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Electronic, optical and magnetic properties of Cr doped CdTe dilute magnetic
semiconductors were studied by using density functional theory (DFT).Electronic band
structure and density of states (DOS) for spin-up and spin-down states were investigated
which confirmed the half metallic ferromagnetic (HMF) behavior of synthesized material.
Band gap increased from 0.73 to 1.41 eV in spin-downstate by Cr doping of 6.25% to 25%
in CdTe binary compound. In optical properties, optical conductivity, absorption
coefficient, extinction coefficient, real and imaginary parts of dielectric function and
refractive index were studied in detail. It was observed that Cr play important role in the
ferromagnetic behavior ofCd,..Cr,Te compound. Results revealed that Cd,.,Cr,Te is a
promising candidate for optoelectronics and spintronics devices applications.
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1. Introduction

During the last few years, half metallic ferromagnetic (HMF)materials have been studied
widely due to their applications in spintronics and optoelectronics devices. Half metallic
ferromagnetic materials consist of two spin version, one spin version act as a semiconductor or
insulator with considerable energy gap around the fermi level while other act as metallic [1]. Some
of the materials have been described as a spin gapless semiconductor, in which one spin channel
has almost zero width energy gap around fermi level while the other spin channel has energy gap
[2].In 1983, Groot et al., gives the concept of half metallic ferromagnetic material by using the
band structures of the half-Heusler compound such as NiMnSb[3]. For the predication of half
metallic ferromagnetic behavior, different materials such as Co,FeSi [4], Fe;O4 [5], full-Heusler
compounds such as Co,MnSi [6], CrO,[7], perovskite alloys such as Sr,FeMoOs[8] and
Lay 7SrosMnO; [9] have been studied theoretically and confirmed by experimentally [10] .

Investigation of transition metals in binary compounds is beneficial to make the new
devices of spintronics such as light emitted diodes, logic devices, spin valves, ultra-fast optical
switches and magnetic sensors [11-12]. A lot of efforts have been made to investigate the
mechanism behind HMF andother physical properties, in order to discover the new half-metallic
ferromagnetic materials which are more auspicious for applications and basic properties are still
very important [13]. Diluted magnetic semiconductors (DMSs) have also been used to originate
the half metallic ferromagnetic properties[14-16].

In this work, electronic, magnetic and optical properties of Cr doped CdTe are
systematically studied in detail. Transition metal (Cr) was used as a doping element in CdTe
compound to investigate the spin polarization.
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2. Method of calculation

Full potential linearized augmented plane wave method(FPLAW)[17] with density
functional theory [18] was used to calculate the properties of materials [18-19] by using Wein2k
code [19]. PBE-GGA was used to measure exchange correlation potential[20-21].The core state
electrons are used for the solution of Dirac equation by ignoring the spin—orbit coupling [22]. The
maximum value of angular momentum was taken l..=10. To check the energy eigenvalue
convergence 35 k-points meshes were used for binary compound which expand the wave function
up to Kpax Rur=8 where Ryrrepresent the muffin-tin atomic radius and K. represent the
maximum value of reciprocal vector which are used to get the total energy convergence which was
less than the 0.00001 Ryd[23].The states of Te (4d" 5s?5p*) and Cd (4d' 5s°) are behaved as
valance electrons. The muffin-tin radii for Te and Cd were 2.4 and 2.3 a.u, respectively [24].

3. Results and discussions

3.1. Electronic Properties

Electronic bands structure of Cr doped CdTe compound at X = 6.25%, 12.50%
and25% are illustrated in Fig. 1. In the band structures the conducting nature have been
observed in spin-up channel due to the overlapping of conduction and valance bands, and
the semiconductor nature have been observed in spin-dn version because some of the
conduction band (CB) states are located in valence band (VB) states resulting the large
energy bandgap (Eg) around the Fermi level.

In Fig.1, the maxima of valance bands and minima of conduction bands are located at the
I' point of first Brillouin-zone and shows direct band gap. Cr doped CdTe compound gives
different energy band plots.

The calculated band gap for pure CdTe is 0.4 eV but after the doping of the transition
metal in CdTe compound the band gap first increased and later decreased. At the concentration of
6.25% & 12.50% the band gap was 0.73 and 1.41 eV, respectively, but after the 25% doping the
band gap again decreased to 1.03 eV. The doping of Cr causes the increase in energy gap for spin-
up channel and decrease in energy gap for spin-dn channel. The calculated band structures for Cd,.
«CryTe (X = 6.25%, 12.5% and 25%) shows a half metallic ferromagnetic nature. The nature of
electronic band structures is also studied by the total density of states (TDOS) and the partial
density of states (PDOS) of pure CdTe and CdCr,Te.
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Fig. 1. Spin-Polarized energy band plot of Cd;,CrTe (a) x = 6.25%, (b) x = 12.5%,
(c) x = 25%, (d) Pure CdTe compound.

Partial and total density of states curves are shown in Fig. 2 (a, b & c). Graphs shows that
Cr doped CdTe compound exhibits a half metallic ferromagnetic behavior as the density of states
(DOS) passes fermi level in the spin up version, and it is also clear from figure that the peaks
around the fermi level is mainly contributed by the 3d states of Cr. Total density of states at 6.25%
showed the energy gap about 0.73 in the spin-dn channel, and the contribution of Cd-d and Cr-d is
large as compare to all other orbits in partial density of states (POS).The energy gap is obtained
due to the hybridization of the 3d-state of transition metal, d, p-state of Cd and p state of Teas
shown in Fig. 2 (c). The TDOS at 12.5% concentration of Cr shows energy gap aboutl1.41 in the
spin-dn channel and showed overlapping in spin-up channel. The main contribution in PDOS is
due to 3d orbit of Cr and d orbit of Cd but the contribution of Te-p is small as compare to the Cd
and Cr.The energy gap is due to the hybridization of the d and p orbital of Cd and p orbital of Te
mainly contribute to the states near the fermi region as shown in Fig.2 (d, e&f). At 25%
concentration of Cr in CdTe compound the band gap was about 1.03 in spin-dn version as shown
in Fig.2 (g, h & K). The diversity of band gaps indicates applications of the compound in the
spintronic devices such as memory storage.
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Fig. 2. (a& b). Spin-Polarized total density of states of Cd,,Cr,Te (c) partial density of states atx =
6.25%,(d & e) total density of states and partial density of states at x = 12.5%, (g & h) total density of states

3.2.0ptical properties

and partial density of states at x = 25%.

Optical transitions occur between unoccupied and occupied states due to the electric field
of photon, so the optical properties of the medium can be derived from the complex dielectric
function e(w)=¢e1(w)+iex(w).
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Fig. 3. (a) Absorption coefficient (b) optically conductivity (c) refractive index of pure (d) extinction
coefficient of Pure CdTe and Cd,,Cr,Te (x = 6.25%, 12.5%, 25%).

Kramers—Kronig transformation are used to calculate the real part of dielectric function
e1(w) while the imaginary part of the dielectric function &,(w) are calculated by many-electron
wavefunction [25]. The peaks in the imaginary part of dielectric function are directly connected to
various intra-band and inter-band transitions in the first irreducible Brillion zone. All other optical
constants such as optical conductivityl (w), absorption  coefficiento(w), refractive
indexn(w),reflectivity R(w),extinction coefficient k(w)are basically attained fromimaginary
parte,(w) and real parte;(w)of dielectric function [26-28].

By the following formulas:

4m [ [ef (@) +£5( )]%+ (@) e
_ 4m [ [e1(w)+e3 (w &1 (w
) = 2 (erdiaw) w
() = = £,(w) @)
1/2
[ef(w)+£%(w)]%+£1(w)
nw) = 2 3)
al
k(w) = — (4)
_ [n(w)-1]2+k2(w)
R(w) = [n(w)+1]2+k2(w) ©®)
2
£(0) = 5o [ Pk By L < knlplkn > Pf (kn) x (1= f (k)8 (B = Exn =hw) — (6)

where A, w, &, and ¢, basically represents the wavelength, imaginary and real part of dielectric
constant and angular frequency, respectively of the incident light.
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Fig. 4. Reflectivity of pure CdTe and Cd,.,Cr,Te (x = 6.25%, 12.5%, 25%)

The optical properties of materials can be determined by optical absorption spectrum [29].
The strength of the penetration of light in a material is determined by absorption coefficient. Light
is not properly absorbed in those materials which contain low absorption coefficient and thin
materials show thetransparentbehavior for such wavelength. The absorption coefficient basically
depends upon the wavelength of light which is being absorbedin the material [30]. Optical
properties for pure CdTe compound were calculated and later compared with the Cr doped CdTe
compound. In optical properties the cutoff point appeared at 0 eV. The value of absorption
coefficient of pure CdTe is minimum at 0.4 eV as illustrated in Fig. 3 (a). By increasing the value
of energy, the value of absorption coefficient also increased but after 10 eV the value of absorption
coefficient starts to decrease. The highest absorption peaks of pure CdTe, Cdg.g375Crogs25T€,
Cdo.g75Cro.1250T€ and Cdo.7sCrg25Te are appeared at 6.8 eV, 6.7 eV, 7 eV and 6.8 eV and at this
energy range the value of absorption coefficients are 140, 127, 133 and 134, respectively. The pure
CdTe compound gives the highest peak but after the doping of transition metal at X= 0.0626,
0.125% and 0.25% concentration give broader and less pronounced peaks due to inter band
transition of transition metal from top most valance band to lowest conduction band. The highest
peak of pure CdTe compound appears in the ultra violet region. This means that the material in
not transparent in this area. The pure CdTe compound gives the highest peak at 4.5 eV and at this
energy the value of optical conductivity was 6803 as shown in Fig. 3 (b).

Similarly, second highest peak of pure CdTe was obtained at 5.8 eV. These both peaks
were present in the ultra violet region, but after the doping of transition metal the value of optical
conductivity decreases. The refractivity is basically a complex function in which extinction
coefficient k(w) represents the imaginary part and refractive index n(w) and represents the real part
of the dielectric function. In the Fig.3 (a & b), extinction coefficient and refractive index of Cr
doped CdTe compound are plotted versus the energy.
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Fig. 5. (a) Real part of dielectric function of pure CdTe and Cd;Cr,Te (x = 6.25%, 12.5%, 25%) (b)
imaginary part of dielectric function of pure CdTe and Cd,.,Cr,Te (x = 6.25%, 12.5%, 25%).

For the study of dissipation and propagation of electromagnetic wave both extinction
coefficient and refractive index are studied. The static refractive index is calculated by the static
dielectric constant with the following formula.

n(0) = /=(0) )

The static refractive index n(0) was2.9 as illustrated in Fig. 3 (a).In the range of 0 to 8
eV, the refractive index n(w) was decreased but after 8 eV the refractive index become constant.
Refractive index was5.6 for Cd0.9375cr0.0525Te, 7.6 for Cdo.875cr0_1250Te and 8.3 for Cd0.75cr0.25Te,
respectively. The intensity of refractive indices decreases with the increase of energy which
showed that the refractive index n(w) gradually decreases when the incident photon energy
increases. The refractive index of transition metal doped CdTe compound was higher as compared
to the refractive index of pure CdTe compound. Fig. 3 (b)shows the minimum and maximum
values of extinction coefficient at different energy ranges. First and the highest curve was obtained
at 0.1 eV, which means that large amount of absorption occurs at this energy range. Similarly, the
small curve was obtained at 1.1 eV which shows that at this energy there was small absorption so
the value of extinction coefficient at this energy is minimum. The value of extinction coefficient
increases first and then decreases and for higher value of energy it becomes zero. The value of
absorption coefficient washigher as compared to refractive index due to this reason it can be used
in solar cell industry.

The reflectivity of Cr doped CdTe are illustrated in Fig.4. The static reflectivity R(0) were
2.3 for pure CdTe and 0.54 for Cdgg375CrogesTe, 0.62 for CdygrsCroisoTe and 0.64 for
Cdo7sCro2sTe, respectively. For different doping levels, the curves shape and position of
reflectivity were quite similar with the curves of extinction coefficient. The highest peak of pure
CdTe was obtained at 7 eV and the value of reflectivity was 0.51.

The dielectric function mainly reflects the response of the material to the electric field. The
range of energy in imaginary part &, (w)and real part &; (w)of dielectric function was kept from 0
to 12 eV. In TM doped compound the real part &, (w) of dielectric function directs the propagation
behavior of the electromagnetic field. Real part &; (w)showed a negative value which was opposite
to the pure structure of CdTe. The negative value of the real part showed that the incident
electromagnetic wave are totally reflected, therefore the material represents the metallic nature as
shown in Fig. 5(a).

The static real dielectric function &, (w) for pure CdTe was 8.4 and its lowest peak was
appeared at 6.8 eV, the value of real part was -2.9. The cutoff point of imaginary part &,(w) was
0.3 at 0 eV energy and increases with the energy. At 4.5 eV, it achieves the maximum value 11.5
but after that energy range the value of &, (w) starts to decrease and become zero. Pure CdTe
compound gives the small value of imaginary part but after the doping of transition metal the value
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of imaginary part increases. The value of highest peaks were 26, 46 and 49 for
Cdg.9375Cr0.0625 T€,Cdg.575Crg 1250 T€ and Cdg.75Crg s Te, respectively as shown in FIgS (b)

3.3. Magnetic properties

The calculated magnetic moment of Cr doped CdTe compound is summarized in Table 1.
The total magnetic moments of the compounds were 4.00003, 4.00006 and 4.00017 g for 6.25%,
12.5% and 25% Cr doped CdTe compound, respectively. The partial magnetic moments of Cr
were 379650, 3.67644 and 3.82310 HB for Cd0.9375cr0.0525Te, Cdo.g7scr0_125oTe and Cd0.75cr0.25Te,
respectively. It confirms the major contribution of partially filled 3d orbit of Cr. The participation
of Te atoms were smaller as compared to Cr and Cd atoms.

Tablel. The interstitials (M), atom resolved (Mcq4, Mcr, M+e) and total magnetic moment
of Cr doped CdTe compound.

Mint Mcd MCr IVITe MTot
Cdo.9375Crooe2s T€

0.41422 0.01117 3.79650 -0.05891 4,00003
Cdo.5754Crg 1250 TE

0.46389 0.02702 3.67644 -0.04776 4.00006
Cd0.75Cr0,25Te

0.39256 0.01374 3.82310 -0.06418 4.00017

4. Conclusions

DFT has been used to analyze the electronic, magnetic and optical properties of Cr doped
CdTe compound, implemented by WIEN2K code. Transition metal such as Cr doped CdTe
compound showed half metallic ferromagnetic behavior with direct band gap nature.

The calculated values of band gap increase from 0.73 to 1.41eV in spin-dn states from
6.25% to 25% concentration of Cr and exhibited strong exchange mechanism in all concentrations.
The optical results of Cr doped CdTe compound showed the large value of dielectric constants at
the low values of energies. Results revealed that Cr doped CdTe (half metallic ferromagnetic)
material is suitable for optoelectronic and spintronic applications.
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