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The influence of transition metals (Sc, Ti, V, Cr, and Mn) doping at different distances on the magnetism of CdS is
studied by using generalized gradient approximation combined with Hubbard U in the VASP package. The results show
that the doping systems are more stable, easy to form, and the wurtzite structure of CdS is not changed. It is found that
the systems are antiferromagnetic (AFM) when nearest neighbor doping, which is attributed to the direct charge transfers
between two impurity ions. The systems are ferromagnetic (FM) when the doping distance increases further, since the
double exchange interactions are observed among the 3d orbital of the transition metal, the Cd-5s and the S-3p orbitals are at
conduction band minimum. We also found that the total magnetic moment of each ferromagnetic system increases with the
order of SC to Mn-doping, the spin polarizability of Cr-doping system is 100%. The estimated Curie temperature indicates
that the Cr- and Mn-doped CdS in this paper can achieve room-temperature ferromagnetic characteristics, especially the Cr
doping is the most prominent. And TM-doping does not destroy the semiconductor characteristics of the system. Therefore,
the TM-doped CdS can be used as an ideal dilute magnetic semiconductor functional material.

Keywords: transition metals doping, electronic structure, magnetism, CdS, Curie temperature
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1. Introduction

The motivation of diluted magnetic semiconductors
(DMS) is to find new materials and technologies to create de-
vices with new functions. At present, the DMSs with room-
temperature ferromagnetism have attracted considerable atten-
tion for possible applications in spintronics. As one of the
important carriers in DMS, CdS has a band-gap of 2.42 eV
at room temperature, known for its comparatively low resis-
tivity, high photoconductivity,[1] large absorption coefficient,
and high refractive index (between 2.5 and 2.7) in the visi-
ble range.[2,3] Due to its special properties, it is used in ar-
eas such as ultra-sensitive magnetic field sensors, electro–
optic switches,[4] magneto–optical,[5] quantum-based logic,
and memory devices for high-speed computations,[6] etc.

An ideal DMS should have ferromagnetic (FM) charac-
teristics at or above room temperature. Generally, the mag-
netic properties of the material is controlled by changing the
composition of the magnetic particles in the DMS. For exam-
ple, Kim[7] observed Mn and Zn co-doped CdS single crys-
tal nanowires, which exhibited room-temperature FM behav-
ior. Bogle[8] synthesized CdS:Co nanoparticles, weak mag-
netism is realized, and it decreases at higher cobalt concentra-
tion. Sanjeev[9] reported that the magnetic behavior has been
shown by CdS nanoparticles doped with Ni (3%) and CdS
nanoparticles co-doped with Ni (3%) and Cu. In Ref. [10],

Murali et al. reported that the room-temperature ferromag-
netism has been observed in Fe-doped CdS nanocrystals. Mu-
rali et al.[11] synthesized the CdS:Mn nanowires and obtained
significant room-temperature ferromagnetism, and the ferro-
magnetism is enhanced with the increase of Mn2+ concentra-
tion. Zhao et al.[12] found that as-prepared CdS:Eu nanopar-
ticles exhibited distinct and stronger room-temperature ferro-
magnetism. Elavarthi et al.[13] indicated that the diamagnetic
CdS nanoparticles are transformed to FM for 3% Cr3+ doping
by VSM studies. Wang et al.[14] synthesized a wurtzite CdS:Y
nanocrystal with room-temperature ferromagnetism via an ef-
fective doping atomization method. Anbarasi et al.[15] re-
ported that super-paramagnetic and FM orderings were ob-
served for the Sr-doped CdS films. Samiyammal et al.[16] syn-
thesized Ba-doped CdS films and found that the doped films
have FM characteristics. Altaf’s finding[17] showed that H
added on the Cd-top site makes it FM and half-metallic above
the room temperature.

In summary, most DMSs are prepared by using CdS as the
main component and transition metals (TM) as dopant.[7–12]

TM-doping makes it multifunctional to achieve the desired
properties.[18] However, the experimental results cannot ana-
lyze the root cause of magnetic properties of materials from
the electronic level, the magnetic source is controversial.
Many experiments are doped with TM single-doping, the ob-
ject of the study is not systematic, the regularity is not obvi-
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ous, and it is difficult to control the position and distance of the
doping in the experiment. Therefore, the magnetic properties
of TM-doped (Sc-, Ti-, V-, Cr-, Mn-doped) CdS are system-
atically studied based on the density functional theory. This
paper mainly studied influence of atomic number and doping
distance on structural characteristics and magnetic properties,
analyzed the micro-mechanism and experimental results, pro-
vided theoretical guidance for experiments. So, it is meaning-
ful to study the TM-doped CdS based on density functional
theory.

2. Computational details
2.1. Theoretical models

The CdS of wurtzite structure belongs to the P63 mc
space point group, and its unit cell is formed by the hexag-
onal close row of Cd and the hexagonal close row of S in the
c-axis direction.[4] Normally, the lattice constants of CdS are
a = b = 4.135 Å, c = 6.749 Å, c/a = 1.632, α = β = 90◦, γ =

120◦. Based on the wurtzite CdS cells, twenty-one supercells
(2× 2× 2) are established. Pure CdS is shown in Fig. 1(a).
Figure 1(b) is the two same TM nearest-neighbor dopings, the
distance (atomic center) between the doping atoms is about
4.49 Å; figure 1(c) is the two same TM next nearest-neighbor
dopings, the distances is about 5.00 Å. The distance between
the doping atoms of Figs. 1(d) and 1(e) are 5.34 Å and 7.07 Å,
respectively. The five TMs (Sc, Ti, V, Cr, and Mn) are doped

as described above. Doping systems of Figs. 1(b)–1(e) are de-
noted by TM1, TM2, TM3, and TM4, respectively.

2.2. Calculation method

The calculations are performed using VASP 5.4.4 pack-
age based on spin polarization density functional theory. The
functional of exchange–correlation effect is treated using the
Perdew–Burke–Ernzerhof version of the generalized gradient
approximation (GGA). The traditional method of GGA is usu-
ally only about 25% of the experimental value for the excited
state of a multi-particle system, and the calculated properties
are inaccurate due to the self-interaction of GGA algorithm.
Thus, using Hubbard U to correct the band-gap (GGA+U) in
this article.

The formal charges of the Sc, Ti, V, Cr, and Mn atoms
in this paper are +3, +2, +2, +2, and +2, respectively. The
electronic configurations[19] of the ions used for the calcu-
lation are Sc-3s23p6, Ti-3d2, V-3d3, Cr-3d4, Mn-3d5, Cd-
4d10, and S-3s23p6, the plane cut-off energy in inverted space
Ecut = 400 eV, the K-points in the Brillouin zone is set to
4× 4× 2. First, we optimize the FM and AFM structures
of each system, the initial magnetic moment is 3 µB, the op-
timization ends when the total energy of the system is less
than 10−5 eV/atom and the force of each atom is less than
10−2 eV/Å. Then, the self-consistent field is calculated us-
ing the same convergence accuracy as relaxation. Finally, the
property of magnetism related is calculated.

(a) (b) (c) (d) (e)

a
b

c

Fig. 1. Supercell (2×2×2) model of pure (a) and doped CdS [(b)–(e)]. Magenta, cyan, and yellow are Cd, doping atoms, and S, respectively.

3. Results and discussion
3.1. Structural characteristics

In order to explore the feasibility and reliability of the
doping, it is necessary to perform atomic relaxation and elec-
tronic self-consistency for each system, and calculate the lat-
tice constant and formation energy. By performing calcu-
lations, we obtained the most stable structure, the parame-
ters of pure-CdS are a = 4.186 Å and b = 6.841 Å, which
are very close to the experimental values (a = 4.149 Å, c =

6.779 Å),[20] the errors are only 0.89% and 0.91%, respec-
tively. The axial ratio (c/a) of pure-CdS is 1.634, which is
quite similar to the experimental value (1.63),[20] and the c/a
of each doping system is 1.611±0.01, indicating that the lat-
tice calculated has not been distorted and the results are re-

liable, the doping models are reasonable. Figure 2 is the vol-
ume change diagram of each system. The results show that the
TM-doping makes the volume of each doping system slightly
decreasing, which is closely related to the radius of the TM
atom. The radius of Sc atom is the smallest (Cd2+ 0.95 Å >

Ti2+ 0.90 Å > V2+ 0.88 Å > Cr2+ 0.84 Å > Mn2+ 0.83 Å
> Sc3+ 0.81 Å),[4,21,22] but the volume is the largest in the
doping system. The reason is that the volume expansion[23]

due to the repulsion between the extra positive charges after
Sc3+ replaces Cd2+, which leads to the energy increase of the
system. The volumes of other TMs (Ti, V, Cr, and Mn) are
decreased with the increase of the atomic number, which is
consistent with the change of the radius of the doping atom.
Further analysis shows that the volumes of the Sc-doping sys-
tem are decreased with the distance increases between the two
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Scs. The reason may be that the repulsion between positive
charges is decreased with the distance increases between the
doping atoms. In the other four kinds of TM systems, the sys-
tem volumes of all the nearest-neighbor dopings are the small-
est.
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Fig. 2. The volumes of each system after structural optimizations.

The formation energies (EF) of each system are shown in
Fig. 3. It is clear from Fig. 3 that the EF of each TM-doping
system are negative, and lower than that of the pure-CdS. This
indicates that the doping is feasible and the doping systems are
easy to form. It is also easy to form Cr- or Mn-doped CdS in
experiments,[24,25] this shows that the calculated results in this
paper are reliable. Further analysis shows that the stability of
each TM system weakens with the order of Ti, V, Cr, Mn, and
Sc.

Systems
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Fig. 3. The EF of each doping system.

The EF of each system can be calculated as follows:[4]

EF = Ed−Ep−2µTM +2µcd, (1)

where Ed and Ep are the total energies of the doping system
and the pure-CdS, respectively. The µTM and 2µcd represent
the chemical potentials of the doping atom and Cd atom, re-
spectively.

3.2. Magnetic moment

In order to explore the effective part of the sum of vari-
ous magnetic moments inside the atom, we calculate the total

magnetic moment (Mag) of each system and the spin magnetic
moment of each atom.

The magnetic moments of each system are shown in Ta-
ble 1. Where TM1 and TM2 represent the net magnetic mo-
ments of the two TM impurity atoms. The results illustrate
that the TM (Sc, Ti, V, Cr, and Mn) doping can make CdS
magnetic, and the doping distance will affect the Mag of the
system. The magnetic moment of Sc1 and Sc2 are 0.938 µB

and 0.891 µB, respectively, which is in line with the charac-
teristics of ferromagnetism. Sc3 and Sc4 are typical antiferro-
magnetism. In Ti-, V-, Cr-, and Mn-doping systems, the sys-
tems are AFM when TM-dopings are nearest-neighbors, this
is due to the direct exchange between two magnetic ions, re-
sulting in a local net magnetic moment near the Fermi level
(Ef) is 0 µB. The systems are FM when the doping distance
between the impurity ions increases slightly, because the local
net spins are generated between TM1 and TM2, this results
in the system having Mag. The above analysis verifies the
literature[26] that “the direct exchange between Mn2+ in the
bulk is typically AFM”. The reason for nature of the Sc sys-
tem being not very similar to other TMs is the special formal
charge of the Sc atom. In Subsection 3.4, we will further con-
firm the uniqueness of the Sc-doping. Anyway, when Sc, Ti,
V, Cr, and Mn-dopings happened, the magnetic moments of
each TM-system are approximately 1, 4, 6, 8 and 10 µB, re-
spectively. It illustrates that the magnetic moment increases
with the increase of the atomic number of TM (order of Sc to
Mn), but the doping distance has no significant effect on the
Mag of each FM system.

Table 1. The magnetic moment of each system and net magnetic mo-
ment of the TM atom. The minus sign denotes spin-down.

Structure Mag/µB TM1/µB TM2/µB

Sc1 0.938 0.301 0.272
Sc2 0.891 0.257 0.257
Sc3 0 0.160 −0.159
Sc4 0 0.216 −0.216
Ti1 0 1.238 1.239
Ti2 −3.989 1.466 1.466
Ti3 3.996 1.492 1.482
Ti4 3.987 1.487 1.487
V1 0 2.436 −2.437
V2 5.950 2.410 2.410
V3 5.949 2.427 2.416
V4 5.859 2.443 2.443
Cr1 0 3.442 −3.442
Cr2 8.004 3.478 3.479
Cr3 7.996 3.485 3.465
Cr4 7.999 3.489 3.487
Mn1 0 4.190 −4.189
Mn2 10.000 4.157 4.227
Mn3 9.998 4.166 4.164
Mn4 9.912 4.174 4.174
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3.3. Magnetic source

In the following description, we use the partial electron
density and differential charge density distribution to illustrate
the source of magnetics. The former visually indicates the dis-
tribution of electrons and the nature of chemical bonds among
orbitals at the electronic level. The latter can clearly analyze
the interface bonding type and phenomenon of charge transfer.
Only the partial electron density ((010) and (100)) at conduc-
tion band minimum (CBM) and the differential charge density
(100) are shown in Fig. 4, since the systems in this article are
all N-type semiconductors, the doping mainly affects the con-
duction band (CB). Considering that Ti-doping systems are the
most stable, it is reasonable to select Ti system as the research
object. In the pure CdS, the valence band maximum (VBM) is

CBM

VBM

0.2

0.1

-0.1

-0.2

0

(a) (pure)

(b) (Ti1)

(c) (Ti2)

(d) (Ti3)

(e) (Ti4)

0.2

0.1

-0.1

-0.2

0

0.2
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-0.2

0

0.2

0.1

-0.1

-0.2

0

0.2

0.1

-0.1

-0.2

0

Fig. 4. The partial electron density at CBM and the charge density differen-
tial distribution: (a) pure, (b) Ti1, (c) Ti2, (d) Ti3, and (e) Ti4.

composed mainly of S-3p non-bonding states, while the CBM
is dominated by the Cd-4d non-bonding states as shown in
Fig. 4(a). Ti–S and Ti–Ti bondings are shown in Fig. 4(b),
which is substantially different from the non-bonding states of
Cd-4d in Fig. 4(a). The orbital hybridization is observed at the
VBM of Ti-doping CdS. As depicted by Figs. 4(b)–4(e), the
doping distance has not changed the type of the bond.

From the differential charge density in Fig. 4(b), it can
be seen the phenomenon of direct charge transfer between
Ti and Ti under the action of the newly formed Ti–S bond
in the Ti nearest-neighbor doping system. The charge distri-
bution of other particles in the system is similar to the pure
CdS (Fig. 4(a)), there is no net magnetic moment generated
in the system. This is identical with the analyses in Subsec-
tion 3.2. The common feature of the difference diagrams in
Figs. 4(c)– 4(e) is that the electrons around it are reduced after
Ti-doping, the surrounding charges are concentrated to nearby
S and Cd atoms, and there is almost no direct electron trans-
fer between Ti and Ti, which causes the spin electron cloud
around Ti atoms to be unevenly distributed, spin-up and spin-
down are asymmetric, so local net spins appear at the Ef, the
system is magnetic. The analysis of the charge differential
density is consistent with the results of the magnetic moment
calculations. it is consistent with the theoretical interpretation
of the double exchange effect of carriers as the medium.

3.4. Magnetic mechanism

In order to explore the magnetic mechanism, it is nec-
essary to analyze the electronic components of each system.
Figure 5 shows clearly that the valence band (VB) of each sys-
tem is mainly composed of S-3p, followed by Cd-4d, TM-3d,
and few Cd-5s, the CB is mainly composed of TM-3d, fol-
lowed by S-3p, S-3s, and a small amount of Cd-4d. As shown
in Fig. 5, the change of the atom doping distance has little ef-
fect on the electronic structure of the system (taking Ti atom
as an example), while the increase of the atomic number has a
greater effect on the electronic structure of the system (taking
the nearest neighbor doping of each atom as an example).
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Fig. 5. The partial density of states (PDOS) for each system.
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The VBM of each system gradually moved up (high en-
ergy region) with the doping order of Sc–Ti, the CBM is occu-
pied by the TM-3d state, and the Ef moved up. Changing the
doping distance does not affect the electronic configuration of
the system. It is very important for the formation of ferro-
magnetism for bonding interaction among atoms when crys-
tals are formed. The electron clouds overlap mutually and the
electrons exchange with each other when atoms are close to
each other to form a molecule. For TM, the energy of the 3d
state approaches to 4s electrons, so their electron clouds also

overlap in the atom, causing redistributions of s and d elec-
trons. The exchange energy generated by this exchange may
align the spin magnetic moments in the same direction, this
spin magnetic moment is counter-balanced magnetic moment
of the end of d-layer in adjacent atoms. Quantum mechanical
calculations indicate that the magnetic moments of adjacent
atoms will be parallel arrangement in the same direction when
the electron exchange integrals of adjacent atoms inside the
magnetic material are positive, thereby achieving spontaneous
magnetization.
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Fig. 6. The total density of states (TDOS) and PDOS of the pure (a), Sc2 (b), Ti2 (c), V2 (d), Cr2 (e), and Mn2 (f) structures.

The spin density of states is a good illustration of the mag-
netic mechanism of the system, as shown in Fig. 6. The results
show that the electronic states of all the spins-up and spin-
down in the pure CdS are completely symmetrical, the net
magnetic moments cancel each other, so the system is non-
magnetic. The next nearest-neighbor dopings in all TM sys-
tems are FM and the effects of the doping distance on the den-
sity of states (DOS) of the FM systems are relatively small,

so figures 6(b)–6(f) show the spin state densities of Sc2, Ti2,
V2, Cr2, and Mn2, respectively. The Sc-doping is shown in
Fig. 6(b), which mainly introduces Sc-3d state electrons into
the CB. There are electron exchange effects among Sc-3d, Cd-
5s, and S-3p orbits in the CBM. The exchange effect leads to
the spin-up more than spin-down in the Sc-3d state near the Ef.
This spin asymmetry produces the local net magnetic moment,
which in turn makes the system magnetic. The DOS curves of
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the other four TM-doping systems (Figs. 6(c)–6(f)) are sim-
ilar. The 3d electrons are introduced into the CBM of CdS
when Ti, V, Cr, and Mn are dopings. This moment, the strong
electron exchange occurs among TM-3d, Cd-5s, and the S-3p
orbitals. Namely, double exchange interactions, which make
the net spin appears at Ef, the system has Mag. In short, the
reason why TM-doping makes the system magnetic is that the
doping makes the electron spin-up and spin-down at Ef asym-
metric. The above analysis is consistent with the exchange
effect in Subsection 3.3. It is consistent with the theoretical
interpretation of the double exchange effect of carriers as the
medium.[27,28] It is shown from Fig. 6(c) that, the electron state
of the upward spin at the Ef is less than the downward, so the
Mag of Ti2 is downward, this is compliance with the calcula-
tion of the magnetic moment.

In addition, for the integrity of Fig. 5, the deep full bands
of Sc-doping are not represented. The deep energy levels of Ti,
V, Cr, and Mn are all around −14 eV, but the Sc-systems are
−50 eV. The overall analysis of Fig. 6 shows that figure 6(b)
is different from other systems in that its state density curve is
relatively flat, this indicates that its energy band is wide, the
band curve is sharp, the delocalization is strong, and the effec-
tive mass is small.[29] Therefore, it is not surprising that the
properties of the Sc-doping are slightly different from those of
the other four TM-dopings, this also validates the analysis in
Subsection 3.2.

According to the definition of the spin polarizability (P),
it is known that the spin polarizability of the system in the V-
doping and Cr-doping is 100%. P = (N ↑ −N ↓)/(N ↑+N ↓),
where N ↑ and N ↓ are the majority and minority density car-
riers. Hence, the TM-doped CdS in this paper can be used as
an ideal DMS semiconductor functional material. The band
diagrams of the spin-up and spin-down of the system can also
verify this result.

Figure 7(a) shows the band structure of the pure CdS. The
upward and downward spins are symmetrical, so the system is
non-magnetic. Its band-gap is 2.417 eV, which is in agree-
ment with the experimental value 2.42 eV,[30] this indicates
that the calculations in this paper are reliable. Figures 7(b)–
7(f) show the band structures of Sc2, Ti2, V2, Cr2, and Mn2,
respectively. It can be seen that there is band-gap width in the
band structure whether spin-up or spin-down, which indicates
that the TM-doping has not destroyed the semiconductor prop-
erties of each system. The energy level distributions of spin-up
and spin-down are not coincident, scilicet, there are different
occupation numbers for spin-up and spin-down states, so the
system exhibits magnetism. Further analysis shows that the
band structure curve of the Sc-doping system near the Ef is
smoother than that of other systems, which further confirms
the reliability of the state density analysis. Another main rea-
son for the ferromagnetism is the atomic magnetic moment,

and the electron spin magnetic moment plays a major role in
the atomic magnetic moment. There are states in which the
electron shell of the atom is not filled with electrons in the
doping system, which is an important condition for generating
ferromagnetism.
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Fig. 7. Energy band structures of pure (a), Sc2 (b), Ti2 (c), V2 (d), Cr2
(e), and Mn2 (f) structures. Red and blue indicates spin-up and spin-down,
respectively.

3.5. Coupling characteristics and Curie temperature

As we all know, the atomic distance in the crystal lat-
tice increases when the temperature of the system increases,
which reduces the exchange coupling effect. At the same time,
the thermal motion constantly destroys the regular orientation
of the atomic magnetic moment, resulting in the spontaneous
magnetization (Ms) decreases. Until the temperature is higher
than the Curie point, the original regular magnetic moment
orientation in the system is completely destroyed, the mag-
netic moment of the system no longer exists, and the mate-
rial changes from FM to paramagnetic. Therefore, it is neces-
sary to analyze the Curie temperature (Tc) and coupling type
(coupling) of the material, as shown in Table 3. The Tc can
be estimated[31] by the mean field theory of the Heisenberg
model (TckB = 2∆E/3C), where kB and C are Boltzmann con-
stant and magnetic impurity concentration, respectively. ∆E
is the energy difference between the AFM and FM config-
urations (∆E = EAFM − EFM). Jdd is the exchange constant
from Heisenberg Hamiltonian between the AFM and FM. In
Ref. [32], the authors reported that the superexchange interac-
tion between the magnetic moments of S and TM atoms could
be estimated by Hamiltonian, Ĥ = N ∑i Sisi. The N, Si, and si

are the exchange operator involved, the spin operator of im-
purities and the local spin operator corresponding to s and p
states of S atoms. Nsd is the s–d exchange constant between
Cd-s, S-s, and TM-d electrons, Npd is the p–d exchange con-
stant between S-p and TM-d states.

It can be seen from the Jdd, Nsd, and Npd in Table 2,
when the transition metals Ti, V, Cr, and Mn in the system
are nearest-neighbor dopings, there is no d–d exchange and
s–d, s–p super-exchanges in the system, the direct exchange
between them predominates, which makes the system more
inclined to AFM. The direct exchange between TM ions is
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weakened when the distance is increased, the system’s su-
perexchange mainly from S (3s and 3p) and TM-3d, and the
resulting magnetic tends to FM. The effect of the distance be-
tween Mn atoms on the magnetic properties of the system is
consistent with Ref. [33]. Compared with p–d exchange, the
s–p exchange in each system is the dominant position in the
double superexchange, which is consistent with the magnetic
mechanism analysis in Subsection 3.4. The coupling type of
each system is consistent with the magnetic moment analysis,
which further verifies the reliability of the magnetic moment
calculation. According to the Curie temperature, TM-doped
CdS can achieve room-temperature FM characteristics, and
Cd doping is most beneficial to DMS at room temperature.
The Curie temperature of the Mn-doping is consistent with
experiment[11] that of “Mn-doped CdS with ferromagnetism
much higher than room temperature”. In experiment,[13] all
the doped samples (CdS:Cr) exhibited room-temperature fer-
romagnetism. This further confirms the reliability of the re-
sults of this paper, and the estimated values may have errors,
but it does not affect the guiding significance.

Table 2. Magnetic performance-related parameters. The star ∗ means more
than 1000.

System Jdd/meV Nsd/eV Npd/eV ∆E/meV Coupling Tc/K

Sc1 21.16 0.78 0.11 38.47 FM 297
Sc2 2.61 0.64 0.21 4.39 FM 34
Sc3 – – – −7.47 AFM –
Sc4 – – – −17.22 AFM –
Ti1 – – – −4.18 AFM –
Ti2 1.03 0.18 0.06 10.58 FM 81
Ti3 0.62 0.21 0.05 12.28 FM 95
Ti4 3.07 0.11 0.06 61.10 FM 472
V1 – – – −30.46 AFM –
V2 0.01 2.82 0.18 0.09 FM 1
V3 0.02 2.81 0.10 0.70 FM 5
V4 0.01 2.84 0.21 0.18 FM 2
Cr1 – – – 0.10 AFM –
Cr2 5.17 2.30 1.96 372.78 FM ∗
Cr3 6.34 3.73 0.14 455.96 FM ∗
Cr4 6.49 3.78 0.27 467.02 FM ∗
Mn1 – – – 50.35 AFM –
Mn2 0.74 0.10 0.01 81.01 FM 627
Mn3 0.94 0.38 0.09 103.18 FM 798
Mn4 0.47 0.02 0.01 50.56 FM 391

4. Conclusions
In short, the structure and magnetic properties of TM-

(Sc-, Ti-, V-, Cr-, and Mn-)doped CdS are studied in this pa-
per through the GGA +U method in the VASP package. The
structural characteristics show that various doping does not de-
stroy the original lattice structure of CdS, and the doping sys-
tem is easy to be formed. The magnetic properties are mainly
studied through four aspects: magnetic moment calculation,

magnetic source analysis, mechanism exploration, and estima-
tion of Curie temperature. The results show that the magnetic
moment gradually increases with the sequence of Sc to Mn-
doping, the doping distance can determine whether the system
is magnetic or not. The spin electron clouds around the impu-
rity atoms are unevenly distributed when TM is doping, which
makes the electrons spins asymmetric at the Ef, this leads to
the appearance of the local net spin at the CBM, so the system
is magnetic. Further analysis shows that this net spin is mainly
caused from the electron exchange between the TM-3d orbit of
CBM, the Cd-5s orbit, and the S-3p orbit. Finally, we find by
estimating the Curie temperature that TM-doping can achieve
room-temperature FM characteristics, which shows that the
TM-doped CdS can be used as an ideal DMS semiconduc-
tor functional material, and Cr- and Mn-dopings are the most
prominent. This article analyzes the magnetic characteristics
of each doping material from the microstructure, which will
provide theoretical basis and guidance for the application of
CdS in DMS.
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