! lattice
are also characterized by highly efficient electroluminescence,
which makes dilute A", MnB"! alloys important in the context
of optical flat panel display applications. Furthermore, the
presence of localized magnetic ions in these semiconductors
leads to an exchange interaction between the sp band electrons
and the d electrons associated with Mn?*, resulting in extremely
large Zeeman splittings of electronic levels.> A new class of
materials, which have specific properties for the semiconductors,
is formed with diluted magnetic semiconductors. DMSs have
attracted tremendous interest because of the possibility of
making quantum computing architecture using spin-polarized
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electrons localized in quantum dots as quantum bits.* DMSs
have opened up vast experimental studies due to the possibility
of electrical spin injection with efficiency up to 90% with n-type
II—VI DMSs and several percent with p-type III—V DMSs.>®
Recently, it has become possible to control the magnetic state
in InAs- or GaAs-based DMSs by light irradiation or an external
electric field, and they are expected to be one of the basic
components of spintronics devices.”3

It is necessary to find materials that show ferromagnetism at
a temperature as high as possible for device applications. Dietl
et al. predicted that wide band gap DMSs materials such as
GaMnN and ZnMnO would have a Curie temperature 7, above
room temperature and also suggested that 7, values above 300
K could be achieved in GagoMng ;As.’ Particularly, Mn-based
II—VI DMSs are stable in the antiferromagnetic phase; conse-
quently, it becomes necessary to make a codoping by p-type
carrier-induced ferromagnetism. The ferromagnetic ordering was
observed in p-ZnMnTe at 1.5 K for p = 1.2 x 10* cm™2.!% In
current years resonant-photoemission measurements on
Cd;_Mn,S and Cd;_,Mn,Te have resolved some controversies
about the experimentally assumed partial Mn 3d density of states
(DOS).'12 The variation in the relative intensities of these Mn
3d features by changing the anion in a compound series, like
Cd,_ Mn,Y or Zn,-Mn,Y (Y = S, Se, Te), is promising to
clarify the amount of p—d hybridization in these alloys.'* Such
a systematic study was reported for Cd,—,MnY by M. Taniguchi
et al.!! and for Zn;_,MnY by R. Weidemann et al.'*
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CdMnS and CdMnSe DMSs have attracted great attention
as they allow tuning the energy gap, the effective mass, and
the lattice constant by varying the concentration of the Mn
magnetic atoms. The experimental study of Cd,;—,Mn,S shows
that it is distinguishable from other DMSs because of its
significantly large p—d exchange integral value that causes
various anomalous experimentally observed phenomena.'> Fur-
ther, CdMnS thin films have novel magnetic and magneto-
optical properties caused by the hybridization between the Mn
3d and sp-hexagonal CdS.!® Similarly, Cd,—,Mn,Se diluted
semiconductors have an interesting combination of magnetic
and semiconducting properties which are used in many devices
such as solar cells, gas sensors, etc. Therefore, a series of thin
film of Cd;—,Mn,Se (0 < x =< 0.5) is fused onto precleaned
amorphous glass substrate using a solution growth technique.!”
Such diluted Mn-doped semiconductors are of particular interest
due to the spintronic effect.'®

In CdMnS and CdMnSe, Cd has 4d and Mn has 3d valence
electrons, and in DMSs the valence electrons of magnetic atoms
in the d state play an important role. The analysis of valence
band structure provides us essential information regarding the
magnetic and transport properties of the diluted magnetic
semiconductors. In this paper, we studied band structures and
total and partial DOS with Mn 3d treated as valence states of
Cd;_,Mn,S and Cd;_,Mn,Se DMSs using the full potential
linearized augmented plane wave plus local orbitals (FP-L/
APW++lo) method with local spin density approximation
(LSDA) in order to understand the electronic-magneto properties
of Cd;—,Mn,S and Cd,_,Mn,Se in the B3 phase with 25% Mn.
The APW+lo basis set is used inside the atomic spheres for
the Mn (3d) and Cd (4d) orbitals which are difficult to converge,
while the LAPW basis set is used for all other partial waves.

Computational Methods

The calculations for structural, electronic, and magnetic
properties of DMSs, Cd,—Mn,S and Cd,—,Mn,Se in the B3
phase with 25% Mn, were performed within the framework of
spin-polarized density functional theory. Particularly, we use
the full potential linearized augmented plane wave plus local
orbitals (FP-L/APW+lo) method as implemented in the WIEN2K
package.'® The electronic exchange-correlation energy is de-
scribed by LSDA. Spin-polarized calculations are carried out
with both spin-up and spin-down densities, and the correspond-
ing two sets of Kohn—Sham single-particle equations are solved
self-consistently. In the present self-consistent calculations, a
muffin-tin model for the crystal potential is assumed and the
unit cell is divided into two regions, within and outside the
muffin-tin sphere. The electrons are paired into two groups,
namely, the core electrons whose charge densities are confined
within the muffin-tin spheres and the valence electrons. By
solving the Dirac equation, we employ the fully relativistic
effects for core states and use the nonrelativistic approximation
for the valence states.

In these calculations, the FP-L/APW-lo basis set consists
of the 3d4s? states of Mn, 4d'5s? states of Cd, 4s23p* states of
S, and 4s?4p* states of Se. In both regions of the unit cell,
different basis sets are used to expand the wave function, charge
density, and potential. Inside the nonoverlapping spheres of
muffin-tin radius Ry, the linear combination of radial solution
of the Schrodinger equation times the spherical harmonics is
used, whereas the plane wave basis set is chosen in the
interstitial region. Ryr is chosen in such a way that there is no
charge leakage from the core and total energy convergence is
ensured. The Ryt is equal to 2.45, 2.45, 2.17, and 2.3 atomic
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Figure 1. Variation of the total energy versus volumes for (a)
Cdy7sMny25S and (b) Cdg7sMng2sSe.

TABLE 1: Calculated Structural Parameters for Cd;_,Mn,S
and Cd;_,Mn,Se with 25% Mn

compound calculations a (A) B (GPa) B’
CdS this work 5.78 74.8811 5.0
experimental 5.818¢ 64.4°
other calculations ~ 5.815¢ 62.3¢ 5.466¢
CdMnS this work 5.68 69.4785  4.3545
CdSe this work 6.088 56.792 5.0
experimental 6.0840¢
other calculations  6.055¢ 54.6¢ 5.57¢
CdMnSe this work 6.0148 53.6378  4.31

other calculations 6.3282°¢

@ Reference 20. ” Reference 21. ¢ Reference 22. “ Reference 23.
¢ Reference 24.

unit (au) for Mn, Cd, S, and Se, respectively. The maximum
value of angular momentum l,,x = 8 is taken for the wave
function expansion inside the atomic spheres. In order to
accomplish the energy eigenvalue convergence, the wave
function in the interstitial region is expanded in terms of plane
waves with a cutoff of K,.,xRur = 8. Total energy convergence
is ensured using different values of the plane wave cutoff as
well as the number of k points. We used 30 k points in the
irreducible wedge of the Brillouin zone for the supercell
calculations, and the self-consistent calculations are considered
to converge only when the calculated total energy of the crystal
converges to less than 0.0001 Ry.

All DMSs calculations are executed with eight atoms per
supercell, raised by taking 1 x 1 x 1 standard unit cell of zinc-
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Figure 2. Electronic band structure of ferromagnetic Cdy75sMng,sS for (a) spin-up and (b) spin-down structures.
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Figure 3. Electronic band structure of ferromagnetic Cdy7sMng,sSe for (a) spin-up and (b) spin-down structures.

blende phase with cubic symmetry. These materials are com-
posed of a cation sublattice where we substitute one Cd atom
with a Mn atom in the supercell, getting DMSs with 25% Mn
ions. As the supercell contains only one Mn atom and the infinite
crystal is constructed by exact imitation of this supercell, all
Mn atoms have the same neighboring atoms and possess the
same spin. As a result, the Cdy75Mng,sS and Cdy75Mng,sSe
phases are ferromagnetic.

Results and Discussion

3.1. Structural Properties. In order to study the ground-
state properties of Cd;—,Mn,S and Cd,_,Mn,Se in the B3 phase

with 25% Mn, structural optimization is performed by minimiz-
ing the total energy with respect to the unit cell volume using
Murnaghan’s equation of state as shown in Figure 1. The
calculated equilibrium lattice constant a, the bulk modulus B,
and the derivative of bulk modulus B’ of the DMSs are listed
in Table 1. To the best of our knowledge, there are no
experimental data and theoretical calculations that have appeared
in the literature yet. Therefore, we compare the results of our
binary compounds CdS and CdSe with the experimental data
and previous theoretical calculations (Table 1).

3.2. Electronic Band Structures and Density of States. The
calculated spin-polarized band structures of Cdy75Mng»5S and
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TABLE 2: Energy Gaps (eV) at High-Symmetry Points
from the Spin-Up Band Structure for the Cd,_.Mn,S and
Cdy-;Mn,Se with 25% Mn

band gaps CdMnS CdMnSe
EI T 0.75 0.38,0.19°
EI X 3.1 2.9
EL R 2.05 2.0

@ Reference 24.

Cdy7sMny »5Se for spin-up and spin-down alignments in the B3
phase are shown in Figures 2 and 3, respectively, which are
drawn along the high-symmetry directions in the first Brillouin
zone. Figures 2 and 3 show that both the top of the valence
band and the bottom of the conduction band are located at the
I point of the Brillouin zone, in agreement with the pure CdS
and CdSe band structures. We have taken the zero of the energy
scale at the top of the valence band for the spin-up case. One
can observe that both Cdj75Mng»sS and Cdy75Mng,sSe have a
direct band gap at the I point. The calculated values of Ef T,
E! % and EL * from spin-up band structures are listed in
Table 2.

Our calculated results of total and partial density of states
for Cdy75MnysS and Cdj75sMny,sSe are displayed in Figures 4
and 5, which provide a qualitative explanation of the atomic
and orbital origins of different band states. We observe that in
Cdy.75Mng »55/Cdg7sMng25Se, the s state of S/Se along with a
small contribution of the Cd p state occupies the lowest part of
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the valence band. The upper part of the valence band is occupied
by the Cd 4d state, while close to the Fermi surface, the S/Se
p states have a small contribution. The significance of the role
played by Mn 3d states can be seen in the upper part of the
valence band, where for the spin-up case these states are at the
Fermi surface and for the spin-down case they are a few
electronvolts below the Fermi surface. Above the Fermi surface,
the bottom of the conduction band is dominated by Cd s states
for the spin-up structure and there is a contribution of Cd s and
Mn d states for the spin-down case. From Figures 4 and 5, one
can also observe that the Mn 3d bands are occupied and centered
at El, = —3.54 eV for CdMnS and E}, = —3.23 eV for CdMnSe,
while the spin-down Mn 3d bands are empty and centered at
E, = +2.01 eV for CdMnS and E, = +2.15 eV for CdMnSe,
where E} and E!, are valence band maxima for spin-up and spin-
down cases, respectively.

The spin-exchange splitting energy defined as the separation
between the corresponding spin-up and spin-down peaks due
to the effective Mn 3d states, A(d) = E(Ch) — E(C}), is +4.32
eV for Cdy75Mng»5S and +4.14 eV for Cdj;5sMng,sSe. We can
specify the nature of attraction in these DMSs from the p—d
exchange splitting A%(pd) = E} — E!, AYpd) = E. — EL. The
value of AY(pd) and AS(pd) for Cdy75sMng,5S/Cdy75Mng2sSe are
—1.53/—1.08 eV and 0.21/0.32, respectively, which shows that
the effective potential for the minority spin is attractive as
compared to the majority spin as in the spin-polarized system.?

3.3. Exchange Coupling. The significant parameters deter-
mining the magnetic properties of DMSs are the s—d exchange
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Figure 4. Total and partial local spin DOS in the B3 phase: (a) total Cdy7sMny2sS, (b) Mn site, (c) Cd site, and (d) S site.
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constant Noa. and the p—d exchange constant Nof3, where N is
the concentration of cations. Noo. describes the exchange
interactions between the conduction electron carriers and the
Mn spin, whereas N3 explains the exchange interaction between
the holes and the Mn d state. These parameters describe how
the valence and conduction bands contribute in the process of
exchange and splitting. From the conduction and valence band
edges spin splitting (AE. = E!. — E!, AE, = E!, — E!), the
exchange constants can be calculated directly as®

AE AE

NOOL:TS;, NOﬁ:TS; (H

where x is the concentration of Mn. AE, and AE, are the band
edge spin splittings of the conduction band maxima (CBM) and
valence band maxima (VBM) at the I" point, and {S) is one-
half of the magnetization per manganese ion. Experimentally,
the exchange constants are measured from the exciton band that
is spin split in the optical-magnetoabsorption experiment.”’ We
calculated Nya. and Nyf for CdMnS and CdMnSe by using the
predicted values of AE., AE,, and (S), and the results are listed
in Table 3. These results show that the exchange coupling
between the conduction band of Cd, S, Se, and Mn impurity is
ferromagnetic, which confirms the expected magnetic character
of these materials.

3.4. Magnetic Properties. Our calculated results for total
and local magnetic moments for DMSs CdMnS and CdMnSe
in the B3 phase within the muffin-tin spheres as well as in the
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Figure 5. Total and partial local spin DOS in the B3 phase: (a) total Cdy7sMng2sSe, (b) Mn site, (c) Cd site, and (d) Se site.

TABLE 3: Calculated Conduction and Valence Band Edge
Spin Splitting and Exchange Constants (in eV) for the
Cd{-;Mn,S and Cd;_.Mn,Se with 25% Mn

Compounds AE, AE, Noo. Nof
CdMnS this work 021 —153 0336 —2.448
experimental 0.22>  —1.80°
CdMnSe this work 032 —1.08 0512 —1.728
experimental 0.26¢ —1.31¢

@ Reference 28. » Reference 29. ¢ References 30—33.

TABLE 4: Calculated Magnetic Moments (in ug) of Several
Sites and the Total Magnetic Moment for the Cd;—_,Mn,S
and Cd,_,Mn,Se with 25% Mn

site CdMnS CdMnSe
Mn 4.29842 4.30812, 4.32¢
Cd 0.02401 0.02030, 0.03¢
S 0.05066
Se 0.02973, 0.06¢
interstitial site 0.42716 0.41763
total up 5.0020 5.00013, 5.0¢

¢ Reference 24.

interstitial sites are listed in Table 4. These calculations show
that the total magnetic moment of 3d electrons within the Mn
sphere in CdMnS and CdMnSe are around 5.0020 and 5.00013
U, respectively (i.e., the atomic arrangement of Mn is well
matched with both 3d* and 3d%). Because of the partially
occupied Mn 3d levels, permanent local magnetic moments are
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produced in DMSs. Other interesting properties of DMSs occur
from the exchange relations between the magnetic ions and the
electrons or holes near the band edges.?> We can also observe
that the free space charge value 5.0 ug of Mn reduces to 4.29842
up for CdMnS and 4.30812 up for CdMnSe due to p—d
hybridization. Further, Mn atoms induce a local magnetic
moment in Cd, S, and Se atoms, while the magnetic moments
of all atoms are parallel in these DMSs materials: this could be
considered as a tunneling of spin-up impurity states to neighbor-
ing atoms.*

Conclusions

In this paper we present the spin-polarized structural,
electronic, and magnetic properties of the DMSs CdMnS and
CdMnSe at 25% Mn concentration. The calculations are
performed on the basis of full potential linearized augmented
plane wave plus local orbital (FP-L/APW+lo) method within
the spin-polarized density functional theory and the local spin
density approximation (LSDA). The Mn 3d half-filled electrons
have been treated as valence electrons. It is observed that due
to Mn 3d hybridization both materials have well-defined spin-
up and spin-down band structures. The comprehensive examina-
tion of the local densities of states has permitted us to find the
exchange splitting and crystal field splitting produced by Mn
3d states. Our calculations show that the effective potential for
the minority spin is more attractive than that for the majority
spin as is typical in spin-polarized systems. The exchange
constants Noat and NS have also been calculated, and the results
of total and local magnetic moments indicate that Mn impurity
adds no hole carriers to the perfect CdS and CdSe compounds.
It is found that the magnetic moments of all atoms are parallel,
while the spin-polarized charge around the Mn atom is localized.
Because of the partially filled Mn 3d levels, the local magnetic
moment of Mn reduces from its free space charge value due to
p—d hybridization and produces small local magnetic moments
on the nonmagnetic Cd, S, and Se sites.
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