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Diluted magnetic semiconductors Zn1−𝑥 Ni𝑥 S with different consistency ratio (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) were successfully
synthesized by hydrothermal method using ethylenediamine as a modifier. The influence of Ni doping concentration on the
microstructure, morphology, and optical and magnetic properties of undoped and Ni doped ZnS nanocrystals was characterized
by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), X-ray energy dispersive spectrometry
(XEDS), ultraviolet-visible spectroscopy (UV-vis), Fourier transform infrared spectroscopy (FT-IR), photoluminescence spectra
(PL), and the vibrating sample magnetometer (VSM), respectively. The experiment results show the substitution of Ni2+ on Zn2+
sites without changing the hexagonal wurtzite structure of ZnS and generate single-phase Zn1−𝑥 Ni𝑥 S with good crystallization. The
lattice constant causes distortion and decreases with the increase of Ni2+ doped concentration. The appearance of the samples is
one-dimensional well-dispersed nanorods. UV-vis spectra reveal the band gap of all Zn1−𝑥 Ni𝑥 S samples greater than that of bulk
ZnS (3.67 eV), and blue shift phenomenon occurs. The photoluminescence spectra of undoped and doped samples possess the
broad blue emission band in the range of 400–650 nm; the PL intensities of Zn1−𝑥 Ni𝑥 S nanorods increase with the increase of Ni
content comparing to pure ZnS and reach maximum for 𝑥 = 0.03. Magnetic measurements indicated that the undoped ZnS samples
are superparamagnetic, whereas the doped samples exhibit ferromagnetism.

1. Introduction
Diluted magnetic semiconductors refer to a new type of
semiconductor material with both spin and charge degrees
of freedom that is formed by the substitution of transition metals and rare earth ions to a small fraction of
nonmagnetic cations in nonmagnetic semiconductors [1,
2]. DMS nanocrystals have attracted scientific community
for new spintronic optoelectronic devices due to its novel
properties and broad application prospect, such as fieldemission devices, spin field-effect transistors, spin polarized
light emitting diode, optical isolator, and quantum computer
[3–8].
ZnS is one of the prospective candidates for multifunctional semiconductor material device because of its wide
band gap (3.67 eV), free exciting binding energy (60 meV),
and high index of refraction (2.27) and it possesses good

piezoelectric, ferromagnetic, photoelectric, and photosensitive properties. In addition, ZnS nanocrystals also have high
specific surface area and quantum size effect and quantum
tunneling effect [9–11], leading to the zinc sulfide doped
matrix material exhibiting high quantum efficiency in photoluminescence and electroluminescence, and are often used as
an important matrix material multicolor fluorescent powder.
Therefore, in order to obtain the intrinsic dilute magnetic
semiconductors, transition metal doped ZnS has been widely
studied by different methods. The carrier type, sulfur vacancy,
zinc interstitial defect, and crystallization quality of ZnS
can be adjusted by changing the doping elements type and
doping amount, controlling the preparation process, so as
to effectively control the electrical, magnetic, and optical
properties of ZnS [12–16]. Compared with the traditional
ways, it can produce many kinds of nanometer powder by
hydrothermal method. And its products have high purity,

2. Experimental
Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) nanocrystals
were prepared using hydrothermal method. All chemical
products used in this study are analytical grade and used
without further purification. The manufacturing process is as
follows: according to the chemical formula Zn1−𝑥 Ni𝑥 S and
the mole ratio of the metal cation, weighed stoichiometric
Zn(Ac)2 ⋅2H2 O, (NH2 )2 CS, and Ni(Cl)2 ⋅6H2 O were dissolved
in 80 ml ethylenediamine (C2 H8 N2 ) and deionized water
(1 : 1 in volume ratio) to obtain a solution; the solution
was stirred until completely dissolved by magnetic stirrer at
room temperature for 1 hour. And then the resulting mixed
solution was transferred into a 100 ml Teflon-lined stainless
steel autoclave (with the filling ratio of 80%), sealed, and
maintained at 200∘ C for 12 h in an oven. After the end of
the reaction, the autoclave was taken out and cooled down to
room temperature naturally. Finally, the resulting precipitate
was repeated alternately washed with deionized water and
absolute alcohol several times by centrifugation to remove
impurities. The obtained products were dried in oven at 60∘ C
for 10 h. Thus, Zn1−𝑥 Ni𝑥 S nanocrystals were collected and
used for further studies.
The phase and crystalline structures of Zn1−𝑥 Ni𝑥 S
nanorods were investigated by a Japan Rigaku D/Max-2400
powder X-ray diffractometer with Cu-Ka (𝜆 = 1.54056 Å)
radiation. The size and morphology of the samples were
observed using high-resolution transmission electron microscopy (HRTEM, JEM-2010) coupled with an X-ray energy
dispersive spectroscopy (XEDS) accessory to the chemical
composition of the products. The absorption spectra of samples were recorded using ultraviolet-visible (UV-VIS, TU1901) spectrophotometer. Fourier transform infrared spectroscopy (FT-IR) studies were carried out on Nexus 670
FT-IR spectrometer. Photoluminescence (PL) spectra measurements were performed on a PerkinElmer fluorescence
spectrometer by using He-Cd laser as the excitation source
with the excitation wavelength of 325 nm. Magnetic hysteresis
loops were made at room temperature using a vibrating
sample magnetometer (VSM, Lakeshore 7304) with the maximum field of 8 kOe.
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small size, uniform distribution, and well chemical activity
at low temperature. The solvent interact with the reactants
at the molecular level, which provides a better control of
stoichiometry, easy control of composition and structure,
and ability to tailor particle size and morphology [17, 18].
At present, the scientific research on the microstructure and
optical and magnetic properties of Ni doped ZnS is not
systematic and comprehensive.
In this paper, we successfully synthesized the Zn1−𝑥 Ni𝑥 S
diluted magnetic semiconductors with different doping consistency (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) by hydrothermal
method. Using the testing method of HRTEM, XRD, XEDS,
UV-vis, FT-IR, PL, and VSM, the sample’s properties and
microstructure were identified, including structure, morphology, constituent elements, and optical and magnetic
properties.
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Figure 1: XRD patterns of Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and
0.07) nanorods.

3. Results and Discussion
3.1. Structural Analysis. To examine the crystalline structures
and phase of the synthesized Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03,
0.05,and 0.07) samples with different doping concentration
ratio, XRD studies were carried out and the results are shown
in Figure 1. It can be clearly observed from the pattern that the
diffraction peaks located at 2𝜃 = 26.91∘ , 28.50∘ , 30.53∘ , 39.61∘ ,
47.56∘ , 51.78∘ , and 56.39∘ corresponding to (100), (002), (101),
(102), (110), (103), and (112) crystallographic planes of ZnS,
respectively. All diffraction peaks can be well indexed as the
hexagonal wurtzite phase ZnS crystalline structure, which are
consistent with the standard spectrum (JCPDS number 361450). No diffraction peak of Ni and other impurity phases
can be found in XRD diagram, confirming that there are no
secondary phases such as metal clusters or metal oxides in the
sample, indicating the formation of the pure single wurtzite
phase ZnS when the doping atomic percentage ranges from
0% to 7%. Compared with the pure ZnS sample, the XRD
intensity of the doped samples decreases, which may be
attributed to declining the crystallization with Ni ion doping.
Thus, it indicates that the change of molar ratio of doped
elements does not cause the change of crystal structure of
ZnS; Ni2+ is effectively introduced into the ZnS crystal lattice
and substitutes for the Zn2+ site.
Based on the XRD results, the average crystalline size
of Zn1−𝑥 Ni𝑥 S samples can be estimated by using Scherrer
formula:
𝐷=

𝐾𝜆
,
𝐵 cos 𝜃

(1)

where 𝐷 represents the average diameter, 𝐾 = 0.89 is the
Scherrer constant, 𝜆 = 1.54056 Å is X-ray wavelength of CuKa radiation, 𝜃 is the diffraction angle for the (002) planes,
and 𝐵 is full width half maximum (FWHM) of (002) diffraction peak in radian. It is noticed that the (002) diffraction
peak is much stronger and narrower than the other peaks and
the (002) have a rapid growth as compared to (100) and (001),
which demonstrates a preferential growth direction along
the 𝑐-axis of the hexagonal crystal. In addition, the (002)
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Table 1: Parameters of the XRD patterns for Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) nanorods.
Ni concentration
0%
1%
3%
5%
7%

2𝜃 (∘ )
28.40
28.49
28.52
28.62
28.84

FWHM (∘ )
0.227
0.258
0.260
0.263
0.277

𝑑ℎ𝑘𝑙 (Å)
3.139
3.130
3.128
3.117
3.093

diffraction peak FWHM of Ni doped ZnS is greater than that
of undoped samples, which further confirms Ni is entering
the ZnS lattice and substitutionally replacing Zn ions in the
lattice of the host material.
The corresponding parameters of Zn1−𝑥 Ni𝑥 S samples
calculated along (002) plane are shown in Table 1. The
microstructure data of ZnS nanocrystals were estimated
according to the Bragg formula:
2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆,

(2)

where 𝑑hkl denotes the interplanar spacing corresponding to
(hkl) crystalline plane and 𝜃 is Bragg’s diffraction angle. The
lattice parameters 𝑎 and 𝑐 can be calculated with the help of
crystallographic formula:
4
𝑎 2
𝑎 = 𝑑ℎ𝑘𝑙 √ (ℎ2 + ℎ𝑘 + 𝑙2 ) + ( ) 𝑙2 .
3
𝑐

(3)

The calculation results are given in Table 1. From Table 1, it can
be found that the diffraction peaks position of (002) crystal
plane for Zn1−𝑥 Ni𝑥 S samples slightly shifts to higher diffraction angles, while the crystalline plane distance decreases
with the increase of Ni doped content. It can be understood
that the decrease of the crystalline plane distance will result
in the increase of the diffraction angle. The lattice parameters
𝑎-axis and 𝑐-axis of Ni doped ZnS samples decrease with the
increase of Ni2+ doped content, which can be attributed to
the substitution of smaller ionic radii Ni2+ (0.68 Å) into larger
ionic radii Zn2+ (0.74 Å) in the wurtzite structure and causing
lattice distortion. Therefore, the crystalline size and the lattice
parameter of the samples can be controlled by adjusting the
ratio of the doped Ni, and the microstructure of the sample is
changed.
3.2. Morphological Studies. In order to explore the surface
morphology and microstructure of the obtained samples,
the HRTEM observations of undoped and Ni doped ZnS
samples were carried out. Figure 2 shows that all the samples
are comprised of one-dimensional well dispersed rod-like
structure with clear edge, smooth surface, and good length to
diameter ratio. Figure 2(a) shows the typical HRTEM image
of undoped ZnS sample, which possesses relatively uniform one-dimensional rod-like shape with average diameter
around 10 nm, and the length of nanorods ranges from
100 to 150 nm. Compared with the pure ZnS nanorods, the
Zn0.97 Ni0.03 S nanorods have slight change in diameter and
length shown in Figure 2(b), the diameter of Ni doped ZnS

Lattice constants (Å)
𝑎 = 3.829, 𝑐 = 6.279
𝑎 = 3.824, 𝑐 = 6.261
𝑎 = 3.815, 𝑐 = 6.255
𝑎 = 3.805, 𝑐 = 6.230
𝑎 = 3.777, 𝑐 = 6.190

D (nm)
35
33
31
30
29

sample is about 15 nm, and the length ranges from 50 to
100 nm. From the above observations, it can be noticed that
the morphology of Zn0.97 Ni0.03 S nanorods becomes shorter
and coarser and the rod length diameter ratio becomes lower
as compared to the undoped ZnS samples.
Figure 2(c) displays the local high magnification HRTEM
micrographs of Zn0.97 Ni0.03 S nanorods. It can be seen that the
Zn0.97 Ni0.03 S nanorods reveal the clear lattice fringe and no
obvious defects and exhibit a well oriented growth along the
(002) direction with good crystallization, The fringe spacing
is about 0.311 nm, which is close to the interplanar distance
of the (002) lattice planes of the standard wurtzite-type ZnS
structure (2𝜃 = 28.500, 𝑑 = 0.313 nm). However, the value of
𝑑 spacing is smaller than bulk ZnS, which is due to the
substitution of smaller ionic radii Ni2+ (0.68 Å) into larger
ionic radii Zn2+ (0.74 Å). The TEM results are coincided with
the conclusion obtained from XRD analysis, which further
proved the substitution of Zn ions by Ni ions in the ZnS
matrix. The corresponding selected area electron diffraction
(SAED) patterns of Zn0.97 Ni0.03 S nanorods are shown in Figure 2(d). It can found that the SAED pattern consists of many
regular concentric rings with different radius, which indicate
that the samples belong to polycrystalline structure. The
diffraction ring from inside to outside is corresponding to
(100), (002), (101), (102), (110), (103), and (112) planes of
Zn0.97 Ni0.03 S nanorods, respectively. The SAED pattern further confirms that the obtained samples belong to wurtzite
structure and agreement with the result of XRD, indicating
that the entry of Ni2+ ions does not degrade the crystallinity
of samples.
3.3. Chemical Component Analysis. In order to determine
the composition of the samples, the energy dispersive Xray energy dispersive spectrometry (XEDS) of Zn1−𝑥 Ni𝑥 S
nanorods was performed. Figure 3 shows the XEDS patterns
of the pure ZnS and Zn0.97 Ni0.03 S nanorods. The XEDS
spectra of the pure sample are present in Figure 3(a); in
addition to the existence of the characteristic peaks of Zn
and S element, it contains C, O, and Cu element. The C
and O elements may be introduced in the process of washing the samples, which cannot be completely washed with
distilled water and absolute alcohol. The Cu peaks are
attributed to the micro grid of the bearing samples during the
testing process. The XEDS spectra analysis of Zn0.97 Ni0.03 S
nanorods in Figure 3(b) confirms the presence of Ni elements
in samples. The quantitative atomic and weight percentage of
the compositional elements are given in the inset of Figure 3.
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Figure 2: HRTEM images (a–c) and SAED (d) pattern of ZnS and Zn0.97 Ni0.03 S nanorods.
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Figure 3: XEDS patterns of pure ZnS and Zn0.97 Ni0.03 S nanorods.

It can be found the calculated weight and atomic percentage
are close to the nominal stoichiometry within the experimental error. The XEDS results further verify XRD conclusion,
which indicates that Ni is entering the ZnS diluted magnetic
semiconductor and replacing Zn ions in ZnS matrix.
3.4. FT-IR Analysis. In order to investigate the effect of Ni
doping on the optical characteristics of Zn1−𝑥 Ni𝑥 S samples,
the optical absorption spectra were analyzed using FT-IR
spectrometer. Figure 4 shows the FT-IR analysis of Zn1−𝑥 Ni𝑥 S

(𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) samples in the range of
500–4000 cm−1 . For all the samples, the broad peak centered
at about 3433 cm−1 can be assigned to the longitudinal
stretching vibration mode of chemically bonded hydroxyl
groups, resulting from small quantity of adsorbed H2 O on the
sample. The weak bands at 2941 and 2857 cm−1 are attributed
to the N-H stretching vibration of ethylenediamine. The band
at 1635 cm−1 corresponds to the deformation vibration of
water molecule. The band at 1005 to 1280 cm−1 weak vibration
modes may be assigned to the organic compounds, which
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Figure 4: FT-IR spectra of Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and
0.07) nanorods.

may come from the ethylenediamine or alcohol used in the
process of preparation [19]. In addition, the wurtzite structure
can be identified by the peak at 669 cm−1 , assigned to a Zn−S
bond. With the increasing Ni2+ concentration, the FT-IR
spectra of all the samples were not changed obviously, which
proved that Ni2+ successfully substituted for the lattice site of
Zn2+ and into the ZnS host lattice without altering the crystal
structure. This result is in good agreement with the XRD
result.
3.5. UV-Visible Studies. The UV-vis optical absorption spectra for Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) samples
were recorded at room temperature in the wavelength range
of 250−700 nm; as shown in Figure 5, it is clear that all
Zn1−𝑥 Ni𝑥 S samples exhibit strong absorption edges band at
UV region in the range of 260–300 nm and poor absorption
at visible region. The gradual doping substitution of Ni2+ in
ZnS lattice results in the difference of absorption coefficient
of sample and also has some influence on the position of
absorption peak.
Based on the UV-vis results, the optical band gap can be
calculated according to Tauc relation as follows:
𝑛

𝛼ℎV = 𝐴 (ℎV − 𝐸𝑔 ) ,

(4)

where 𝐴 is a constant, ℎ is Plank’s constant, ℎ] is the incident
photon energy, 𝐸𝑔 is the band gap of samples, and 𝛼 is
the absorption coefficient which can be obtained using the
Kubelka–Munk function:
𝛼 = 𝐹 (𝑅) =

(1 − 𝑅)2
,
2𝑅

(5)

where 𝑅 is the percentage of reflected light. For ZnS
nanocrystals semiconductor with direct band structure, 𝑛 =
1/2 and (𝛼ℎ])2 gives the best linear fitting curve in the band
edge region. The relationship between (𝛼ℎ])2 and ℎ] is shown

in Figure 5(b). The values of 𝐸𝑔 are obtained by extrapolating
the straight portion of the curve on ℎ] axis at 𝛼 = 0. The
measured values of optical band gap energy for Zn1−𝑥 Ni𝑥 S
(𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) nanorods are 3.79, 3.77,
3.74, 3.75, and 3.76 eV, respectively. It was clearly that the
direct band gap values of all Zn1−𝑥 Ni𝑥 S samples are greater
than that of bulk ZnS (3.67 eV), and blue shift phenomenon
occurs. The blue shift phenomenon is caused by the quantum
size effect changes of the electronic transition; due to the
decrease of the nanoparticle size, the energy gap becomes
wider, which leads to the optical absorption band shift to the
short wave direction. On the other hand, small particle size
and large surface tension lead to distortion of lattice, the
lattice constants decrease, the distortion inside the particle
makes the bond length shorter, and the infrared absorption
band shifts to higher wave number; the interface effect caused
spectral blue shift of nanomaterials.
Furthermore, the influences of Ni doping concentration
on the band gap energy of Zn1−𝑥 Ni𝑥 S samples are indicated in
the inset of Figure 5(b). It is worth noting that the band
gap of Ni doped ZnS samples is lower than that of undoped
sample and the value gradually decreases with the increase of
Ni doped concentration and the band gap up to a minimum
3.74 eV for 3% Ni, whereas when the Ni doping concentration
is greater than 3%, the band gap of Zn1−𝑥 Ni𝑥 S samples
increases slightly with the increase of Ni concentration. The
observed lower band gap (red shift) at low doping concentration may be due to the sp-d spin exchange interactions. The
correction probability of the positive and negative potential
to the conduction band and the valence band edge may be
enhanced, respectively, under the s-d and p-d exchange
interactions, which result in band gap narrowing [20]. But
the higher band gap (blue shift) at high doping (from 3% to
7% Ni) may be explained by the Burstein–Moss shift; when
the doping concentration of Ni ion is rather high, the carrier
density donated by Ni ions will increase [21]. The increase
of carrier density shifts the Fermi level close to conduction
band and the changes of transition levels lead to the energy
gap broadening.
3.6. Photoluminescence Studies. The most effective tool for
exploring the defect structure in semiconductor is nondestructive photoluminescence (PL) measurements. It helps to
characterize the impurity and defect energy states even when
they are presented in very low concentrations whether at
surface or interfaces. Figure 6(a) shows the room photoluminescence spectra of Zn1−𝑥 Ni𝑥 S samples. It exhibits that all
samples possess the broad blue emission band in the range of
400–650 nm, and the broad emission bands may be attributed
to the recombination of electron hole induced by the change
of local charge distribution at the defect sites [22].
The PL emission intensity of Zn1−𝑥 Ni𝑥 S nanorods is
indicated in the inset of Figure 6(a). It is noted that the PL
intensities of Zn1−𝑥 Ni𝑥 S nanorods exhibit dramatic change
with the increase of doping amount; the PL emission intensity
of the doped samples increases comparing to pure ZnS. When
Ni doping concentration 𝑥 = 0.03, the intensity of the PL
spectrum reaches maximum, whereas when the Ni doping
concentration is greater than 3%, the intensity of Zn1−𝑥 Ni𝑥 S

6

Journal of Nanomaterials

3.79
Energy gap (eV)

(h])2 (a.u.)

Absorbance (a.u.)

6

4

2

3.78
3.77
3.76
3.75
3.74
−1

0

1

2
3
4
5
6
Ni concentrations (%)

7

8

0
300

400

500
Wavelength (nm)

600

3.6

700

3.7

Zn0.95 Ni0.05 S
Zn0.93 Ni0.07 S

Undoped ZnS
Zn0.99 Ni0.01 S
Zn0.97 Ni0.03 S

3.8
h] (eV)

3.9

4.0

Zn0.95 Ni0.05 S
Zn0.93 Ni0.07 S

Undoped ZnS
Zn0.99 Ni0.01 S
Zn0.97 Ni0.03 S

(a)

(b)

2400

Pure ZnS

2000
1600

PL intensity (a.u.)

PL intensity (a.u.)

PL intensity (a.u.)

Figure 5: UV-vis absorption spectra (a) and Tauc plot of (𝛼ℎ𝜐)2 versus ℎ𝜐 (b) of Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07) nanorods.

1200
−1 0 1 2 3 4 5 6 7 8
Ni concentrations (%)

400

500

600
Wavelength (nm)

700

800

400

500

600
Wavelength (nm)

700

800

Zn0.95 Ni0.05 S
Zn0.93 Ni0.07 S

Undoped ZnS
Zn0.99 Ni0.01 S
Zn0.97 Ni0.03 S

(b)

(a)

Conduction band
Zn0.97 Ni0.03 S

(520 nm)

(505 nm)

(436 nm)

(3.82 eV)
(325 nm)

PL intensity (a.u.)

T1 (3F)

3

A 2 (3F)

I：Ｈ
(610 nm)

3

IS

V：Ｈ

VS
Valance band
400

500

600

700

800

Wavelength (nm)
(c)

(d)

Figure 6: (a) Emission spectra of Zn1−𝑥 Ni𝑥 S nanorods. Gaussian fit of PL data for (b) 𝑥 = 0 and (c) 𝑥 = 0.03. (d) Schematic energy level
diagram for the Zn1−𝑥 Ni𝑥 S nanorods.

60

6
5

40

4
3

20

2
1

0

0

M (emu/g)

0

0.000

0.010
Saturation magnetization (emu/g)

0.005

7

Coercivity (Oe)

0.010

Remanent magnetization
(10−4 emu/g)

Journal of Nanomaterials

1
3
5
Concentration (%)

7

Remanent magnetization
Coercivity

−0.005
−0.010
0
2000
−8000 −6000 −4000 −2000
Applied field (G)

4000

6000

8000

0.008
0.006
0.004
0.002
0.000
0

1

3
5
Ni concentration (%)

7

Zn0.95 Ni0.05 S
Zn0.93 Ni0.07 S

Undoped ZnS
Zn0.99 Ni0.01 S
Zn0.97 Ni0.03 S
(a)

(b)

Figure 7: (a) Room temperature M-H plots of Zn1−𝑥 Ni𝑥 S nanorods; (b) the variation of saturation magnetization with Ni doping
concentration.

samples decreases slightly with the increase of Ni amount.
The substitution of Zn2+ ions by Ni2+ ions could increase the
number of trapped electron hole pairs and emit more photons
and generate new radiation centers, which enhances the PL
intensity [23]. The subsequent quenching may be attributed to
the capture ability of transition metal nickel ions better than
the anion vacancy defect centers to the photo-excited electrons. It has been reported that the doped transition metals
act as electron trapping centers at higher doping concentration, which result in nonradiative recombination processes
increase [24]. As a result, the continuous increase of Ni
ion doping concentration will cause the quenching of PL
emission intensity.
Pure ZnS samples show an asymmetric strong green
emission peak at 510 nm, which can be decomposed into four
Gaussian peaks, respectively, centered at 424 nm, 505 nm,
549 nm, and 628 nm as shown in Figure 6(b). According to
the energy diagram of the defects distributed in the ZnS,
generally speaking, the mechanism of PL emission in ZnS
nanostructures is composed of two parts: the zinc vacancy
(𝑉Zn ) and the interstitial sulfur (𝐼S ) atom as acceptor state and
the sulfur vacancy (𝑉S ) and interstitial zinc (𝐼Zn ) atoms as
the local donor state. Interstitial sulfur states should be
located closer to the valence band edge than interstitial zinc
states to the conduction band edge while sulfur vacancies
should be located closer to the conduction band edge than
zinc vacancies to the valence band edge. Moreover, energy
levels of vacancies are deeper than interstitial states [25]. The
violet emission band at 424 nm is a sulfur vacancy (𝑉S )
assisted one, caused by the transition from the sulfur vacancy
state to the valence band edge state of ZnS nanorods [26]. The
emission band centered at 505 nm is attributed to the transfer
of trapped electrons on sulfur vacancies to interstitial sulfur
states producing the green luminescence. The emission band
at 549 nm may be due to sulfur species on the surface of ZnS

NWs [27]. The orange emission peak at 628 nm is assigned
to the recombination between the interstitial zinc states and
the zinc vacancies [28]. Figure 6(c) shows the Gaussian
fitting of PL data of Zn0.97 Ni0.03 S nanorods; this spectrum
consists of five emission bands centered at 436 nm, 492 nm,
520 nm, 543 nm, and 606 nm. In comparison with pure ZnS,
an additional emission centered at around 520 nm is observed
besides the emissions from pure ZnS. This emission is closely
related to the 3 T1 -3 A2 transition within the 3F shell of Ni2+
ions; the lowest multiplet term 3F of the free Ni2+ ion is
split into 3 T1 , 3 T2 , and 3 A2 by the anisotropic hybridization,
resulting in the d-d photon transition in Ni2+ and forming the
Ni2+ luminescence center in the ZnS [29]. And normally the
observed green emission is related to the 3 T1 -3 A2 transition
of Ni2+ ions. Thus, the emission centered at 520 nm in
Figure 6(c) further validates that the Ni2+ ions successfully
entered the ZnS host. Based on the above PL analysis, the
schematic energy level mechanism of all these observed
transitions above PL analysis in Ni doped ZnS nanostructures
is shown in Figure 6(d).
3.7. Magnetic Properties. The magnetic behavior of Ni doped
ZnS samples with different doping concentrations was measured at room temperatures by VSM using a magnetic field
(H) of 8 kOe. The M-H curves of Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01,
0.03, 0.05, and 0.07) samples measured at room temperature
are given in Figure 7(a). It shows that pure ZnS has paramagnetic behavior with few values of coercivity and remnant
magnetization; whereas all Ni doped ZnS samples exhibited
obvious ferromagnetic features at room temperature, the
paramagnetic behavior of pure ZnS nanorods is ascribed to
surface defects and is in corroboration with PL studies. Eryong et al. [30] have also observed such paramagnetic behavior
in Fe-doped ZnS nanoparticles. The variation of coercivity
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(Hc) and remanent magnetization (Ms) with Ni concentration of Zn1−𝑥 Ni𝑥 S nanorods are indicated in the inset
of Figure 7(a). Compared with paramagnetic behavior of pure
ZnS, the origin of the observed ferromagnetic properties of
Ni doped ZnS samples is mainly due to the substitution of
Ni2+ on Zn2+ sites not due to Ni cluster or its metal oxides,
proved by the XEDS and XRD studies; no such secondary
phases have been observed.
The variation of saturation magnetization with Ni doping
concentration of Zn1−𝑥 Ni𝑥 S (𝑥 = 0, 0.01, 0.03, 0.05, and 0.07)
nanorods is given in Figure 7(b). The saturation magnetization of Ni doped samples is greater than that pure ZnS,
which is due to very small size of Ni doped ZnS nanorods;
surface to volume ratio is expected to be very high which
further leads to surface defects [31, 32]. As the doping concentration of Ni ions increases the magnetization value also
increases till reaching a maximum at 3%; subsequently, the
saturation magnetization decreases with the increase of Ni
concentration. There may be two exchange interactions in the
presence of Zn1−𝑥 Ni𝑥 S nanorods. On the one hand there is
the nearest neighbor antiferromagnetic coupling of Ni ion
pair in doped ZnS nanorods. On the other hand there is is
the exchange interaction between the localized “𝑑” spin on
Ni2+ and free delocalized carrier, which strongly depends on
the hybridization between the d shell of Ni2+ ions and the p
shell of their near neighbor S2− ions [33]. When the doping
concentration is low, the small magnetic dipoles existing on
the surface of the nanorods interact with their nearest
neighbors inside the particles, producing exchange energy
that forces the other neighboring dipoles to be aligned in
the same direction. Due to the high specific surface area of
nanorods, the number of magnetic dipoles of the same
orientation will be enhanced in the same direction [34, 35]. At
the same time, the ferromagnetic coupling plays a dominant role in the ferromagnetic contribution to the sample.
Consequently, the total magnetization increases with the Ni
content till reaching a maximum at 3%. At higher dopant
concentration, the Ni cation density increases with increased
doping concentrations, which lead to the distance between
Ni–Ni ions being decreased and antiferromagnetic interaction being strengthened. These antiferromagnetic coupling
effects between Ni ions can quench the magnetic moment,
resulting in lower total magnetization. The results indicate
that for room temperature ferromagnetism enhancement of
ZnS nanorods, the optimum doping level of Ni2+ is about 3%.

4. Conclusions
(1) Diluted magnetic semiconductors Zn1−𝑥 Ni𝑥 S of the
wurtzite structure with different consistency ratio (𝑥 = 0,
0.01, 0.03, 0.05, and 0.07) were successfully synthesized via
a hydrothermal method. All the samples synthesized by this
method are one-dimensional rod-like shape with good dispersion; XRD studies exhibit the substitution of Ni2+ on Zn2+
sites without changing the hexagonal structure of ZnS and
generate single-phase Zn1−𝑥 Ni𝑥 S.
(2) UV-vis spectra reveal the band gap of all Zn1−𝑥 Ni𝑥 S
samples greater than that of bulk ZnS (3.67 eV), and blue
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shift phenomenon occurs. The photoluminescence spectra of
doped and undoped samples possess the broad blue emission
band in the range of 400–650 nm; the PL intensities of
Zn1−𝑥 Ni𝑥 S nanorods increase with the increase of Ni doping
concentration comparing to pure ZnS and reach maximum
for 𝑥 = 0.03.
(3) Magnetic measurements indicate that the undoped
ZnS samples are superparamagnetic, whereas the doped
samples exhibit ferromagnetism. The saturation magnetization increase weakened significantly with increasing Ni
concentration comparing to pure ZnS and reaches minimum
for 3% Ni.
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