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By using the first-principles calculation method, the electronic structure and magnetic interactions of
Ni-doped wurtzite CdS have been investigated. The results reveal that the ground state of the system
is a spin polarized state. The magnetic moment of Ni-doped CdS is 2.0 µB per cell, which mainly
comes from Ni and its neighbor S atoms. Various configurations of Ni-doped CdS show half-metallic
characters with a 100% spin polarization. Ni-doped wurtzite CdS presents a long-range ferromagnetic
coupling. These results indicate that Ni-doped wurtzite CdS is a promising spin electronic material.
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1. Introduction

During the past decades, dilute magnetic semi-
conductors (DMSs) have attracted much attention
due to their potential as a new functional mate-
rial, paving the way for the introduction of spin
into semiconductor devices [1, 2]. Generally, the
primary purpose is searching for DMSs with in-
trinsic ferromagnetism and the Curie temperature
(TC) higher than room temperature (RT). For this
purpose, DMSs with RT ferromagnetic (FM) prop-
erty, which consisted of a semiconductor doped by
3d transition metal (TM) or nonmagnetic elements,
have been realized experimentally, such as Cr-doped
ZnTe and GaN [3, 4], TMs-doped ZnO, TiO2, SnO2,
Ti2NiAl [5–10]. However, the origin of RT ferromag-
netism can be from intrinsic magnetic behaviors,
precipitation of magnetic clusters or the secondary
magnetic phases, which is still under debate [11].
These extrinsic magnetic behaviors are undesirable
for practices. In order to understand the origin
of ferromagnetism in DMSs, many research groups
have studied the influence of doping and vacancy on
FM properties by using the first-principles calcula-
tion method [10–13].

Cadmium sulfide (CdS) is a famous II–VI semi-
conductor material due to its excellent photoelec-
tric properties. CdS films have been widely used in
sensors, solar cells, nonlinear integrated optical de-
vices and other fields [14, 15]. As already reported,
CdS-based DMSs can be realized by transition met-
als Mn, Fe, Co and some nonmagnetic dopants

as well [16–19]. However, these studies mainly focus
on CdS with a zinc blende structure, while there is
a shortage of research related to wurtzite CdS.

Therefore, in this paper, based on the first-
principles calculation method, the electronic struc-
ture and magnetic properties of Ni-doped wurtzite
CdS are analyzed, and the origin of its magnetism
is also discussed. The calculated results show that
Ni-doped wurtzite CdS presents a 100% spin po-
larization. This research not only helps us to un-
derstand the origin of ferromagnetism of DMSs but
also supplements the diluted magnetic semiconduc-
tor materials.

2. Details of calculations

Geometry optimization and energy calculations
were performed using density functional theory
(DFT) with a plane wave expansion in the Cam-
bridge Serial Total Energy Package (CASTEP)
code [20]. The interaction between the electrons
and the ionic core is described by an ultrasoft
pseudo-potential [21]. The electron–electron ex-
change and correlation effects are described by the
Perdew–Burke–Ernzerhof (PBE) scheme in the gen-
eralized gradient approximation (GGA) with and
without Hubbard U [22, 23]. The valence electrons
for S, Cd, and Ni are chosen as 3s23p4, 4d105s2

and 3d84s2, respectively. The energy cutoff is set
to 300 eV, and a Monkhorst–Pack grid with pa-
rameters of 3 × 3 × 3 was used for the irreducible
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TABLE I

The calculated lattice parameters, total energies of intrinsic and Ni-doped CdS.

a [Å] c [Å] β Etot [eV] Eg [eV]

CdS in Ref. [24, 25] 4.135 6.749 2.42

intrinsic CdS 4.227 6.878 120.000 −3126.08447 1.13

Ni–CdS (non-spin polarized state) 4.198 6.840 120.004 −56340.53833

Ni–CdS (spin polarized state) 4.202 6.834 120.004 −56340.82591

Brillouin zone. In the geometry optimization pro-
cess, the SCF tolerance, the maximum tolerances
of the force, stress, and displacement were set
to 0.5 × 10−6 eV/atom, 0.01 eV/Å, 0.02 GPa and
0.5 × 10−3 Å, respectively.

It should be noted that both LDA and GGA
schemes tend to underestimate the bandgap and
give a strong FM coupling interaction [22, 23]. This
is caused by the overestimation of delocalization
of wave function. There are many approaches to
relieve the dilemma, including hybrid potentials
methods and the DFT+U scheme [23]. In this
paper, besides GGA calculations, GGA+U calcu-
lations are also performed to study the magnetic
interactions.

In GGA+U calculations, when considering the
localization of Ni 3d, Cd 4d and S 2p electrons,
and in order to cater for the bandgap of CdS in
experiments [24, 25], the on-site Coulomb repulsion
U = 7.2 eV and U = 3.87 eV is applied to Cd 4d and
S 2p state, respectively. For the Ni 3d state, there
is no experimental value in Ni-doped wurtzite CdS
and there is also no theoretical research. Here, in
our GGA+U calculations, we used the same value
U = 7.2 eV to the Ni 3d state and Cd 4d state, as
it was done in other studies [26, 27].

CdS can present a hexagonal wurtzite struc-
ture (space group P63mc) with lattice constants
a = 4.14 Å, c = 6.71 Å, as reported by [24]. Based
on a conventional wurtzite CdS cell, we build
a 3 × 3 × 2 CdS supercell (72 atoms) as a matrix
for the doped system, which contains 36 Cd atoms
and 36 S atoms, as shown in Fig. 1.

Fig. 1. The supercell structure of CdS.

3. Results and discussion

3.1. Geometry optimization

Firstly, the geometry optimization of CdS is per-
formed, and the results show that the lattice con-
stants a and c are 4.227 Å and 6.878 Å, respectively.
These results are in good agreement with the exper-
imental values (a = 4.135 Å, c = 6.749 Å) [24, 25]
which means that our calculation model and calcu-
lation settings are reasonable. The Ni-doped CdS
model is established in such a way that a Ni atom
replaces a Cd atom in a 72 atom supercell. With
geometry optimizations, we can get the energies
of doped systems with a spin polarized state and
a non-spin polarized state, respectively, as shown
in Table I. One can see there that the total energy
of the Cd35NiS36 system with the spin polarized
state is lower than that with the non-spin polarized
state. Therefore, the ground state of Ni-doped CdS
is spin polarized. It can also be seen from Table I
that the lattice parameters slightly decrease after
Ni doping, which can be related to the fact that the
ion radius of Ni is 0.73 Å smaller than that of Cd
(0.95 Å). Moreover, the calculated bond length of
Ni–S in the NiS4 tetrahedron is 2.32 Å, i.e., 0.27 Å
smaller than for Cd–S (2.59 Å) in the CdS4 tetra-
hedron. This can also contribute to the difference
of lattice parameters.

To test whether CdS can be doped by Ni atoms,
the formation energy of the doped system is calcu-
lated using [28, 29]

Eform = ENi−CdS − ECdS − µNi + µCd. (1)
Here, ENi−CdS is the total energy of the doped sys-
tem, ECdS is the total energy of intrinsic CdS, µNi

and µCd are the chemical potentials of Ni and Cd
atom, respectively. The µNi is equal to the energy
of one Ni atom in Ni bulk. Under cadmium-rich
conditions, the chemical potential of cadmium is
approximately equal to the energy of a Cd atom
in the bulk of metal Cd. Under sulfur-rich con-
ditions, the chemical potential of S is equal to the
energy of an S atom in S bulk. Hence, the chemical
potential of Cd can be obtained by the relation

µCd = ECdS − µS, (2)
where µS is the chemical potential of S. The forma-
tion energy of Ni-doped CdS has been calculated
under high cadmium and sulfur conditions, respec-
tively. The results show that the formation energy
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Fig. 2. Band structures of the spin-up and the
spin-down of Cd35NiS36. The zero energy corre-
sponds to the Fermi energy.

Fig. 3. Total DOS of Cd35NiS36, partial DOSs of
Ni d, S p and Cd p. The zero energy corresponds
to the Fermi energy.

of Ni-doped CdS is (i) 1.95 eV under cadmium-rich
conditions, (ii) 0.60 eV under sulfur-rich conditions,
which turn out to be far less than the formation en-
ergy of the C-doped CdS system (1.2 eV) [16], and
also less than the formation energy of the Cu-doped
CdS system (0.73 eV) [29]. One can conclude that
in the case of rich sulfur, the structure where Ni
replaces Cd is more stable and can be easily fabri-
cated in experiments.

3.2. Electronic properties of Ni-doped CdS

The band structure of Ni-doped CdS is shown
in Fig. 2, from which it can be seen that the Ni
dopant can introduce a new impurity energy level
into the spin-down band gap. Note that the im-
purity energy level only appears in the spin-down
band, indicating that the doping system presents
the half-metallic characteristics with a 100% spin
polarization.

In order to clarify the contribution of different
atoms in the Ni-doped CdS system to the spin state,
the total and partial density of states (DOSs) of
Cd35NiS36 are analyzed (see Fig. 3). There are ob-
vious overlaps among the Ni d, S p and Cd p states

Fig. 4. Spin density distribution of Ni and its sur-
rounding.

near the Fermi level, indicating that there is
a strong p–d hybridization between them. These
strong interactions can respond to the splitting of
energy levels near the Fermi level. Ni-doped CdS
has a total magnetic moment of 2.0 µB, in which
most of the magnetic moments are localized in the
NiS4 tetrahedron. The spin density distribution is
shown in Fig. 4. We found that the magnetic mo-
ment localized on Ni atom is 0.65 µB, and the re-
maining part comes mainly from the nearest sulfur
atom around the Ni dopant. The magnetic moment
provided by S at the vertex of the NiS4 tetrahedron
is 0.07 µB, where the magnetic moment contributed
by each S atom is 0.06 µB.

3.3. Magnetic coupling
of two Ni-doped CdS systems

To test the ferromagnetic properties of Ni-doped
CdS, the magnetic coupling characteristics of Ni
doped system have been studied. We replaced two
Cd by two Ni atoms, considering different configu-
rations in the 3 × 3 × 2 CdS supercell. These con-
figurations are (1, 2), (1, 3), (1, 4), (1, 5), and (1, 6),
where the numbers 1–6 indicate the positions of the
replaced Cd atoms (see Fig. 1). With full geometry
optimization of each configuration, the distance be-
tween Ni–Ni pairs in the five configurations is 4.10,
3.99, 5.99, 7.98, and 7.32 Å, respectively. The en-
ergy calculations of the FM and antiferromagnetic
(AFM) states of various configurations were per-
formed and the results are shown in Table II, where
dNi−Ni represents the distance between Ni and Ni,
and M is the total magnetic moment of the dou-
ble doping system. We use ∆E = EAFM − EFM

as the criterion of ferromagnetic stability. If ∆E is
positive, the ferromagnetic state of the structure is
more stable; otherwise, the antiferromagnetic state
is the prior state.

Our results show that ∆E is greater than zero for
all configurations, therefore proving that the ground
state of Ni-doped wurtzite CdS prefers a ferromag-
netic state. The magnetic moment of various con-
figurations is kept at 4.0 µB. This means that the
half-metal property of Ni-doped CdS presents ro-
bustness — a feature important for the application
of spin electronics. We may also note in Table II
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TABLE II

Summary of total energies of FM and AFM states, magnetic moments and energy differences (∆E = EAFM − EFM)
for different configurations of Cd34Ni2S36 with GGA and GGA+U .

Configuration dNi−Ni [Å]
GGA GGA+U

M [µB] EFM [meV] EAFM [meV] ∆E [meV] ∆E [meV]
(1, 2) 4.10198 4.00 22.05 140.94 118.89 −5.77

(1, 3) 3.99422 4.00 0 539.51 539.51 1.11
(1, 4) 5.98655 4.00 183.43 223.64 40.22 −24.82

(1, 5) 7.98203 4.00 211.68 1240.49 1028.81 53.36
(1, 6) 7.32191 4.00 197.26 812.45 615.19 12.89

that the ferromagnetic state of the (1, 3) configu-
ration has the lowest energy as compared to other
configurations so that the total energies are inter-
preted relative to that of the configuration (1, 3)
with the FM state. Meanwhile, since the distance
between Ni and Ni in the (1, 3) configuration is the
shortest, the two Ni atoms tend to occupy the near-
est neighbor position, causing the cluster-like effect.

It is interesting that the (1, 5) configuration, in
which the distance between Ni and Ni is the longest
(7.98 Å), takes the strongest FM coupling with
∆E = 1028.81 meV. A long-range interaction of FM
is therefore justified. Due to the periodic properties
of models, the magnetic coupling would be then
modulated by the neighbor supercell. The (1, 5)
configuration would be affected by the neighbor unit
the most because of the largest distance between Ni
dopants as compared to other calculated configura-
tions. Nevertheless, the FM coupling can still be
regarded as a long-range interaction since the dis-
tance between the Ni dopant at site 1 in the neigh-
bor unit and the Ni dopant at site 5 nearly equals
the Ni–Ni distance in the (1, 5) configuration.

To study the source of ferromagnetism and long-
range ferromagnetism of Ni-doped CdS, we mapped
the spin resolved band structure of configuration
(1, 3). This is shown in Fig. 5, from which we can
find all the defect levels presenting the main spin
states. The 100% spin polarization rate can be re-
sponsible for the integer magnetic moment of the
system. The spin density distribution of configura-
tion (1, 3) of Cd34Ni2S36 is shown in Fig. 6. There,
one can see that spin coupling between the Ni–Ni
pair can be realized by a bridge connecting the
S atom due to the strong p–d coupling. As a result,
Ni atoms take the same spin orientation, inducing
a strong ferromagnetic coupling between them.

To further elucidate the origin of ferromagnetism
of Ni-doped CdS, in Fig. 7 we have presented
the spin density distribution of configuration (1, 5)
which shows the maximum Ni–Ni distance among
all configurations. The ferromagnetic coupling be-
tween Ni atoms at such a large distance cannot be
explained by double exchange or super exchange in-
teraction. Our suggestion is that the Cd atom be-
tween two NiS4 tetrahedrons modulates the ferro-
magnetic coupling between Ni and Ni. Note that

Fig. 5. Band structures of Ni and its surrounding
for configuration (1, 3) Cd34Ni2S36. The zero en-
ergy corresponds to the Fermi energy.

Fig. 6. Spin density distribution of Ni and its sur-
rounding for configuration (1, 3) Cd34Ni2S36.

a strong p–d hybrid between Ni and the nearest
S atom affects the spin polarization of the S atom,
and such hybridization can modulate the ferromag-
netic coupling between Ni atoms. The second near-
est neighbor Cd atom is coupled with the third
nearest S atom, and the third nearest S atom is sim-
ilarly coupled with its nearest Ni atom, so it gives
the Ni 3d–S 3p–Cd–S 3p–Ni 3d interaction chain.
This chain of action can be responsible for the long-
range coupling between Ni and Ni.

The modified ∆E values of various configurations
computed using GGA+U are listed in Table II. We
found that the Coulomb interaction has a strong

6



First-Principles Study on Electronic Structure and Magnetic Interactions. . .

Fig. 7. Spin density distribution of Ni and its sur-
rounding for configuration (1, 5) Cd34Ni2S36.

influence on ferromagnetic coupling in Ni-doped
CdS. The magnetic Ni–Ni interaction obtained with
the GGA+U method is much smaller than that
obtained with the GGA method. This may origi-
nate from the enhancement of localization of cor-
responding wave functions. As a result, the spa-
tially extended states of electrons decrease, induc-
ing a smaller exchange interaction between Ni im-
purities. Similar observations were made in [26].
However, in some other reports, the Hubbard U can
enhance magnetic coupling interactions [30]. As the
influence of Hubbard U on ferromagnetic stability
is absorbing, more detailed research is needed.

The tendency of the coupling strength to vary de-
pending on configurations, shown by the GGA+U
method, is similar to that of the GGA method.

For example, configuration (1, 2) and (1, 3)
present the AFM and the FM ground state, respec-
tively, both, however, take the form of the Ni–S–Ni
bridge. This may come from the anisotropy of
wurtzite CdS. Configuration (1, 5) remains in the
FM ground state under the GGA+U calculations,
also indicating the long-range interaction of the FM
coupling in Ni-doped CdS.

It should be noted that in many DMSs, the spin
polarization of 100% can be realized only in the
case of a supercell with one dopant atom. In the
case of the supercell with dopant pair configura-
tions, the spin polarization of 100% is destroyed.
In fact, this greatly hinders the application prospect
of DMSs. However, in the case of Ni-doped CdS in
this work, we have found that all configurations of
the supercell with Ni pairs present a 100% spin po-
larization. Moreover, as mentioned above, Ni-doped
CdS presents a long-range ferromagnetic coupling.
These results show that Ni-doped CdS is a promis-
ing spin electronic material.

4. Conclusions

Based on the first-principles method of density
functional theory, the electronic structure and mag-
netic properties of Ni-doped wurtzite CdS were
studied. The results showed that the ground state

of the considered system is a half-metal with a 100%
spin polarization. A nitrogen dopant can intro-
duce a magnetic moment of 2.0 µB, which comes
mainly from the NiS4 tetrahedron. All configura-
tions of Ni-doped wurtzite CdS allow for keeping
a 100% spin polarization. Also, the long-range fer-
romagnetic coupling could be realized in Ni-doped
wurtzite CdS.
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