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Abstract. The electronic, magnetic and optical properties of Ni-doped CdSe diluted magnetic semiconductors have been
explored by density functional theory-based FPLAPW method as incorporated in the Wien2k code. The band structure and
density of states analysis for up spin channel and down spin channel illustrate half-metallic ferromagnetic behaviour. The
calculated values of the band gap in an insulating channel (down spin channel) increases from 0.4 to 0.8 eV with increasing the
doping concentration of Ni from 6.25 to 25%. The magnetic moment of Ni decreases and magnetic moment on nonmagnetic
side increases, which shows the strong pd-hybridization. Furthermore, the optical properties are characterized in terms of
dielectric constants, refractive index, extinction coefficient, absorption coefficient and optical loss factor. The static values
of the dielectric constant and refractive index are consistent with each other.
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1. Introduction
During the last few years, half-metallic ferromagnetic materials (HMF) have been studied widely due to their vast
technological applications in the devices of spintronics [1].
In HMF materials, one spin channel contained considerable
energy gap around the Fermi level, but the other spin channel
contained conducting nature [2]. In 1983, de Groot et al [3]
first predicted it, while studying the half-Heusler compounds
band structures. HMFs have been studied experimentally as
well as theoretically in diverse materials that also include the
oxides of metals, such as CrO2 [4], Fe3 O4 [5], Co2 FeSi [6],
Co2 MnSi [7], perovskite alloys such as Sr2 FeMoO6 [8] and
La0·7 Sr0·3 MnO3 [9]. In the periodic table, the CdSe semiconductors consist of the elements of column II and column VI.
The cadmium atom (Cd) of column II contains two valence
electrons in its s orbital [Cd] 4d10 5s2 . While the selenium
atom (Se) of column VI contains six valence electrons in its p
and s orbitals, [Se] 3d10 4s2 4p4 , and valence band of the CdSe
crystal is made of p orbitals of the selenium and conduction
band with s orbitals of cadmium. To improve the CdSe parameters, the doping of different transition metals is important in
dilute magnetic semiconductors (DMS) [10]. The physical
properties and applications of half-metallic dilute magnetic
semiconductors in nontraditional memory devices have got
a huge attention in last few centuries [11]. To know about
the mechanism of HMF, the study of transition metal-doped
0123456789().: V,-vol

CdSe compound is very important, and this study is also useful to improve the ferromagnetic properties [12]. The study
of doping compound is beneficial to make the new devices of
spintronics, such as light emitted diodes, logic devices, spin
valves [13], ultra-fast optical switches and magnetic sensors.
In spintronics, this material shows large physical properties,
and mobility of electron is 450−900 cm2 V−1 s−1 [14] and
shows direct band gap with the value of 1.74 eV. The ferromagnetic nature of materials has been described in many
theoretical and experimental researches [15]. To study the
magnetic properties, doping of any transition metals in this
compound is very important [16].
In the present work, we investigated the electronic, optical and magnetic properties of nickle-doped CdSe. The Ni
transition metal is used as a dopant agent to persuade spin
polarization in CdSe compound.

2. Computational details
The calculations which are presented in this work have been
performed by using full potential linearized augmented plane
wave method (FPLAPW) [17] as employed by WIEN2K code
[18]. The calculations of the electronic structure are performed by FPLAPW, because this method is very accurate.
The single particle equation of Khon–Sham and the density
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of spin-up and spin-dn are used to perform the calculations of
spin-polarization [19]. PBEsol+GGA functional was used for
the exchange–correlation energy of electrons [20,21]. Cadmium selenide, CdSe is a face-centred cubic (FCC) structure.
The lattice parameter of pure CdSe is 6.05 Å and the atomic
positions for Cd are (0, 0, 0) and for Se are (0.25, 0.25, 0.25)
[22]. The valence electronic configuration of Ni-doped CdSe
comprised of 4d10 5s2 for Cd, 4s2 4p4 for Se and 3d6 for Ni
[23]. The 64 atoms of supercell resemble to 2 × 2 × 2 of CdSe
was constructed. In this work, the Cd atom in CdSe crystal
is substituted by Ni to get the ordered alloy. The Ni-doped
CdSe structures were optimized with both atomic positions
and the lattice constants [24,25]. For the sampling of the first
Brillion-zone, Monkhorst-pack structure was accepted [26].
For computational accuracy in CdSe structure, choose 550 eV
of cutoff energy and the set of k point meshes are not less than
the 7 × 7 × 7 [27].
3. Results and discussion
Figure 1a–d represents the geometrical structure of
Cd1−x Nix S (x = 0.0, 0.0625, 0.125, 0.25, respectively).
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Geometrical structure is very important to explain the optical
properties of the materials. Variation in structural symmetry changes the properties of the compound abruptly at high
concentration as illustarated in the optical properties of the
compound. The band structure of Ni-doped CdSe alloys
at x = 6.25, 12.50, 25% and CdSe are calculated in the
first Brillouin-zone. The energy band plots for Ni-doped CdSe
are illustrated in figure 2a,b,c and d, respectively. Figure
showed the spin-dn and spin-up electronic band structures
of Ni-doped CdSe along with the high symmetrical direction
in Brillouin-zone. The Ni-doped CdSe compound gives varying energy band plots. In the spin-dn channel, overlapping
of valance bands and conduction bands has been observed,
which indicates the conducting nature of Ni-doped CdSe compound. The spin-up channel of Ni-doped CdSe compounds
illustrate the semiconducting gap (where the Fermi level forbidden energy gap exists). In the figure, the bottom of the
conduction bands and the top of the valance bands are located
at the  point of first Brillouin-zone, resulting direct band gap.
After doping, the calculated band structure of Cd1−x Nix Se
for x = 6.25% shows half-metallic feature, in which spin-dn
being metallic with large number of unfilled states above the

Figure 1. Geometrical structure for (a) Pure CdSe, (b) Cd0.9375 Ni0.0625 Se, (c) Cd0.875 Ni0.1250 Se
and (d) Cd0.75 Ni0.25 Se compounds.
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Figure 2. Spin-polarized energy band plots of (a) Cd0.9375 Ni0.0625 Se, (b) Cd0.875 Ni0.1250 Se, (c) Cd0.75 Ni0.25 Se and (d) pure CdSe
compounds.

Fermi-region and spin-up being semiconductor as represented
in figure 2a. HMF behaviour is also found in Mn-doped GaAs,
V-doped CdTe, Mn-doped GaAs and Cr-doped TiO2 [28].
These vacant states behave like a free hole and slightly localized, and with increasing the concentration of Ni, band gap is
also increased. The energy gap in spin-up channel increases
with the increase of Ni concentration. The band gap is changed
due to the increase in spd exchange interaction among localized electrons of 3d state of Ni. When 12.5 and 25% Cd is
substituted by Ni in the CdSe compound, the lattice constant
decreased. The calculated band gap of pure CdSe is 1.6 eV.
The change in lattice constant disturb the CdSe band gap. The
modified band gap is 0.4 eV for Cd0.9375 Ni0.0625 Se, 0.5 eV for
Cd0.875 Ni0.1250 Se and 0.8 eV for Cd0.75 Ni0.25 Se as shown in
figure 2b, c and d.
To identify the nature of the band structure, partial- and
total-density of states (TDOS) were calculated. Density of
states provide complete information about the occupancy of
the electrons in different states at wide energy range and representative occupied and unoccupied energy levels. It was also
noted that the Ni atom states play very important role in both
the valance and conduction bands. The TDOS of Ni-doped
CdSe at x = 6.25, 12.5 and 25% are, respectively, displayed
in figure 3. DOS curves in spin-up and spin-dn versions show
a half-metallic behaviour. In TDOS, when 6.25% Cd is substituted by Ni, the metallic nature was observed in spin-dn

channel by the overlapping of conduction and valance bands
at the Fermi level, and small band gap is observed in spinup channel as shown in figure 3. When 12.5 and 25% Cd
are replaced by Ni in the CdSe compounds, the band gap in
spin-up channel increased by increasing the concentration of
the Ni as illustrated in figure 3. For the sake of comparison,
between doped and pure CdSe compounds, partial density
of states (PDOS) of Ni-doped CdSe compound are plotted,
which illustrate significant differences in conduction band
and valance band states before and after the doping. PDOS
are related to 3d orbital of transition metal, d orbital of Cd and
p orbital of Se in Ni-doped CdSe compounds. Cd-d is largely
contributing in the spectra of PDOS and the participation of
Ni-3d is also very important due to the doping of Ni-3d in
CdSe compound, a new peak is appeared at the Fermi level as
shown in figure 3, while the contribution of the Se- p is small
as compared to the Cd-d and Ni-3d. In Ni-doped CdSe semiconductors at x = 6.25%, the half-metallic gap is obtained
due to the hybridization of the 3d-state of transition metal,
d-state of Cd and p-state of Cd, and at 12.5% doping, the
half-metallic gap is due to the hybridization of the 3d orbital
of TM, p orbital of Cd and s orbital of Se mainly contribute to
the states near the Fermi region as shown in figure 4. At 25%
concentration of Ni, only 3d orbital of nickel is hybridized at
the Fermi-level in spin-dn channel as shown in figure 5. When
the concentration of Ni is increased, the spin-dn approaches
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Figure 3. (a and b) Spin-polarized TDOS of Cd0.9375 Ni0.0625 Se
and (c) Spin-polarized PDOS of Cd0.9375 Ni0.0625 Se compound.

at the Fermi-region, while spin-up moves away from the
Fermi-region, due to this reason, the band gap increased.
TDOS and PDOS show that resultant properties of Ni-doped
CdSe is due to the hybridization of host orbitals and transition
metal.
To know the effect of doping element on optical properties
of materials, refractive index extension coefficient, optically
conductivity, absorption coefficient and imaginary and real
parts of the dielectric function are calculated. CdSe is an energetic member of optoelectronic devices, thus, we inspect the
effect of Ni doping in CdSe compounds. First, we calculated
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Figure 4. (a and b) Spin-polarized TDOS of Cd0.875 Ni0.1250 Se
and (c) spin-polarized PDOS of Cd0.875 Ni0.1250 Se compound.

the optical properties for pure CdSe compound, and then, are
compared with the doping of Ni in CdSe compound. All these
properties are interrelated and frequency-dependent. In optical properties, the cutoff point appeared at 0 eV. Energy of
pure CdSe at 0 eV (the starting point), the value of absorption coefficient is minimum as illustrated in figure 6a. The
absorption coefficient describes the light harvesting ability of
a material in which photon is absorbed due to band to band
transition of electrons. 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. In this figure, the pure CdSe compound
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Figure 6. (a) Absorption coefficient of pure CdSe,
Cd0.9375 Ni0.0625 Se, Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds. (b) Optical conductivity of pure CdSe, Cd0.9375 Ni0.0625 Se,
Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds.

The Cd1−x Nix Se for x = 6.25% compound displays good
transparency in the ultraviolet region. For the absorption
curves, the TDOS are responsible because distributions of
TDOS are similar for three-doped system. The absorption
coefficient and extinction coefficient are proportional to each
other through the relation:
Figure 5. (a and b) Spin-polarized TDOS of Cd0.75 Ni0.25 Se.
(c) Spin-polarized PDOS of Cd0.75 Ni0.25 Se compound.

show strong absorption around 7.7 eV with 159 × 104 cm−1
absorption coefficients in the ultra violet range.
After the doping of 25% Ni, the value of absorption peak at
8.2 eV is significantly reduced to 148 × 104 cm−1 due to the
interbond transition of impurities and also show the shifting
of absorption peaks towards the lower energy as compared to
pure CdSe. After 12.5 and 6.25% dopings of nickel, the value
of absorption coefficient was 140 × 104 and 139 × 104 cm−1
at 7.9 and 7.6 eV, it means that the effect of doping clearly
modifies the absorption spectra and reduce the sharpness
of the peaks. On increasing the energy range from 7.7 eV,
the peaks value of absorption coefficient starts to decrease.

α = 4π k/λ.
The optical conductivity describes the bond breaking in the
material when electromagnetic waves of high energy fall on
the material. The value of optical conductivity is the highest
for pure CdSe compound, but after the doping of transition
metal, such as Ni in CdSe compound, the value of optical
conductivity decreases. After a certain energy range, the value
of optical conductivity for all CdSe systems decrease and
become zero at the highest energy range, because the optical
conductivity of material is created by electron transportation
due to photon radiations. The value of optical conductivity for
pure CdSe compound is 7229 siemens at 7.4 eV and appears
in the form of highest peak as shown in figure 6b. The high
value of optical conductivity in ultra violet region proves that
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Figure 7. (a) Refractive index of pure CdSe, Cd0.9375 Ni0.0625 Se,
Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds. (b) Extinction
coefficient of pure CdSe, Cd0.9375 Ni0.0625 Se, Cd0.875 Ni0.1250 Se and
Cd0.75 Ni0.25 Se compounds.
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Figure 8. (a) Real part of dielectric function of pure CdSe,
Cd0.9375 Ni0.0625 Se, Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds. (b) Imaginary part of dielectric function of pure CdSe,
Cd0.9375 Ni0.0625 Se, Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds.

the Ni-doped CdSe compound is very useful in photovoltaic
applications.
The absorption coefficient and optical conductivity are calculated by the following formulae [29]:

1/2
1
4π [ε21 (ω) + ε22 (ω)] 2 + ε1 (ω)
,
I (ω) =
λ
2
ω
σ (ω) =
ε2 (ω).
4π

(1)
(2)

The refraction is basically composed of refractive index n(ω)
and extinction coefficient k(ω). In the range of 0–8 eV, value
of the refractive index n(ω) decreases, but the value of extinction coefficient increases first and then decreases as shown
in figure 7a and b. After 8 eV, the value of refractive index
n(ω) becomes constant, but the value of extinction coefficient k(ω) decreases to zero, which expresses that CdSe
compound was weak in the absorption of very high energy.
The refractive index n(ω) of pure CdSe was 2.4 at 0 eV. It

Figure 9. Reflectivity of pure CdSe, Cd0.9375 Ni0.0625 Se,
Cd0.875 Ni0.1250 Se and Cd0.75 Ni0.25 Se compounds.

was 11.4 for Cd0.9375 Ni0.0625 Se, 23 for Cd0.875 Ni0.1250 Se and
8.3 for Cd0.75 Ni0.25 Se. The static refractive index n(0) of pure
CdSe compound was 2.4. With the increase in energy, the
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The interstitials (Mint ), atom resolved (MCd , MNi , MSe ) and total magnetic moment of Ni-doped CdSe compound.

CdSe
Cd0.9375 Ni0.0625 Se
Cd0.8754 Ni0.1250 Se
Cd0.75 Ni0.25 Se

Mint

MCd

MNi

Mse

MTot

0
0.25338
0.25406
0.25006

0
0.00936
0.03216
0.01626

0
1.31104
1.2530
1.28014

0
0.09163
0.10747
0.10527

0
2.00002
1.99997
2.00005

intensity of refractive index decreases, which shows that when
the energy of the incident photon increases then, the refractive
index n(ω) gradually decreases. In Ni-doped CdSe compound, the refractive index n(ω) is higher than the refractive
index of pure CdSe compound as illustrated in figure 7a. At
the low angular frequency, the static refractive index n(0) is
related to the static dielectric constant by the following relation [30]:
n(0) =



ε(0).

n(ω) =
k(ω) =

1

[ε21 (ω) + ε22 (ω)] 2 + ε1 (ω)
2

αλ
.
4π



V e2
3
ε2 (ω) =
k
lkn| p|kn  l 2 f (kn)
d
2π h̄m 2 ω2

nn
 
×(1 − f kn  δ(E kn − E kn  − h̄ω).

(6)

(3)

The following formulae are used to calculate the values of
refractive index n(ω) and extinction coefficient k(ω) [31]:


imaginary part normally represents the absorption of light in
crystal.
The following formulae are used to calculate the imaginary
part ε2 (ω) of dielectric function [35]:

1/2
,

(4)

In dielectric function, the peaks of imaginary part are directly
connected to various inter-bands or intra-bands transitions
in first Brillouin-zone [36]. All these optical properties are
widely used in optoelectronic devices.
The reflectivity which is depending on the frequency is very
important for describing the optical nature of compound.
The following formula is used to calculate the reflectivity
[31]:

(5)
R(ω) =

To study the optical properties of the Ni-doped CdSe compound, the dielectric function, such as ε = ε1 + iε2 , are also
calculated. The real part of dielectric function is represented
by ε1 and imaginary part is represented by ε2 . The imaginary
part ε2 of dielectric function can be computed theoretically,
which are based on density functional theory (DFT) [32].
Dielectric function basically builds the bridge between interband transition and electronic structure [33]. The dielectric
function and the absorption coefficient depend on the valance
band and the conduction band transition. All optical constants,
such as optical conductivity, absorption coefficient and reflectivity are derived from ε2 (ω) and ε1 (ω) [34]. The computed
results of imaginary and real parts of the pure CdSe and Nidoped CdSe compounds are shown in figure 8a and b. The
range of energy in imaginary part ε2 (ω) and real part ε1 (ω) of
dielectric function is 0–10 eV. In Ni-doped CdSe compound,
the real part ε1 (ω) of dielectric function directs the propagation behaviour of the electromagnetic field. In this compound,
real part ε1 (ω) shows a negative value, which is opposite to
the pure structure of CdSe. The negative value of the real
part at this energy range shows the incident electromagnetic
wave, that are totally reflected, therefore, the material shows
the metallic nature as shown in figure 8a. In real part ε1 (ω),
the pure CdSe show no bumps. In dielectric function, the

[n(ω) − 1]2 + k 2 (ω)
.
[n(ω) + 1]2 + k 2 (ω)

(7)

For pure CdSe compound, the value of reflectivity is very
small, but after the doping of transition metal, the value of
reflectivity increases. The value of static reflectivity R(0) is
0.18 of pure CdSe compound as shown in figure 9.
Magnetic moments of Ni-doped CdSe compound are
summarized in table 1. The total magnetic moment shows
2.00002, 1.99997 and 2.00005 μB values for 6.25, 12.5
and 25% doping of Ni in CdSe compound, respectively.
The partial magnetic moments of Ni were 1.31104, 1.2530
and 1.28014 μB in Cd0.9375 Ni0.0625 Se, Cd0.8754 Ni0.1250 Se and
Cd0.75 Ni0.25 Se, respectively. It confirms the major contribution of Ni in magnetic moments. The magnetic moment of Se
is the second dominant contributor in Ni-doped CdSe compound, and the participation of cadmium atom is smaller as
compared to nickel and selenium atoms. Results revealed that
Ni-doped CdSe compound is suitable for spintronics devices.

4. Conclusion
The electronic, magnetic and optical properties of Ni-doped
CdSe diluted magnetic semiconductors have been analysed
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by DFT as implemented by WIEN2K code. The half-metallic
ferromagnetism has been confirmed by Ni doping in CdSe.
The DMS character increases by decreasing the doping concentration. Moreover, the magnetic moment of Ni decreases
and nonmagnetic elements Cd and S increase, because of
strong hybridization. The half-metallic gap increase from
0.4 to 0.8 eV shows that the strong exchange mechanism
and down spin channel play prominent roles. The optical
behaviour of these metallic compounds is consistent, because
of large value of dielectric constant in the low energy region.
The analysis of the studied DMS confirms that these materials
are more suitable for spintronic applications than optoelectronic applications.
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