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Abstract Cobalt (0, 1, 5, and 10 %)-doped ZnS nanoparti-
cles have been synthesized via low-temperature solvother-
mal technique. The resultant nanoparticles have been
analyzed using transmission electron microscope (TEM),
electron dispersive spectroscope (EDS), X-ray diffraction
(XRD), and UV-visible (UV-Vis.) and photoluminescence
(PL) spectrophotometer. Magnetic studies have been car-
ried out using a vibrating sample magnetometer (VSM). The
average size of nanoparticles has been found to be ~9 nm.
The XRD spectra indicated cubic phase of the undoped
and Co-doped ZnS nanoparticles. The band gap of doped
nanoparticles, 4.80 eV, has been found to be blueshifted
as compared to its undoped counterpart, 4.59 eV. Room-
temperature emission spectra exhibited blue and green lines.
Magnetic studies indicated diamagnetic and ferromagnetic
character at lower Co concentrations, 0 and 1 %, and
ferromagnetic and paramagnetic character at higher Co
concentrations, 5 and 10 %.
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1 Introduction

Semiconducting materials doped appropriately with mag-
netic materials, such as transition metals or rare-earth met-
als, are known as dilute magnetic semiconductors (DMS).
In the recent times, there has been a tremendous interest in
the research on transition metal-doped chalcogenide nano-
materials. The new kind of DMS materials exhibit optical
and magnetic behaviors due to charge and spin control-
lability [1]. Due to its wide band gap, ZnS has been an
attractive material, as it acts as a good host for transi-
tion metals. The transition metal-doped ZnS nanostructures
have a wide variety of applications in the area of spintron-
ics, solar cells, light-emitting diodes, magnetic resonance
imaging (MRI), lasers [2—7], etc. Bhargava et al., in 1994,
attempted for the first time with Mn-doped ZnS nanocrys-
tals to explore the optical and magnetic properties of ZnS-
based DMS nanostructures [8]. Since then, a lot of research
has been focused on the structural, optical, and magnetic
studies of transition metal-doped ZnS nanostructures. The
nanostructures can be specifically used in a variety of appli-
cations due to its unique quantum confinement effects.
Generally, the properties of materials are size and shape
dependent; hence, when doped appropriately with transition
metals or rare-earth metals, these ZnS nanostructures can
be useful as fundamental building blocks for fabricating the
advanced nanoscale electronic and optoelectronic devices.
Various studies on photoluminescence and magnetic studies
[9-12, 14, 16] of transition metal-doped ZnS nanostruc-
tures are available in literature. But very few reports have
been found on Co-doped ZnS nanostructures. Lu et al.
[15] reported the structural and magnetic behavior of Co-
doped ZnS nanowires. It was observed that the Co-doped
ZnS nanowires exhibit ferromagnetism at room tempera-
ture and ferromagnetism increases as the Co concentration
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is increased. Sambavisham et al. [17] reported temperature-
dependent-induced magnetism in Co-doped ZnS nanoparti-
cles at room temperature. In this study, magnetic hysteresis
was observed at room temperature and the magnetization
was found to be reduced with increased Co concentration
in ZnS host. Patel et al. have reported the grain boundaries
induced magnetization at room temperature in Co-doped
ZnS thin films [13].

In this report we have tried to analyze the structural,
optical and magnetic changes induced in Co-doped ZnS
nanoparticles which are indicating mixed magnetic behav-
ior. Till date, no or very few reports have been observed on
such mixed magnetic character of Co-doped ZnS nanoparti-
cles.

2 Experimental Details
2.1 Synthesis

All the chemicals were purchased from Sigma-Aldrich. All
the reactants and solvents of analytical grade were used
without any further purification. Zinc acetate has been used
as a source of Zn, thiourea as a source of sulfur, and cobalt
chloride as a source of Co, and ethanol has been used as a
solvent. For synthesis of ZnS nanoparticles, the solvother-
mal technique as described in the literature [18] has been
used with little modifications. In a typical procedure, zinc
acetate and thiourea, in required concentration, were dis-
solved in the 70 ml ethanol. For cobalt doping, cobalt
chloride, in desired concentration, is added to the above
mixture. The solution mixture was sealed in a Teflon-lined
stainless steel chamber of 100 ml capacity and placed in an

Fig. 1 TEM images of (a)
undoped and (b) 10 % Co:ZnS;
HRTEM images of (d) undoped
and (e) 10 % Co:ZnS; EDS
spectra of (¢) undoped and

(f) 10 % Co:ZnS nanoparticles
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oven at a temperature of 180 °C for 10 hours. The resul-
tant mixture was allowed to cool at room temperature and
washed with water and acetone for four—five times. The
obtained samples were dried for 6 h at 80 °C.

2.2 Characterization

The morphological studies were analyzed with transmission
electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HRTEM) using an FEI Tec-
nai F30 transmission electron microscope. X-ray diffrac-
tion studies were carried out using a PANalytical X’Perto
Pro X-ray diffraction machine using copper characteris-
tic wavelength, A = 1.54 A. The optical properties were
studied by using a fluorescence spectrophotometer (LS55,
Perkin Elmer) and a UV-Visible (UV-Vis.) spectrophotome-
ter (Specord-205, Analytik Jena). The elemental analysis
was carried out using Oxford analytical system coupled with
a scanning electron microscope (SEM). Magnetic studies
were carried out by a vibrating sample magnetometer (Lake
Shore 7040).

3 Results and Discussion
3.1 Morphological Studies

Morphological analyses were made with the help of TEM
and HRTEM. The images of undoped and Co-doped ZnS
nanoparticles are shown in Fig. 1.

The interatomic spacing values as observed fron}
HRTEM images have been found to be 3.3 and 3.1 A
for undoped ZnS and 10 % Co-doped ZnS nanoparticles,

C  Undoped ZnS, Co = 0%
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Fig. 2 XRD patterns of undoped and Co-doped nanoparticles

respectively. The decreased interatomic spacing values have
been confirmed in XRD studies. The presence of doped Co
was confirmed by electron dispersive spectroscopic (EDS)
analysis. EDS spectra obtained confirm the presence of Co
in the host ZnS semiconductor as shown in Fig. 1c, f. The
observed doped amount of Co is less as compared to actual
doped percentage which may be ascribed to the impurities
present in the precursors or washings of samples.

3.2 Structural Studies

Structural properties have been analyzed using X-ray
diffraction (XRD). The patterns obtained are shown in
Fig. 2. Peaks have been obtained at 20 = (111), (200),
(220), and (311) corresponding to the Bragg’s angles of
28.65°, 33.05°, 47.95°, and 57.13°, respectively, accord
well with JCPDS data card (JCPDS 80-0020), indicating the
cubic phase of the synthesized nanoparticles. Broadening in
the XRD peaks indicate the nanometer regime of doped and
undoped ZnS nanoparticles.

No extra peak of impurity phase has been observed as
no clear peaks of higher intensity have been observed, indi-
cating the single phase of all samples, which confirms the
substitution of Co ions in ZnS lattice. The particle size as
estimated from Scherrer’s formula [19], given by

0.93A
D =
Bcoso

where D is the diameter, » = 1.54 A is the wavelength
of CuKa radiation, 8 is the full width at half maxima
(FWHM), and 6 is the Bragg’s angle. The estimated particle
size is ~9.38 nm which accords well with TEM size. Table 1
shows various lattice parameters of undoped and Co-doped
ZnS nanoparticles along the (111) plane.

A decrease in the lattice parameters may be ascribed
to strain induced in ZnS lattice with insertion of Co
ions in ZnS lattice. The intensity of the peaks is reduced
as the doping concentration is increased, which indicates
the deterioration of structural quality of ZnS with Co
doping.

3.3 Optical Properties

The optical studies have been analyzed using UV-Vis. and
photoluminescence (PL) spectrophotometer.

3.3.1 UV-Vis. Studies

UV-Vis. spectra of undoped and Co-doped ZnS nanorods
are shown in Fig. 3a. The maximum absorbance in case of
undoped ZnS nanorods has been found to be at 270 nm,
corresponding to the band gap of 4.59 eV, blueshifted as
compared to bulk counterpart.

This blueshift may be ascribed to quantum confine-
ment effects [20]. As the Co concentration in ZnS matrix
is increased, the absorbance is found to be blueshift as
compared to the undoped ZnS nanoparticles. The maxi-
mum absorption (Amax) for 10 % Co-doped ZnS nanorods
was found to be 257 nm. This behavior is illustrated in
Fig. 3b. The blueshift in Co-doped ZnS nanoparticles may
be attributed to fact that the radius of Co ions is smaller
as compared to the replaced Zn. This trend may also be
ascribed to the formation of new energy levels in the Co-
doped ZnS energy band. It again confirms the replacement
of Zn ions with doped Co ions in the ZnS lattice.

3.3.2 Photoluminescence Studies
The room-temperature PL emission spectra obtained at the

excitation wavelength of 300 nm (Xex. = 300 nm) are shown
in Fig. 4.

Table 1 Lattice parameters of undoped and Co-doped ZnS nanoparticles along the (111) plane

Sample Peak position d-spacing (};) Lattice constants
Undoped ZnS 28.44 3.11 a =538
1 % Co:ZnS 28.47 3.10 a =536
5 % Co:ZnS 28.51 3.09 a =534
10 % Co:ZnS 28.52 3.07 a=531
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Fig. 3 a UV-Vis. spectra of undoped and Co-doped nanoparticles;
b variation of maximum absorption with Co concentration

The spectra obtained indicate the peak centered at 450
and 525 nm due to blue and green emission, respectively.
The broad emission band exhibited at 450 nm may be
ascribed to surface defect states originating due to sul-
fur vacancies [21]. The blue emission may be attributed
to radiative recombination between sulfur vacancy-related
donor energy levels and purity phase of host ZnS material.
Another peak centered at 525 nm may be associated with
self-activated zinc vacancies of synthesized ZnS nanopar-
ticles [22]. The photoluminescent intensity increases with
the doping of cobalt ions at 1 and 5 % concentrations, but
it reduces as the Co concentration is increased to 10 %.
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Fig. 4 PL spectra of undoped and Co-doped nanoparticles
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The enhancement of photoluminescent intensity may be
ascribed to the creation of new radiation centers or size
reduction caused by Co doping [23]. As the Co concen-
tration is increased further up to 10 %, the doped Co ions
interfere with the radiative recombination, which overshad-
ows the effect of creating new radiation centers, resulting
in the quenching of fluorescence intensity at higher doping
concentrations. Similar observations have been reported ear-
lier in the literature with Ni doping in ZnS nanorods [9, 24].

3.4 Magnetic Studies

The magnetic behavior of Co-doped ZnS nanoparticles was
analyzed using the M-H curves obtained using a vibrating
sample magnetometer. The M-H curves obtained are shown
in Fig. 5a. The curves clearly indicate the magnetic behavior
induced in the Co-doped ZnS nanoparticles.
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Fig. 5 a M-H curves of undoped and Co-doped nanoparticles [inset:
magnified view of M-H curves]; b variation of remanent magnetization
and coercivity with cobalt concentration in ZnS nanoparticles
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It is clear that the undoped ZnS nanoparticles exhibit
a mixed behavior of diamagnetic and ferromagnetic. As
the Co concentration is increased to 1 %, the doped ZnS
nanoparticles have been depicting a saturated ferromagnetic
character and diamagnetic charter is induced at higher mag-
netic field. Further increase in Co concentration to 5 and
10 % induces ferromagnetic character at lower magnetic
fields and paramagnetic behavior as the field is increased. It
is clear that at lower Co concentration, the behavior exhib-
ited is ferromagnetic, but as the concentration is increased
further, paramagnetic comes into the picture along with
the increased ferromagnetic character but no saturation has
been observed till 10 KOe. The coercivity and remanent
values are illustrated in Fig. 5b. A decrease in coercivity
values indicates the soft magnet character of the doped ZnS
nanoparticles, whereas the retentivity is reduced at 1 % Co
concentration, but as the concentration increased to 5 and
10 %, a substantial increase has been observed in reten-
tivity of ZnS nanoparticles. This behavior clearly indicates
that insertion of Co ions in ZnS matrix induces a mixed fer-
romagnetic and paramagnetic character in the doped ZnS
nanorods. It may be ascribed to the intrinsic coupling [25]
between the doped Co atoms and not due to the aggregated
Co atoms in the ZnS lattice, as no secondary phases have
been observed in the XRD analysis. The results obtained
are different than those reported earlier [16], where it has
been found that the ferromagnetic character is decreased
with increased cobalt ion concentrations due to antiferro-
magnetic interactions. However, some reports, at higher
cobalt ion concentrations, observed ferromagnetic behav-
ior at room temperature [15]. Another possible reason for
room-temperature ferromagnetism may be ascribed to the
sulfur vacancies and zinc interstitials [26].

4 Conclusions

The undoped and Co-doped ZnS nanocrystals have been
synthesized by low-temperature solvothermal technique.
The observed doping concentration amount has been found
to be less than the actual percentage amount. The synthe-
sized nanoparticles have an average diameter ~9 nm with
cubic phase. A decrease in the lattice parameters may be
ascribed to strain induced in ZnS lattice with insertion of
Co ions in ZnS lattice. The maximum absorbance in case
of undoped ZnS nanorods has been found to be at 270 nm,
corresponding to the band gap of 4.59 eV, blueshifted as
compared to bulk counterpart. The enhancement of pho-
toluminescent intensity may be ascribed to the creation of
new radiation centers or size reduction caused by Co dop-
ing in ZnS matrix; further increase in Co concentration
decreases the photoluminescent intensity. Magnetic studies
indicated mixed diamagnetic and ferromagnetic character

paramagnetic at lower Co concentrations, i.e., 0 and 1 %,
and mixed ferromagnetic and paramagnetic character at 5
and 10 % Co concentrations in ZnS matrix.
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