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Abstract

Zn0.97�xAlxCr0.03S (x¼0.00, 0.02, 0.04, 0.06, 0.08, 0.10 and 0.12) nanoparticles were synthesized by the chemical co-precipitation method
using Ethylene Di-amine Tetra Acetic acid (EDTA) as capping agent. The effect of Al co-dopant on the structural, optical and magnetic
properties is discussed on the basis of EDS, SEM, XRD, TEM, SAED, DRS, FTIR, PL, EPR and VSM results. EDS studies indicated the
presence of Zn, S, Cr and Al elements in the samples with near stoichiometry. XRD, TEM and SAED studies revealed that samples of all
concentrations exhibited cubic structure. The absorption edge in DRS spectra shifted towards higher wavelength with increasing Al concentration
indicating a decrease of band gap from 4.05 to 3.85 eV. Enhanced photoluminescence was observed with increasing Al concentration up to 4 at%
and beyond this photoluminescence quenching was observed. FTIR spectral studies indicated that EDTA simply co-exists on the surface of the
nanoparticles and acts as the capping agent preventing agglomeration of the nanoparticles. EPR spectral studies indicated that the EPR signal
intensity, linewidth and number of spins increased with Al concentration. VSM studies revealed that Al co-doping suppressed the room
temperature ferromagnetism in ZnS:Cr nanoparticles.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: ZnS:(Cr, Al); Chemical method; XRD; DRS; Absence of room temperature ferromagnetism
1. Introduction

In recent years, scientists have made rapid and significant
advances in the field of materials research, especially in
semiconductor physics. One of the most important fields of
current interest in materials science is discovery and under-
standing of Room Temperature Ferromagnetic (RTFM) semi-
conductors with Curie point (Tc) above room temperature. It is a
difficult task to find Diluted Magnetic Semiconductors (DMS)
with room temperature ferromagnetism. DMS are a class of
magnetic semiconductors that are obtained by adding a fraction of
transition or rare earth metal ions such as Mn, Fe, Co, Cr, Ni, Cu,
Sm, Er, Dy, and Gd to II–VI, IV–VI and III–V compounds [1].
These DMS can exploit both the charge and spin of carriers, with
the concept of the synergetic and multifunctional use of spin and
charge dynamics of electrons, aiming to go beyond the traditional
dichotomy of semiconductor electronics and magnetic storage
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technology. Their possible applications in the next generation
spintronic devices like non-volatile storage, spin light-emitting
diodes, spin-valve transistors, new functionality of memory
detectors, logic devices and light-emitting sources are being
investigated [2]. It is interesting to note that ferromagnetic
semiconductors with Curie temperature around 300 K may be
obtained by doping conventional semiconductors with transition
metal ions. The ferromagnetic interaction between the magnetic
ions mediated by charge carriers enables one to manipulate both
the charge and spin degrees of freedom of electrons. Most of the
efforts have been initially focused on Mn-substituted III–V
compounds such as Ga1�xMnxAs, which are normally p-type
and exhibit ferromagnetism around 110 K [3]. This has hindered
their applications because room temperature ferromagnetism is
desired for new generation spintronic devices. In view of this,
there have been many reports [4–10] to produce RTFM materials,
particularly wide band gap II–VI semiconductors such as ZnO,
TiO2, SnO2 ZnS, ZnSe and ZnTe doped with a few at% of 3d
transition-metal ions like Mn, Fe, Co, Cr, Ni, Cu, etc. Some
progress has been made to realize spintronic devices in practice
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using the room temperature ferromagnetic DMS materials [11].
However, new generation spintronic device fabrication calls for
materials exhibiting enhanced magnetic and optical properties. In
this pursuit co-doping of two different types of ions into a host
semiconducting nanocrystals to tune their luminescent and
magnetic properties has been tried [12–15]. Till now the work
has been almost entirely concerned with n-type materials, which
raises important and interesting scientific issues concerning the
carrier-mediated magnetism. However, n-type (donars) and p-
type (acceptors) dopants incorporated into nanocrystals could
presumably provide extra charge carriers, electrons or holes to the
semiconductor lattice, which could be extremely important for
electrical transport in nano-crystalline devices. In view of these a
few studies [16–18] have been undertaken on co-doping of p-type
and n-type materials and some progress has been achieved in this
direction. Among all the co-doping systems, particularly Al co-
doping is very interesting because many authors reported varying
incongruous results for seemingly identical materials. Liu et al.
[19] found high-temperature ferromagnetism in (Co, Al) co-
doped ZnO nano-powders. Pei et al. [20] reported absence of
RTFM in Al co-doped ZnO:Co nanoparticles. Ning et al. [21]
reported enhanced ferromagnetism in Al co-doping and Wei et al.
[22] reported reduced ferromagnetisam with Al co-doping.
However surprisingly as per our knowledge, there are no
experimental reports on magnetic studies on Al co-doped ZnS
nanoparticles, although the above mentioned experimental results
indicate the possibility of room temperature ferromagnetism in
ZnS, which is similar to ZnO. We have reported earlier [23]
dopant induced room temperature ferromagnetism in Cr doped
ZnS nanoparticles. It is interesting to note that ferromagnetism
was suppressed appreciably at higher doping concentration of Cr
(3 at%) compared to 0.5 at%. Also, the present authors investi-
gated ZnS:(Cr, Cu) [12] and ZnS:(Cr, Mn) [13] nano-systems and
observed enhanced RTFM in Cu co-doped samples whereas in
Mn co-doped samples suppression of RTFM was noticed. Hence
in the present study, out of curiosity we have chosen to
investigate the effect of Al co-doping on the weakest ferromag-
netic samples of ZnS:Cr (3 at% Cr). The authors have undertaken
the synthesis of (Cr, Al) co-doped ZnS nanoparticles using the
simple and inexpensive technique namely the chemical
co-precipitation method. The nanoparticles have been subjected
to structural, optical and magnetic characterizations and the
observations are reported in this paper.

2. Experimental

For the synthesis of nanostructured ZnS:(Cr, Al) particles we
followed a similar procedure reported earlier [12,13,23]. In brief
all the chemicals used in the present work were of analytical
grade and were used without further purification. Ultra-pure de-
ionized water was used in all synthesis steps. In this study
Zn0.97�xAlxCr0.03S (x=0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and
0.12) nanocrystals were synthesized using Zn(CH3COO)2, Na2S
as the precursors and CrCl3 � 6H2O and Al2(SO4)3 as the source
of dopant material. ZnS:(Cr, Al) nanoparticles were synthesized
using EDTA as the capping agent. The source materials were
weighed according to the stoichiometry as per the target
compositions and were dissolved in distilled water to make a
0.2 M solution. Sodium sulfide and Cr and Al solutions were
added simultaneously dropwise to the zinc acetate solution
under continuous stirring for 8 h at room temperature till a fine
precipitate was formed. The precipitate was filtered out sepa-
rately and washed with de-ionized water and methanol to
remove unnecessary impurities formed during the preparation
process. The obtained product was placed in oven for 6 h at
60 1C. Chemical analysis and morphology was carried out using
Scanning Electron Microscopy (SEM) with EDAX attachment
(CARL-ZEISS EVO MA 15). The X-ray diffraction (XRD)
patterns were recorded to study the phase and structure of the
nanoparticles using Seifert 3003 TT X-Ray Diffractometer.
Transmission electron microscopy (TEM) were recorded in
(JEOL-TEM 2010) with an accelerating voltage of 200 kV.
Diffuse reflectance measurements (DRS) on dry powders were
performed using a JASCO-V-670 double-beam spectrophot-
ometer. Photoluminescence studies were carried out using a
JOBIN YVON Fluorolog-3 Spectophotometer with 450 W of
Xenon arc lamp as an excitation source. FTIR spectra were
recorded using Thermo Nicolet FTIR-200 of thermo Electron
Corporation. Electron paramagnetic resonance spectral (EPR)
studies were done at room temperature using a JEOL-FE1X
EPR spectrometer. To know the magnetic state of the samples
prepared, room temperature magnetization was studied as a
function of applied magnetic field in the range of �15,000 to
+15,000 G using a Lakeshore Vibrating sample magnetometer,
VSM-7410.

3. Results and discussion

3.1. Elemental analysis

The elemental analysis of ZnS:(Cr, Al) nanoparticles was
done by EDS. Fig. 1(a) and (b) shows typical EDS spectra of
ZnS:Cr and ZnS:(Cr, Al) nanoparticles, respectively. The
spectra reveal that only the expected elements, Zn, S and Cr,
are present in ZnS:Cr and that in addition Al element exists in
ZnS:(Cr, Al) samples. No traces of other elements were
noticed in the spectra indicating the purity of the samples.
Quantitative analysis of the atomic concentration (at%) is listed
in Table 1. The estimated Cr and Al concentrations are near to
stoichiometry indicating that most of the Cr and Al ions exist
in ZnS:(Cr, Al) nanocrystallites rather than in the form of
hydroxides. However, the estimated dopant ion concentrations
are slightly less than the nominal values indicating that some
of the Cr and Al ions still remained in the parent solution and
had not been incorporated into the crystals. The relative error is
less than 70.5%.

3.2. Morphological studies

The morphological and elemental mapping features of the
Zn0.91Al0.06Cr0.03S nanoparticles were examined using SEM
analysis. Typical SEM images of ZnS:(Cr, Al) nanoparticles
with elemental mapping are shown in Fig. 2(a–e). It can be
seen from the SEM images that the particles coalesce to form



Fig. 1. EDS spectra of (a) ZnS:Cr and (b) Zn0.93Al0.04Cr0.03S nanoparticles.

Table 1
Estimated composition, crystallite size, lattice parameters and band gap of Zn0.97�xAlxCr0.03S nanoparticles.

Composition (x) Estimated composition from EDS Crystallite size (D) (nm) Lattice parameter (a) (Å) Band gap (eV)

Zn S Cr Al

0.00 47.41 49.62 2.97 0.0 6.19 5.1930 4.05
0.02 45.71 49.48 2.98 1.83 6.26 5.1932 4.00
0.04 43.76 49.12 2.82 3.89 6.88 5.1934 3.97
0.06 42.06 48.98 2.98 5.98 7.12 5.1935 3.93
0.08 40.46 48.86 2.86 7.82 7.34 5.1937 3.89
0.10 38.07 49.56 2.74 9.63 7.85 5.1938 3.85
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agglomerations with size ranging from 100 to 200 nm. The
agglomerations might have originated from the large surface
area and high surface energy of ZnS nanoparticles. From the
elemental mapping, we observed that all the elements are
consistently distributed over the field of view of the image.
The elemental analysis of the images further showed that the
nanoparticles were slightly rich in Zn and S compare to Al, and
Cr. Further it clearly indicates quite a uniform distribution of
elements in the synthesized products and demonstrates that the
ZnS nanocrystals are homogenously doped with Al and Cr.

3.3. Structural analysis

X-ray diffractograms were used to investigate the effect of Al
co-doping on the structure and the phase purity of the nanopar-
ticles. Fig. 3 shows the XRD patterns of Zn0.97�xCr0.03AlxS



Zn Ka1Electron Image 1

Cr Ka1

Al Ka1S Ka1

Fig. 2. (a) Electron micrograph and elemental mapping of 6 at% Al-doped ZnS:Cr sample showing the presence of (b) Zn (c) S (d) Al and (e) Cr ions, respectively.
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(x¼0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12). For x¼0.00–
0.10 all peak positions of the present samples match well with the
standard JCPDS no (80-0020) for cubic ZnS. No traces of
chromium metal, aluminum metal or any other impurities are
detected indicating that both Cr and Al have entered the ZnS host
lattice as substituents. However, in samples of Zn0.85Al0.12Cr0.03S
a secondary phase of Al2S3 is noticed. Therefore, it may be
concluded that the doping limit for Al in ZnS:Cr is 10 at%. The
average nanocrystallite size (D), was estimated from the full
width at half maximum (FWHM) of the most prominent XRD
(111) peak using Debye–Scherrer′s formula, D¼0.89λ/β Cos θ,
where λ is the wavelength of Cu-Kα irradiation and “θ” is
diffraction angle for the (111) planes of cubic ZnS, and is
presented in Table 1. The table indicates a steady increase of “D”
with increasing Al concentration. Earlier workers also reported
similar increase in crystallite size in co-doped ZnS:(Cu, Cd) [24],
ZnS:(Cu, In) [25], ZnS:(Cr, Cu) [12] and ZnS:(Cu, Co) [26]. The
XRD peaks (Fig. 3) show a slight shift towards lower 2θ values,
implying an increase in lattice parameters on co-doping. The
lattice parameter (a) of cubic zincblende is calculated from the
formula: 1/d2¼1/a2(h2+k2+l2) where dhkl is the inter planar
separation corresponding to Miller indices (hkl) and is given in
Table 1. From the table it is obvious that as the Al concentration
increases, the lattice parameter slightly increases. This is expected
because ions of smaller ionic radii, Al3+ (0.51 Å) and Cr3+

(0.63 Å), are replacing Zn2+ (0.74 Å). The increase in crystallite
size as a result of Cr and Al substitution at Zn sites could be
correlated with the increase in lattice parameters; it is a clear
evidence that Cr and Al ions are substituting Zn in ZnS matrix.
No data on lattice parameter of Al co-doped ZnS nanoparticles is



Fig. 3. X-ray diffraction patterns of Zn0.97�xAlxCr0.03S nanoparticles.
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available for comparison. However, in a similar system of ZnO,
Pei et al. [20] also reported such increase in lattice parameter in
(Co, Al) co-doped ZnO nanoparticles.
3.4. TEM analysis

The TEM measurements were also performed to confirm the
nanocrystalline nature and to study the morphology of the
particles. Typical TEM micrograph of ZnS:(Cr, Al) (x¼0.06)
is shown in Fig. 4(a). In all the samples, the grains are found to
be well isolated and nearly spherical in shape. The grain size
values estimated from TEM images are in agreement with
those obtained from XRD patterns. The SAED patterns for
x¼0.06 are shown in Fig. 4(b). From the SAED rings it is
noticed that ZnS:(Cr, Al) samples of all compositions have
zincblende structure with diffraction planes (111), (220) and
(311) (JCPDS card no. 80-0020). Further, the presence of any
secondary phase corresponding to Cr clusters or aluminum
clusters was not detected in the XRD and TEM patterns. This
indicates that Cr and Al have entered the ZnS host lattice as
substituents and also that there are no other impurities present
in the samples.

3.5. DRS studies

In order to study the effect of Al co-doping on band gap,
UV–vis spectroscopic measurements were carried out at room
temperature in the wavelength range 250–800 nm. The UV–vis
diffuse reflectance spectra of Zn0.97�xAlxCr0.03S nanoparticles
are shown in Fig. 5. It is obvious from the spectra that as the
Al doping concentration increases the absorption edge shifts to
higher wavelengths indicating a decrease in band gap with
increasing dopant concentration. The shift in the absorption
edge may be due to the increase of crystallite size with
increasing Al concentration. The energy gap of the samples
was determined by using the Kubelka–Munk equation,

Log
ð1�rÞ2
2r

� �
¼ Logk�Logs

where r¼R(sample)/R(standard)
Here, the standard used is BaSO4. R (standard) is taken as

unity. R (sample) is the diffuse reflectance of the sample
(R¼ Isam/Iref ).

ð1�RÞ2
2R

¼ k

s
¼ FðRÞ

where “s” represents the portion of light scattered per unit
vertical length, “k” represents the portion of light absorbed
per unit vertical length, R is the reflectance relative to a
standard and F(R) is the remission function of the electrode.
The Kubelka–Munk model assumes that the material is
infinitely thick, and the thickness and surrounding apparatus
have no influence on the reflectance [27]. The band gap of
single phase semiconducting material and the absorption
threshold of composite electrodes can be evaluated by
plotting [F(R)hν]2 vs. hν for direct band gap materials.
The band gap energies of Zn097�xAlxCr0.03S samples were
estimated from the variation of the Kubelka–Munk fuction
[F(R)hv]2 with photon energy (hv), which is represented in
Fig. 6. The estimated band gap energies are listed in
Table 1. The table shows that as the Al concentration
increases the band gap decreases from 4.05 to 3.85 eV,
indicating that Cr and Al ions replace Zn2+ ions in the ZnS
lattice and the energy band gap decreases on co-doping.
Earlier workers also reported similar decrease in band gap
after co-doping with different transition ions in ZnS [12,24–
26]. There are no reports on band-gap studies of (Cr, Al) co-
doped ZnS nanoparticles for comparison.

3.6. FTIR studies

Fourier transform infrared spectra (FTIR) is a versatile
technique and gives detailed information about the chemical
bonding and the elemental constituents of a material. Fig. 7
shows FTIR spectra of Zn0.97�xAlxCr0.03S (x=0.00, 0.02, 0.04,
0.06, 0.08 and 0.10) nanoparticles. The broad absorption peak
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Fig. 4. (a) TEM and (b) SAED patterns of Zn0.91Al0.06Cr0.03S nanoparticles.
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around 3410 cm�1 is attributed to normal polymeric O–H
stretching vibration of H2O in ZnS:(Cr, Al) lattice because all
FTIR spectra are recorded by mixing samples with KBr, which
is hygroscopic. The spectral band located at 2352 cm�1 is
related to N–H3

+ stretching vibration of the amino acid. The
most intense bands at 1580 cm�1 and 1410 cm�1are the
asymmetric and symmetric stretches of the coordinated car-
boxylate groups respectively [28]. Absence of spectral band
around 2100 cm�1 indicates that in ZnS:(Cr, Al) matrices,
EDTA does not form any betaine structure. However, the
bands at 1580 cm�1 and 1400 cm�1 indicate that the EDTA
carboxylate ions are active in the ZnS:(Cr, Al) matrices
[12,13]. The spectral band at 1103 cm�1 is attributed to C–
O stretching of carboxylic acid related to ZnS:(Cr, Al)–EDTA
[23]. The spectral bands at 670 and 470 cm�1 are assigned to
the Zn–S stretching vibrations [29]. These IR spectra strongly
support that the surface capping of the ZnS nanoparticles is by
direct bonding of the EDTA, to the ZnS site at the surface and
does not interact chemically. This implies that EDTA simply
co-exists with the surface of the nanoparticles and acts as
surfactant and prevents the agglomeration of the nanoparticles.
3.7. Photoluminescence studies

The excitation spectra of ZnS:Cr and ZnS:(Cr, Al) nano-
particles in the wavelength range of 250–400 nm shown in
Fig. 8 indicate excitation maximum at 334 nm. The excitation
spectrum of the ZnS:Cr nanoparticles is considerably broa-
dened compared to those of ZnS:(Cr, Al) nanoparticles. This
broadening is mainly due to the strongly disordered surface
which generates an individual random potential in each
nanoparticle. This random potential induces enhanced fluctua-
tions in the energy levels between different nanoparticles. The
fluctuations of the levels increase with decreasing size of the
particles, i.e., the excitation spectra broaden with decreasing
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Fig. 8. Excitation spectrum of ZnS:Cr and ZnS:(Cr, Al) nanoparticles.
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size. This effect is produced by the higher probability of
smaller particles existing on the disordered surface [30].

To study the influence of Al co-doping in ZnS:Cr nano-
particles on emissions and defect formation, PL spectra of
Zn0.97�xAlxCr0.03S nanoparticles were recorded at room tem-
perature with an excitation wavelength of 334 nm and are
shown in Fig. 9. It is observed that the PL spectra of ZnS:Cr
nanoparticles consist of an emission band peaking at 445 nm
and a very broad deep level emission band in the range of 400–
630 nm. The emission appearing in the blue region of the
visible spectrum can be ascribed to a self-activated center
presumably formed between a Zn vacancy and a shallow donor
associated with a sulfur vacancy [31,12,13]. Sulfur vacancies
at the surface are expected to give rise to Zn dangling bonds
that form shallow donor levels. Thus, the recombination is
mainly between these shallow donor levels and the valence
band arising from a very fast energy transfer from the electron
hole pair excited across the band gap of the nanocrystals. In
ZnS:(Cr, Al) samples an increase in emission intensity with Al
content is noticed, with the PL peak slightly shifted to 470 nm.
The PL at 470 nm may be due to the self-activated lumines-
cence, with the incorporation of Al into ZnS structure that
resulted from the donor–acceptor pair (DAP) transition.
Nagamani et al. [32] also reported similar type of emission
in Al doped ZnS thin films formed by the solution growth
method. This provides an obvious evidence for the entry of
aluminum in host lattice. Although the emission spectra of Al
co-doped samples appear similar, an appreciable luminescence
enhancement was observed in Al co-doped samples compared
to the ZnS:Cr samples. The enhanced emission upon Al
doping can be attributed to several factors such as (i) it is
obvious that Al3+ is acting as a sensitizing agent enhancing the
radiative recombination processes. Thus, the photolumines-
cence efficiencies of ZnS:(Cr, Al) samples are higher than
those of ZnS:Cr samples. (ii) Increase of electron population in
conduction band with doping of donor impurities. (iii) Higher
rate of donor bound excitonic recombination (iv) and also
sulfur vacancies are dominant in our samples with more sulfur
vacancies being produced by the introduction of Al. All these
factors might have enhanced the probability of enhanced of
luminescence. The intensity of this visible emission decreases
for samples with 6–10 at% Al doping. Such anomalous
intensity variation in Al co-doped ZnS:Cr nanoparticles can
be understood considering the possibility of Al entering at
interstitial sites. While for low doping concentrations 0–4 at%
most of the Al ions might have been incorporated into the ZnS



Fig. 10. CIE chromaticity diagram for Zn0.97�xAlxCr0.03S nanoparticles.

Fig. 11. EPR spectra of Zn0.97�xAlxCr0.03S (a) x¼0.00, (b) x¼0.02,
(c) x¼0.04, (d) x¼0.08 and (e) x¼0.10 nanoparticles.
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lattice through substitution, for higher concentrations, the
excess amount of Al ions might have been incorporated in to
the nanoparticles interstitially, the interstitially doped Al atoms
creating larger amount of lattice defects. Hence at higher
concentrations of Al doping the photoluminescence intensity
decreases. The presence of metallic Al peaks in the XRD
patterns of the Al doped samples at 12 at% supports our
argument.

The Commission International de l′Eclairage (CIE) color
coordinates measured from the photoluminescent emission of
Cr-doped ZnS nanoparticles and Al co-doped ZnS:Cr by
varying the Al dopant concentrations are shown in Fig. 10.
Compared to the Cr-doped ZnS nanoparticles in Al co-doped
samples the CIE position shifted to strong blue region.
3.8. EPR studies

Electron Paramagnetic Resonance (EPR) is a purely quantum
mechanical effect. It gives information regarding the oxidation
state and site occupancy of the transition metal ion in the host
lattice and the interplay between the carrier concentration and
magnetic exchange coupling at microscopic level. EPR spectra of
(Cr, Al) co-doped ZnS nano-powders were recorded at room
temperature using a JEOL-FE1X EPR spectrometer operating in
the X-band frequency (9.205 GHz) with a field modulation
frequency of 200 KHz. The magnetic field applied was in the
range of 0–5000 G and the microwave power used was 10 mW.
Fig. 11 shows the EPR spectra of Zn0.97�xAlxCr0.03S (x¼0.00,
0.02, 0.04, 0.08, and 0.10) nanopowders recorded at room
temperature with magnetic fields applied in-plane (∥) and
perpendicular (┴) to the sample. Generally EPR spectrum of
Cr3+ gives three lines, arising from the 3d3 electronic configura-
tion of Cr ion with spin I¼3/2. Similarly Cr2+ gives four lines
due to 3d4 electronic configuration with spin I¼1/2. Al3+ ions
give two lines, arising from the 3d4 electronic configuration with
spin I¼1/2, but in our studies we obtained single broad EPR
signal which is attributed to the exchange interaction between Cr–
Cr, Al–Al ions. Further, a gradual increase in the intensity of the
signal is noticed with increasing Al ion concentration indicating a
gradual weakening of ferromagnetic ordering because of
exchange interaction. The g-factor was determined from the
equation of resonance g¼hν/βH, where “g”¼g-factor,
h¼Planck′s constant¼6.625� 10�34 m2 kg/s, β¼Bohr magne-
ton 9.274� 10�24 J T�1, ν¼ frequency, H¼magnetic field in
Tesla. The value of “g” obtained is in the range of 1.989–2.001.
As the Al concentration increases the g-value increases as shown
in Table 2. Hence, we assume that the resonance signal in the
EPR spectrum is related to some of the Al and Cr ions in the
paramagnetic state. The peak to-peak linewidth (ΔH) values of
the hyperfine lines obtained from the EPR signals are found to
increase with increase in Al concentration (Table 2). Generally
the change in linewidth mainly depends on the variation of
temperature and concentration of the dopants. In the present case
all EPR studies are carried out at room temperature only. Hence
the increase in ΔH is attributed to increased dipole–dipole
interactions between Cr3+ and Al3+ ions and also due to
inhomogenities in the internal field due to random distribution
of Cr3+ and Al3+ ions.
The values of number of spins (Ns) participating in the

resonance are calculated using the formula: Ns¼0.285I(ΔH)2

where “I” is the peak-to-peak height and “ΔH” is the linewidth
(in G) and are given in Table 2. The increase in broadening
and intensity of the EPR signal with increasing Al concentra-
tion clearly indicates that there is an increase in the number of
spins with increasing Al dopant content.
3.9. Magnetization studies

To know the magnetic state of the Zn0.97�xAlxCr0.03S
(x¼0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) samples, room
temperature magnetization is studied as a function of applied
magnetic field in the range of �15,000 to +15,000 G using
VSM and are shown in Fig. 12. From the figure it is clear that
Cr doped ZnS nanoparticles exhibit room temperature ferro-
magnetism. The present authors explained the origin of



Table 2
Lande “g” factor, line width (ΔH) and Number of spins (Ns) of Zn0.97�xAlxCr0.03S nanoparticles.

Composition (x) Lande “g” factor Line width (ΔH) (Gauss) Number of spins (Ns) (cm
�1)

0.00 1.989 367 7.48� 106

0.02 1.991 372 7.56� 106

0.04 1.993 378 7.62� 106

0.06 1.995 381 8.02� 106

0.08 1.998 383 8.32� 106

0.10 2.001 384 8.51� 106
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Fig. 12. Room temperature M–H loop for Zn0.97�xAlxCr0.03S nanoparticles.
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ferromagnetism in Cr doped ZnS nanoparticles earlier [23]. In
brief the observed ferromagnetism in Cr doped ZnS is due to
the substitution of Cr for Zn which provides the necessary
unpaired spins for ferromagnetism rather than the Cr clusters.
Thus, the observed ferromagnetism in the Cr doped ZnS
samples was attributed to the exchange interaction between
localized “d” spins on the Cr ions and the free delocalized
carriers. The values of coercive field (Hc), magnetization (Ms)
and retentivity (Mr) of the Cr doped ZnS nanoparticles are
152.3 G, 27.9E�3 and 3.39E�3 respectively. A small
amount of Al co-doping brought drastic changes in the
magnetic properties. In samples with x¼0.02 exhibit coex-
istence of paramagnetism as well as antiferromagnetism is
observed as shown by the inset in Fig. 12. The change of
magnetic behavior from ferromagnetic state to mixture of
antiferromagnetic and paramagnetic states may be due to the
interactions between the Cr–Cr ions, Al–Al ions and Cr–Al
ions in co-doped samples. It may lead to lattice distortions and
neighboring defects giving rise to changes in the magnetic
nature. Pei et al. [20] also observed similar mixed state in ZnO:
(Co, Al) co-doped samples. There are no reports of magnetic
studies on (Cr, Al) co-doped ZnS nanoparticles for compar-
ison. On increasing the Al concentration from x¼0.04–0.10
the samples exhibited nearly zero coercivity and no remanent
magnetization, which is typical of paramagnetism. The
absence of room temperature ferromagnetism in Al co-doped
ZnS:Cr nanoparticles may be due to the formation of very tiny
nanometer sized Al clusters or other secondary phases that
remain paramagnetic at room temperature. There are no earlier
reports available for comparison. However, in a similar system
of ZnO:(Co, Al), Alaria et al. [33] reported absence of room
temperature ferromagnetism in Al co-doped ZnO:Co nano-
crystals. More detailed investigations like low temperature
magnetic studies are needed to understand the mechanism of
magnetism in this material. Such investigations are under
progress in our laboratory.
4. Conclusions

Zn0.97�xAlxCr0.03S nanoparticles were synthesized by the
chemical co-precipitation method using EDTA as the capping
agent. EDS, XRD and FTIR studies reveal that Cr and Al are
incorporated into the ZnS host lattice without altering the
crystal structure. With Al co-doping, the band gap varied in the
range of 4.05–3.85 eV. Enhanced photo luminescence with
increase in Al co-doping was observed up to 4 at% and beyond
4 at% luminescence quenching was observed. FTIR spectra
indicate that the EDTA simply co-exists on the surface of
nanostructures and acts as a capping agent and inhibits the
agglomeration of the nanoparticles. As the Al co-doping
concentration increases the EPR signal intensity, linewidth,
Lande “g” value, the number of spins increases providing
evidence for the presence of paramagnetic ions in the prepared
samples. The absence of room temperature ferromagnetism
observed in Al co-doped samples indicates that Al co-doping
suppresses the RTFM of ZnS:Cr nanoparticles
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