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Magnetic and optical properties of Ru-doped ZnS have been investigated using first principles calculations. Due
to Ru dopants, nonmagnetic ZnS becomes magnetic. Ru induces half metallic ferromagnetism with a total
magnetic moment of 2.0μB /supercell. Furthermore, the origin of ferromagnetism in Ru-doped ZnS can be
explained by Ruderman-Kittel-Kasuya-Yosida (RKKY) like exchange interaction. Curie temperature analysis in
dicates the possibility of room temperature ferromagnetism from the structures. Moreover, reflectivity spectra in
optical calculations successfully describe the metallic properties introduced in the doped system. Static dielectric
constant for 6.25% Ru doping gives approximately six times higher value in long wavelength limit compared to
the pristine. With a significant amount of Ru, the doped system becomes efficient for visible light absorption. The
study reveals that Ru-doped ZnS can be a promising candidate for potential applications in spintronic and op
toelectronic devices.

1. Introduction
In the recent era, diluted magnetic semiconductors (DMS) have
attracted scientific community due to their potential application in
spintronics based magnetic storage devices and nano-electronic devices
[1]. Extensive investigations with the oxide and sulphide materials have
been carried out to find a suitable material for high-performance device
applications [2–7]. Zinc sulphide (ZnS) is one of the most promising
DMSs, efficient for light emitting diodes, solar cells, sensors [8] and
photocatalytic devices [9]. But main restrictions for using ZnS in opto
electronic devices are its non-magnetic behaviour and weak absorption
in the visible wavelength range. In order to enhance these optical and
magnetic characteristics, doping with external atoms is an effective way.
After theoretical prediction of Room temperature ferromagnetism
(RTFM) in ZnS by Dietl et al. [10], RTFM in ZnS due to various types of
doping are extensively studied. RTFM has been observed in ZnS when
doped with nonmagnetic ions like C and Cu, known as ‘d0 magnetism’
[11]. Transition metal elements doping are the best way for finding
room temperature ferromagnetism in ZnS like wide bandgap semi
conductors such as ZnO, TiO2, GaN, SnO2, In2O3 [12–15]. Transition
metals doped (Mn, Co, Ni, Cu, Ag and Cd) ZnS nanoparticles are suc
cessfully synthesized by V. Ramasamy et al. [16] Theoretically R. Long

et al. have investigated magnetic properties in first row elements doped
ZnS [17]. They have noticed room temperature ferromagnetism in case
of C doped ZnS. McNorton et al. have shown half metallic behaviour due
to Cr, Fe and Ni doping in ZnS [18]. Zhang et al. have studied half
metallic properties of Cu doped ZnS [19]. Only a few research works
have been done with Ru-doped ZnS system. R. Sahraei et al. have syn
thesized Ru-doped ZnS quantum dots for the first time [20]. They have
confirmed the feasible doping of Ru into the ZnS matrix by chemical
composition analysis. Ruthenium ion successfully incorporated into the
ZnS crystal structure and cubic structure is confirmed by XRD analysis.
They have only studied the optical properties of the Ru-doped ZnS sys
tem. Recently, another study is done by S. Mandal et al. [21] They have
synthesized Ru-doped sphalerite ZnS by varying concentration of Ru.
Their photocatalytic study reveals that Ru acts as a charge centre in ZnS
matrix and plays a vital role for charge separation which is effective for
better photocatalytic behaviour. Motivated from these previous exper
imental works, we have interested to explore the optical and magnetic
properties associated with the Ru-doped ZnS system by varying con
centration of Ru in the ZnS matrix using first principles calculations.
Incorporation of Ru in ZnS system leads to half-metallic ferromagnetism
with 100% spin polarization at Fermi energy. For each Ru doping, the
magnetic moment induced in the supercell is 2.0μB . Moreover, the origin
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of ferromagnetism in the Ru-doped ZnS system might be due to RKKY
exchange interaction. On the other side, the optical properties of these
doped structures have confirmed that system undergoes from semi
conductor to metallic transition with increasing Ru concentration.

LðωÞ ¼

First principles calculations are employed to obtain electronic, op
tical and magnetic properties associated with the ruthenium doped ZnS
structures. In nature, ZnS exists in two phases, zinc-blende and wurtzite.
As zinc blende phase is stable in room temperature, we have considered
this phase throughout the calculations. Optimized supercell of zinc
blende ZnS (a ¼ b ¼ c ¼ 5.41 Å, α ¼ β ¼ γ ¼ 90� ) with 64 atoms
(2 � 2 � 2 unit cells) has been considered here. Periodic boundary
conditions are satisfied throughout the basis vectors. Electronic, mag
netic and optical calculations are carried out in the framework of density
functional theory (DFT) using MedeA software package with inbuilt
Vienna
ab-initio
simulation
(VASP)
code
[22–25].
Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized
gradient approximation (GGA) is employed throughout the calculations
[26]. Projector augmented wave (PAW) pseudopotentials are utilized to
treat the core-electron interactions using a plane wave basis set of fixed
mesh cutoff energy 400 eV. Atomic coordinates and cell parameters are
optimized until the maximum value of the Hellmann-Feynman force is
below 0.02 eV/Å. Tolerance was set with a value of 10 5 eV, as the
stopping criteria of self-consistent loop to reach the electronic ground
state. For dividing the Brillouin zone (BZ) of the supercell,
Monkhorst-Pack (MP) k-point mesh of 3 � 3 � 3 and 4 � 4 � 4 are used
for geometry optimization and other property calculations [27]. Bader
charge analysis [28] and local magnetization density (LMD) calculations
have been opted to study the charge redistribution and magnetic density
differences between pristine and Ru-doped system. In optical calcula
tions, a large number of empty bands (NBANDS ¼ 1100 and
NEDOS ¼ 1600) has been taken to get a better estimation of dielectric
properties associated with pristine and doped systems.
Complex dielectric function εðωÞ regarded as the basics of optical
calculation: εðωÞ ¼ ε1 ðωÞ þ iε2 ðωÞ where ε1 ðωÞ and ε2 ðωÞ are the real
part and imaginary part of the dielectric functions respectively. In the
long wavelength limit (q→0), the imaginary part of the dielectric
function may be represented as in equation (i) [29–31].
�! !� VB
2e2 π X ��
� u ⋅ r �ψ > j2 δ ECB
< ψ CB
K
K
K
Ωε0 K;CB;VB

EVB
K

�

ω

where m, e, N, h represents electronic mass, charge, electron density and
Planck’s constant respectively.
3. Results and discussions
3.1. Structural properties
Lattice constants of optimized pristine structure (5.409 Å) agree well
with the previous experimental findings (5.41 Å) [34]. To explore the
effect of ruthenium (Ru) doping in ZnS matrix, we have used few
numbers of Ru atoms to replace Zn atoms in the pristine ZnS supercell
followed by the doping concentration (3.125%–12.5%) [Fig. 1]. The
relaxed Ru–S bond length (2.3123 Å) in RuS4 tetrahedron (in case of
3.125% doping) is found to be 1.2% lesser than that of a Zn–S bond
length (2.3423 Å). Suppression in the local structure of Ru mainly occurs
due to the difference between ionic radii of zinc and ruthenium. Vari
ation of bond length as a function of Ru doping concentration is shown
in Fig. 2(i). The maximum decrement in bond length occurs in case of
9.375% Ru doped structure. To avoid electron-electron interactions, Ru
atoms are placed in the supercell at a large distance (>two times bond
length). In order to check the stability of Ru-doped ZnS structure, we
have calculated defect formation energy, Edf using the relation [35,36],
Edf ¼ EðRun Zn32 n S32 Þ EðZn32 S32 Þ þ nμZn nμRu þ q½μe þ Ev * �Where
EðZn32 S32 Þ and EðRun Zn32 n S32 Þ represents the total energy of pristine
and Ru-doped ZnS system (n denotes the number of Ru atoms to be
substituted). In a similar manner μZn and μRu indicates the chemical
potential of zinc and ruthenium atom respectively. Electron chemical
potential μe indicates the Fermi level for each configuration and Ev * is
the corrected value of valence band maximum in the pristine structure
including a correction term δq to align the potential in the defect
incorporated supercell with that in pristine. Defect formation energies
for all configurations with various Ru doping are represented in Table 1
[Variation is shown in Fig. 2(ii)]. As the doping concentration increases,
defect formation energy seems to be more negative. A negative value of
formation energy indicates its stability over the pristine structure. For
each Ru doping, the doped system shows extra stability compared to the
previous one. Thus energetic stability of the Ru-doped ZnS structure is
enhanced with Ru concentration.

(i)

CB
where ψ VB
K and ψ K represents valence band and conduction band
wave functions at K points, Ω, ε , e, !
u, !
r are the volume of the
0

supercell, free space dielectric constant, electronic charge, polarization
vector of electric field and position vector respectively. The real part of
dielectric function ε1 ðωÞ has been evaluated from imaginary part using
Kramer-Kronig (KK) relation [32].
Z
2 ∞ ω’ε2 ðω’Þ
ε1 ðωÞ ¼ 1 þ
dω’
(ii)
π 0 ω’2 ω2

3.2. Electronic properties
DFT calculations have revealed that pristine ZnS is a semiconductor
with a direct bandgap of 2.093 eV whereas the magnitude of bandgap
changes with increasing the concentration of Ru in the supercell [21].
Ru incorporation in ZnS matrix enhances the probability of generating
new localized states in the forbidden region. Due to these localized states
near Fermi energy, it is very difficult to measure actual energy gap. But
one thing is clear that, the introduction of Ru in the ZnS matrix can lead
its nature to metallic. This metallic nature comes from the electronic
states near Fermi level due to s, p, d orbitals of Ru atoms and s, p orbitals
of nearby S atoms.

With the help of ε1 ðωÞ and ε2 ðωÞ, we have calculated all other optical
properties like absorption coefficient αðωÞ, reflectivity RðωÞ and electron
energy loss spectra (EELS) LðωÞ to explore the collective behaviour of
electrons in the system.
2ω
αðωÞ ¼
ℏc

pffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22
2

ε1

!12

�pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
� ε ðωÞ þ iε ðωÞ 1�2
� 1
�
2
RðωÞ ¼ �pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
� ε1 ðωÞ þ iε2 ðωÞ þ 1�

(v)

Furthermore, we have evaluated the effective number of valence
electrons participated in the direct interband transition in equation (vi)
[33].
Z ωm
2m
neff ðωm Þ ¼ 2 2
ω’ε2 ðω’Þdω’
(vi)
Ne h 0

2. Computational methodology

ε2 ðωÞ ¼

ε2 ðωÞ
½ε21 ðωÞ þ ε22 ðωÞ�

(iii)

(iv)

3.3. Magnetic properties
The total density of states (TDOS) and local density of states (LDOS)
for a single Ru-doped ZnS are shown in Fig. 3. Asymmetric nature
2
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Fig. 1. Optimized supercells of ruthenium (Ru) incorporated ZnS with (i) 3.125% Ru, (ii) 6.25% Ru, (iii) 9.375% Ru and (iv) 12.50% Ru. The gray, yellow and red
coloured spheres indicate zinc, sulphur and ruthenium atoms respectively.

Fig. 2. Variation of theoretically calculated (i) bondlength and (ii) defect formation energy as a function of Ru concentration.

between the spin-up and spin-down DOS indicates that magnetism is
induced in the system due to Ru doping. It is widely known fact that
when a semiconductor type material is doped with transition metal
atoms, p orbital of the host atoms and d orbital of dopant atoms pro
duces p-d hybridization resulting ferromagnetic behaviour in the system
[37–39]. In case of Ru-doped ZnS system, p-d hybridization between S-p
orbital and Ru-d orbital introduces ferromagnetic coupling in the sys
tem. Each Ru doping in the supercell results in 2.0μB (approx.) total
magnetic moment. Magnetic moments induced in the supercell as a
function of Ru concentration are represented in Table 2. Ru-doped ZnS
matrix exhibits half metallic nature with up spins being metallic and
down spins being semiconducting. Half metallic behaviour is consistent
with all doping configurations (shown in Fig. 4). Moreover, p-d hy
bridization between Ru and S atoms is confirmed by local magnetization
density (LMD) and difference charge density plots (Fig. 5).

Table 1
The bond length, defect formation energy, Fermi energy and energy shift with
respect to pristine ZnS for different doping concentrations of Ru incorporated in
pristine ZnS matrix.
System

Doping
Percentage
(%)

Bond
Length
(Å)

Defect
Formation
Energy (eV)

Fermi
Energy
(eV)

Fermi
Energy
shift (eV)

Ru0Zn32S32
Ru1Zn31S32
Ru2Zn30S32
Ru3Zn29S32
Ru4Zn28S32

0.00
3.125
6.250
9.375
12.50

2.3423
2.3123
2.2973
2.2966
2.2978

–
3.8707
0.4472
5.7322
8.9216

2.1271
3.7807
3.8615
3.8704
4.0264

–
1.6536
1.7344
1.7433
1.8993
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Fig. 3. The total DOS for (i) Ru-doped ZnS, the local DOS for (ii) S-s and Ru-s, (iii) S-p and Ru-p, (iv) Ru-d states respectively. Fermi energy level is set at zero
energy. Positive and negative values correspond to up spins and down spins respectively.
Table 2
Variation of magnetic properties as a function of Ru doping concentration.
System

Doping Percentage (%)

Magnetic moment per supercell (μB)

Bands for
Spin up

Spin down

Ru0Zn32S32 (Pristine)
Ru1Zn31S32
Ru2Zn30S32
Ru3Zn29S32
Ru4Zn28S32

0.00
3.125
6.25
9.375
12.5

0.00
1.997
4.038
4.064
8.080

–
metallic
metallic
metallic
metallic

semiconducting
semiconducting
semiconducting
semiconducting

Ruderman-Kittel-Kasuya-Yosida (RKKY) model is one of the main
models to describe magnetic ordering in ferromagnetic systems [40].
According to RKKY theory [41,42] of free electrons, indirect exchange
�! !
interaction may be represented as: HRKKY ¼ Jðrαβ Þ Sα ⋅Sβ , Where
�!
!
Sα and Sβ are the localized magnetic moments, rαβ ¼ jrα rβ j (distance
between local moments) and RKKY exchange integral, JðrÞ∝

cosðξÞ
,
ξ3

Nature of the system
Semiconductor
Half metallic FM
Half metallic FM
Half metallic FM
Half metallic FM

where ΔE is the energy difference between parallel and anti-parallel spin
polarized states, N is the doping concentration in the system, kB is the
Boltzman constant. According to the above relation, predicted Tc values
lie in the range (80–360) K. Thus room temperature ferromagnetism can
be expected by changing the position of the Ru atoms in ZnS matrix.

ξ¼

3.4. Optical properties

2kF r being a dimensionless parameter characterizes for interaction
strength (kF is the Fermi wave vector). For studying magnetic coupling,
we have considered a few configurations by varying distance between
Ru atoms. Typical oscillating behaviour between ferromagnetic states is
observed (see Table 3). The data points showed excellent agreement
with the estimated exchange integral JðrÞ (shown in Fig. 6), which in
dicates RKKY interaction oscillates as a function of Ru–Ru distance and
well describes the origin of ferromagnetism in Ru like transition metals
doped ZnS systems.
Curie temperature (Tc) of these configurations can be estimated
2ΔE
using Heisenberg model in mean field approximation as [43]: TC � 3Nk
,
B

Motivated by the significant enhancement of magnetic properties
due to incorporation Ru in the pristine ZnS system, we move on to
discuss the modifications in optical properties between pristine and Rudoped system. Due to structural isotropy of zinc blende ZnS system, we
have restricted ourselves to the optical properties due to the perpen
dicular polarization of the external electric field. We have depicted real
part ðε1 Þ and imaginary part ðε2 Þ of the dielectric function for both
pristine and doped ZnS system having various concentration of Ru
(Fig. 7). Value of static dielectric constant (ε1(0)) in pristine ZnS is found
to be 6.28. Significant variation of its magnitude with increasing Ru
concentration has been displayed in Fig. 8. Its large nonzero value
4
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Fig. 4. Spin resolved total density of states (TDOS) for Ru doped ZnS system with (i) 3.125%, (ii) 6.25%, (iii) 9.375%, (iv) 12.5% Ru.

Fig. 5. (i) Local magnetization density and (ii) difference charge density in Ru
(3.125%) doped ZnS. Yellow, green and deep green spheres represent S, Zn, Ru
atoms respectively.
Fig. 6. Variation of exchange integral, J(x) as a function of Ru–Ru distance.
RKKY model is fitted with Fermi vector kF ¼ 3.06 Å 1.

Table 3
Energy difference between ferromagnetic and anti-ferromagnetic states as a
function of Ru–Ru distances.
Ru–Ru distance
(Å)

3.825
5.4093
7.6487
9.369

Magnetic
moment per
supercell (μB)
FM

AFM

2.048
3.987
4.038
3.996

0.000
0.001
0.002
0.004

ΔE ¼ EFM –EAFM
(meV)

93.25
22.4
33.5
8.28

indicates high availability of free electrons which actually signifies
metallic properties associated with the system. The maximum value of
ε1(0) is obtained in case of 6.25% Ru-doped ZnS. Plasma frequency (ωp)
in case of pristine structure is found to be in 6.98 and 17.59 eV optical
frequencies. Magnitude of ωp significantly decreases in case of higher
doping concentration of Ru. On the other hand, the imaginary part of
dielectric function showed a significant peak in the infrared region in
which peak height increases with doping concentration.

Magnetic
Coupling

FM
FM
FM
FM
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Fig. 9. Variation of frequency dependent absorption coefficient for both (i)
pristine and (ii) 3.125% (iii) 6.25% (iv) 9.375% (v) 12.5% Rudoped structures.

Fig. 7. Variation of real part and imaginary part of dielectric function as a
function of optical frequency for both (i) pristine and (ii) 3.125% (iii) 6.25%
(iv) 9.375% (v) 12.5% Ru-doped structures.

Fig. 8. Variation of static dielectric function as a function Ru concentration.
Fig. 10. Reflectivity as a function of optical frequency for both pristine and (i)
3.125% (ii) 6.25% (iii) 9.375% (iv) 12.5% Ru-doped structures.

3.4.1. Optical absorption
We have depicted absorption coefficient for pristine and Ru-doped
ZnS structures with all variations of Ru. Using Tauc law optical
bandgap of a structure can be determined from absorption spectra.
Optical bandgap in case of pristine structure observed to be 1.51 eV. By
increasing doping concentration, a small peak in the low energy region
emerges. Thus, the doped system seems to have zero optical bandgap.
Further increasing concentration of Ru this peak height increases and
subsequently main peak decreases [Fig. 9]. Localized states occurred
due to Ru doping may be the reason for showing zero optical bandgap.

observed which becomes maximum for 6.25% Ru-doped system. For
further doping, its peak height decreases. This low frequency peak sig
nifies the metallic properties in the doped system.
3.4.3. Electron energy loss (EEL) spectra and effective number of electrons
In pristine ZnS structure, main EELS peak has been occurred at
17.59 eV optical frequency with a peak height of 2.48. In case of higher
doping concentration, this peak height decreases significantly and
another small peak occurring in the low frequency region (<1.0 eV) can
be identified as plasmon peak [Fig. 11]. Low energy peaks are basically
occurred due to the energy loss of fast moving electrons in the metallic
system. Magnitude of these low energy plasmon peaks becomes
maximum (0.18) in case of 6.25% Ru-doped ZnS. Plasmon peak in the

3.4.2. Reflectivity
We have obtained reflectivity spectra [Fig. 10] for pristine and Rudoped ZnS (with various Ru concentration) system. Reflectivity in
pristine ZnS becomes maximum (0.5) at 8.24 eV optical frequency. Due
to doping a significant peak in the low frequency region (<1.0 eV)
6
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Fig. 12. Effective number of electrons for both (i) pristine and (ii) 3.125% (iii)
6.25% (iv) 9.375% (v) 12.5% Ru-doped structures.

peak height related to this Plasmon peak varies with Ru concentration.
Due to these fascinating optical and magnetic properties, Ru-doped ZnS
may have potential applications in optoelectronic and magnetic storage
devices.
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