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Structural, local structural, optical and magnetic properties of sol–gel derived Zn1�xCoxO (0 # x # 0.04)

nanoparticles have been studied. The crystallite structure, size, and lattice strain have been estimated by

X-ray diffraction (XRD) with Rietveld refinement and high-resolution transmission electron microscopy

(HRTEM). The small linear increase in lattice parameter ‘a’ and decrease in lattice parameter ‘c’ have been

observed which can be attributed to the small distortion of Zn tetrahedron. Extended X-ray Absorption

Fine Structure (EXAFS) measurements show that Co-doping creates oxygen vacancies without causing

any significant change in the host lattice structure. X-ray Absorption Near Edge Structure (XANES)

measurements rule out the presence of metallic Co clusters in the samples. Raman spectroscopy has

been employed to study the crystalline quality, structural disorder, and defects in the host lattice. The

tetrahedral coordination of the oxygen ions surrounding the zinc ions and wurtzite structure has been

studied by FTIR analysis. UV-Vis measurements have been used to study the effect of Co-doping

on absorption spectra and hence on the band gap. The band gap initially decreases for low

Co-concentration and increases with higher Co-concentration. The PL spectra show six peaks out of

which the peak in the ultraviolet (UV) region has been assigned to the near band edge excitonic emission

(NBE) and other peaks are related to different defect states. Room temperature ferromagnetism (weak) is

observed and magnetization increases with increasing Co-concentration. The grain boundaries, oxygen

vacancy and bound magnetic polarons (BMPs) jointly may be responsible for this room temperature

ferromagnetism. Variation of resistivity with temperature shows that a thermally activated conduction

(Arrhenius) mechanism is valid in the high temperature region whereas Mott’s variable-range hopping

(VRH) mechanism is valid in the low temperature region.
1. Introduction

Ferromagnetic ordering at room temperature in diluted
magnetic semiconductors (DMSs)1 has recently attracted
great interest for their promising applications in the
emerging eld of spintronics and many other spin-based
devices.2,3 Though a few devices based on giant magneto-
resistance (GMR) of ferromagnetic/non-magnetic/ferromag-
netic type hetero-structures have been successfully realized, a
global success of spintronics is still waiting for the develop-
ment of the DMS. Ferromagnetic ordering above room
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temperature could be achieved by doping the semiconductor
with a very small quantity of transition metal (TM) elements.
Hence both the charge and spin of electrons can be utilized
for device operation such as light emitting devices, spin eld-
effect transistors and spin based quantum computers etc.
Doping of wide-gap semiconductors with transition metal
elements such as Mn, Fe, Co, etc. offers a viable means of
tuning both the ferromagnetism4–6 and the optical proper-
ties.1,7–10 On the other hand, the ability to tailor the physical
properties of nanocrystals (NCs) by simply changing their
size and surface functionality renders NCs an attractive
building block for functional devices. The principal
requirement in realizing spintronic devices is to develop
DMSs with ferromagnetism at room temperature (RTFM) or
above ambient temperature.2,3 Consequently, much effort
has been invested to prepare transition-metal-doped wide
band gap DMS nanostructures that exhibit ferromagnetic
ordering above room temperature, high charge carrier
concentration and mobility for spin-based applications.11–13
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Zinc oxide (ZnO), an optically transparent II–VI semi-
conductor with the hexagonal wurtzite structure of C4

6v (P63mc)
space group, wide direct band gap (Eg � 3.37 eV), excitons
binding energy �60 meV has been identied as a promising
host material aer theoretical studies have predicted ferro-
magnetism above room temperature for several TM doped ZnO-
based DMSs.14,15 Thereaer, quite controversial results on
transition metal doped ZnO have been reported.16–19 Jin et al.
did not observe any signature of ferromagnetism in transition
metal doped ZnO epitaxial thin lms.16 Sati et al. however, have
found intrinsic ferromagnetism in Zn1�xCoxO epitaxial thin
lms.17 Kim et al. have shown room temperature ferromagne-
tism (RTFM) in Zn1�xCoxO thin lm and suggested that this
RTFM resulted from the impurity in the form of Co clusters.18

On the contrary, the computational study by Spaldin on Co- and
Mn-doped ZnO system showed that ferromagnetism is not
possible without additional carrier doping.19 Jayakumar et al.20

observed the existence of ferromagnetism at room temperature
in ZnO samples doped simultaneously with Co and Cu whereas
ZnO doped with Co only was paramagnetic. Tamura et al.21 got
RTFM in Fe-doped ZnO thin lm while Mn- and Co-doped ZnO
did not show any ferromagnetic behavior. In some recent
studies,17 the magnetic anisotropy of the dopant cation is
proposed to be a signature of intrinsic ferromagnetism in dilute
magnetic oxide materials. From the studies, it is evident that
Co2+ doped in ZnO is highly anisotropic in nature.22,23 The
discrepancies in the experimental results for the same DMS
materials prepared by different methods or by different
researchers have created doubts about the origin of ferromag-
netism in this class of materials. The doping concentrations in
DMSs are usually well below the percolation limit to be
explained in the framework of double-exchange or super-
exchange mechanisms which are generally used to describe
magnetic interactions in oxides.24 Very recently Straumal et al.
showed that the grain boundary (GB) and hence grain boundary
specic area (SGB) dened as the ratio of GB area to grain
volume is the controlling factor for the ferromagnetic behavior
of undoped and TM-doped ZnO.25,26 Moreover, though magne-
tism in Co-doped ZnO nanoparticles is an interesting and
controversial issue to be solved, tailoring of the optical band
gap has also immense importance for device applications. To
determine the origin of ferromagnetic ordering and optical
properties in ZnO-based DMS nanostructures, the local struc-
ture around Zn atoms in Co-doped ZnO nanocrystals has been
studied by EXAFS measurements. In this paper we concentrate
on the structural and local-structural, optical and magnetic
properties of Co-doped ZnO (i.e. Zn1�xCoxO) nanocrystals to get
a clear understanding of the origin of ferromagnetic ordering
and optical properties for the development of high-density
magnetic storage media with nano-sized constituent particles.

2. Experimental details

Zn1�xCoxO (0 # x # 0.04) samples (named as Co0, Co0.5, Co1,
Co1.5, Co2, and Co4 for Co-concentration x ¼ 0, 0.005, 0.01,
0.015, 0.02, and 0.04, respectively) are synthesized by the sol–gel
method. Appropriate proportions of analytical grade metal
nitrates Zn(NO3)2$6H2O (99.9% purity) and Co(NO3)2$4H2O
(99.9% purity) powders were thoroughly mixed and dissolved in
an aqueous solution of citric acid [C6H8O7] (99.5% purity) while
stirring to obtain a homogeneous precursor solution. Citric acid
serves as the fuel for the reaction. The precursor solution was
dried at 80 �C for 3 h to obtain a xerogel and the swelled xerogel
was kept at 130 �C for 12 h to complete it. The simplied
exothermic reaction can be expressed as:

M(NO3)2 + C6H8O7 + 4O2 / MO + 2NO2 + 6CO2 + 4H2O;

(M ¼ Zn, Co).

Aer grinding, the xerogel powders were sintered at 600 �C
for 10 h under an air atmosphere to get Zn1�xCoxO nano-
particles. Structural characterization of Zn1�xCoxO samples was
performed by an X-ray diffractometer (Model: Miniex-II,
Rigaku, Japan) with Cu Ka radiation (l ¼ 1.5406 Å). The EXAFS
measurements were carried out at the energy dispersive EXAFS
beamline (BL-8) at the INDUS-2 Synchrotron Source (2.5 GeV,
120 mA) at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India. The above beamline uses a 460 mm
long Si (111) crystal mounted on a mechanical crystal bender
which can bend the crystal to the shape of an ellipse. The
beamline has a resolution of 1 eV at the photon energies of
10 keV. To obtain a reasonable edge jump, appropriate weights
of the powdered sample have been mixed thoroughly with
cellulose powder to get a total weight of approximately 150 mg
so that 2.5 mm thick homogenous pellets of 12.5 mm diameter
were made. TEM and HRTEM measurements were done with a
JEOL-2010 (Japan) and Technai G2 S-Twin (FEI, Netherlands),
respectively. Fourier transmission infrared (FT-IR) spectra of
the samples (as pellets in KBr) were recorded using a FT-IR
Spectrometer (Spectrum One, Perkin Elmer Instrument, USA) in
the range of 4000–400 cm�1 with a resolution of 1 cm�1. Raman
spectra were taken with a Reinshaw micro-Raman spectroscope
using a 514.5 nm Ar+ laser as excitation source in the range of
200–1250 cm�1. The powder samples are made into pellets for
the Raman measurement. The optical absorption spectra were
measured in the range of 300–800 nm using a UV-VIS spec-
trometer (Perkin Elmer Instrument, Lamda-25, USA). The pho-
toluminescence (PL) spectra were taken by a Fluorescence
Spectrometer (LS-45, Perkin Elmer, USA). The resistivity
measurements were done by the conventional two-probe
method tted with a Closed Cycle Cryo-cooler. The D.C.
magnetization (M–H) measurements have been carried out by a
Physical Properties Measurement System (PPMS) of Cryogenics
Inc., USA and by a Vibrating Sample magnetometer (VSM) from
Lakeshore (Model no: 7407).
3. Results and discussion
3.1. Structure and composition

3.1.1. X-ray diffraction. Rietveld renement of the X-ray
diffraction (XRD) patterns for Zn1�xCoxO (0# x# 0.04) samples
are shown in Fig. 1. All peak positions of Co-doped ZnO corre-
spond to the standard Bragg positions of hexagonal wurtzite
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Fig. 1 Rietveld refinement profiles of X-ray diffraction data of the
Zn1�xCoxO (0 # x # 0.04) samples. The circles represent the observed
data (Obs) while the solid line through the circles is the calculated profile
(Calc), vertical tics below curves represent allowed Bragg-reflections for
the wurtzite phase. The difference pattern of the observed data and
calculated profile (Obs–Calc) is given below the vertical tics.

Fig. 2 Variation of lattice parameter (‘a’ and ‘c’) with Co-concentration
(x) calculated from Rietveld refinement is shown in (a) and by using eqn
(2) in (b). The inset (i) of each corresponding plot shows the variation of
the unit cell volume. The inset (ii) of (a) shows the variation of the
degree of distortion (R) and inset (ii) of (b) shows the variation of
interplanar space (d002) with Co-concentration.
ZnO (space group P63mc), which have been shown by the vertical
bars and the residue by the line, respectively, at the bottom of
the XRD patterns. The XRD patterns show that the Co-doping
does not lead to the appearance of any extra peaks or disap-
pearance of any peaks of the hexagonal wurtzite structure of
pure ZnO. This conrms that the structure of the doped ZnO
retains the wurtzite phase belonging to the space group P63mc.
The analysis tells us that the samples are single phase and no
trace of other impurities has been found. All the XRD peaks
have been indexed using the standard JCPDS le for ZnO
(JCPDS #36–1451).

The average grain size, D, of the samples are estimated using
the Debye–Scherrer’s equation:27,28

D ¼ 0:9l

b cos q
(1)

where l is the wavelength of radiation used (l ¼ 1.5406 Å), q the
Bragg angle and b is the full width at half maximum (FWHM).

The lattice parameters (‘a’ and ‘c’) have been measured from
Rietveld renement of the X-ray diffraction data, and also by
using the formula:27,29

sin2
q ¼ l2
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þ l2
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where q is the diffraction angle, l is the incident wavelength (l¼
1.5406 Å) and h, k, and l are Miller’s indices. The volume of the
unit cell for a hexagonal system has been calculated from the
following equation:29

V ¼ 0.866 � a2 � c (3)
The lattice parameters (‘a’ and ‘c’) measured from Rietveld
renement and by using eqn (2) are plotted in Fig. 2(a) and (b),
respectively, with the variation of Co-concentration (x). Volumes
of the unit cell calculated by using eqn (3) are shown in the inset
of each corresponding plot [viz. inset (i) of Fig. 2(a) and (b)].
From Fig. 2, it is seen that there is a small increase in the lattice
parameter ‘a’ and very small decrease in the lattice parameter ‘c’
as the volume of the unit cell increases slowly due to an increase
of Co-ion doping. This result is similar to the previous obser-
vations.30–33 The slow decease of ‘c’ due to Co-doping can be
attributed to the small difference in ionic radii between divalent
Co in tetrahedral coordination (0.58 Å) and divalent Zn in
tetrahedral coordination (0.60 Å). It is expected that the
substitution of the Zn2+ by Co2+ should in fact lead to decrease
in the lattice parameters due to the smaller ionic radius of
divalent Co in tetrahedral coordination. Thus, the linear
decrease of ‘c’ parameter behaves expectedly. But although the
linear decrease of ‘c’ parameter can be explained from the view
point of the difference in ionic radii, the small linear increase in
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Table 1 Values of lattice parameters, bond lengths and bond angles calculated following ref. 35

Parameters Co0 Co0.5 Co1 Co1.5 Co2 Co4

a (Å) 3.24564 3.24465 3.24567 3.24434 3.24672 3.24629
c (Å) 5.19985 5.19778 5.19926 5.19677 5.20078 5.19859
c/a 1.60210 1.60195 1.60190 1.60179 1.60185 1.60139
dZn–Oa

(Å) 1.97521 1.97458 1.97519 1.97433 1.97581 1.97536
dZn–Ob

(Å) 1.97526 1.97459 1.97520 1.97434 1.97582 1.97537
Angle (Oa–Zn–Ob) (�) 108.43732 108.43143 108.43092 108.42687 108.42895 108.41254
Angle (Ob–Zn–Ob) (�) 110.48503 110.49069 110.49118 110.49507 110.49307 110.50882
‘a’ parameter cannot be explained. Again, it is not due to the
entry of Co2+ into the octahedral coordination because if Co2+

ions were in the octahedral environment in the wurtzite
structure, it would cause a signicant increase in the cell
parameters30 since octahedral Co2+ has an ionic radius between
0.65 Å (low spin) and 0.745 Å (high spin).34 Moreover, the
conclusion that Co-ions did not enter into the octahedral
coordination has been conrmed from FT-IR studies (as dis-
cussed letter). The small increment of lattice parameter ‘a’ and
decrement of lattice parameter ‘c’ and slow increase of the unit
cell volume (V) can be attributed to the small distortion of Zn
tetrahedron31,32,35,36 (remaining in its wurtzite structure) due to
Co-doping. The ideal wurtzite structure is composed of two
interpenetrating hexagonal-close-packed (hcp) sub-lattices
with two lattice parameters, a and c, in the ratio of

c=a ¼ ffiffiffiffiffiffiffiffiffiffiffiffið8=3Þp
. Each of the sublattices consists of one type of

atom displaced with respect to each other along the three-fold
c-axis by the amount of 3/8 in an ideal wurtzite structure. Again,
a/c is the measure of the distortion from its ideal tetrahedron

and the degree of distortion R ¼ ffiffiffiffiffiffiffiffiffiffiffiffið8=3Þp
a=c where R ¼ 1 gives

the ideal wurtzite structure31 with c=a ¼ ffiffiffiffiffiffiffiffiffiffiffiffið8=3Þp
. In a real ZnO

crystal, the wurtzite structure deviates from the ideal arrange-
ment, by changing the a/c ratio or the R value. In wurtzite ZnO,
the Zn-tetrahedra have their base in the ab-plane and apex
along the c-direction. Replacement (doping) of Zn by Co
increases the average basal bond angles (Ob–Zn–Ob) and
decreases the average base–apex angles (Ob–Zn–Oa) [where Ob

and Oa are oxygen atoms at the base and at the apex, respec-
tively, of the tetrahedron] leading to a small increment in ‘a’
and small decrement in ‘c’ parameter,31,32,35,36 respectively. The
values of different parameters such as a, c, c/a, bond lengths,
bond angles, etc. have been calculated (Table 1) following Hadis
Morkoç and Ümit Özgür.35,36 The linear increase of the degree
Table 2 Estimated crystallite size and average strain developed in differ

Sample

Crystallite Size (nm)

Scherrer formula Size–strain plot

ZnO 32.71 33.75
Zn0.995Co0.005O 34.08 35.69
Zn0.99Co0.01O 35.17 36.45
Zn0.985Co0.015O 35.86 36.64
Zn0.98Co0.02O 36.33 37.24
Zn0.96Co0.04O 39.18 39.49
of distortion R [inset (ii) of Fig. 2(a)] suggests that the degree of
distortion increases with increasing Co-concentration and
doping of Co-ions does not change the wurtzite structure. The
linear increase of the unit cell volume (V) is justied by the
quadratic relation of ‘a’ in eqn (3). Again, slow linear variation
of lattice constants ‘a’ and ‘c’ with increasing Co-concentra-
tion conrms that the doping of Co-ions does not change the
wurtzite structure (space group P63mc) of ZnO and the Co-ion
has been substituted into the crystal lattice following Vegard’s
law.37 XRD data [inset (ii) of Fig 2(b)] shows that the inter
planer spacing (d-spacing) of (002) planes increases with
increasing Co-concentration. This observation can also be
explained with the change of the bond angles and the distor-
tion of the tetrahedron. The distortion of the tetrahedron,
arising from the variation of bond lengths and bond angles
between atoms, develops the lattice strain.29 The lattice strain
is dened as the ratio of the incremental change of the lattice
parameter to its initial value. Consequently, this lattice strain
changes the spacing of crystallographic planes (d-spacing).
According to Bragg’s Law, the Bragg angles should either
decrease or increase when spacing of the crystallographic
plane changes. Thus, the uniform tensile strain with
increasing the d-spacing shis a Bragg’s peak to lower 2q
angle, whereas uniform compressive strain with decreasing
the d-spacing shis a Bragg’s peak to a higher 2q angle in the
spectrum.29 Since for the (002) plane the d-spacing has
increased with Co-concentration, we believe that a uniform
tensile strain has been developed in the perpendicular direc-
tion of the plane (002). The crystallite size and lattice strain
developed in different samples have been estimated from the
Williamson–Hall (W–H) plot38 (see Table 2). A better estima-
tion of the size and strain parameters can be achieved from the
‘size–strain plot’ (SSP)39 by using the following equation:
ent samples

Strain

W–H plot Size–strain plot W–H plot

33.18 2.89 � 10�4 4.94 � 10�5

30.32 1.10 � 10�3 3.18 � 10�4

33.92 1.05 � 10�3 2.03 � 10�4

32.47 1.71 � 10�3 3.95 � 10�4

34.00 3.11 � 10�4 2.12 � 10�4

36.54 1.05 � 10�3 2.11 � 10�4
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Fig. 3 (dhklb cos q/l)2 vs. (dhkl
2b cos q/l2) plot of the samples to esti-

mate crystallite size (D) and average strain (3).
�
dhklb cos q

l

�2

¼ kl

D

�
dhkl

2
b cos q

l2

�
þ
�3
2

�2

(4)

where dhkl is the interplaner spacing and 3 is the average strain
produced in the lattice. b, l and D are described as earlier, k is
the Scherrer constant ¼ 0.9.

The plot of (dhklb cos q/l)2 vs. (dhkl
2b cos q/l2) is shown in

Fig. 3. The crystallite size (D) and average strain (3) have been
estimated from the slope and the intercept of the linear t of the
plot, respectively (see Table 2). Fig. 4 shows the variation of
crystallite size with the Co-concentration (x) estimated from
size–strain plot and from Debye–Scherrer’s equation (inset of
Fig. 4). The average crystallite size increases linearly with the
increase in Co-concentration. This may be because of an
increase in growth rate due to the slightly lower ionic radius of
Co2+ (0.58 Å) cation compared to Zn2+ (0.60 Å).

3.1.2. Transmission electron microscopy. The morphology
and the microstructure of the nanoparticles have been exam-
ined by transmission electron microscopy (TEM). A typical TEM
image of several nanoparticles of the sample Co1 is presented in
Fig. 5. It can be seen from Fig. 5(a) that the nanoparticles tend
to coalesce into aggregates which is very common in magnetic
nanoparticles. A closer inspection of the TEM images of
Fig. 4 Variation of average crystallite size with Co-concentration (x)
estimated from size–strain plot. The inset figure shows the variation
estimated from Scherrer equation.
different parts of the sample tells that most nanoparticles are
individually more or less spherical in shape and smooth on
the surface. The TEM-micrograph (Fig. 5) shows that the
obtained samples are indeed nano-grained and contain,
therefore, very developed grain boundaries and free surfaces
which should affect the physical properties as observed by
Straumal et al.25,26 The average particle size obtained from
TEM measurements matches well with the size estimated
from the XRD study. High-resolution TEM (HRTEM) gives
insight into the detailed atomic structure of the nanoparticles.
Fig. 5(b) shows the HRTEM image of a single particle of the
Co1 sample. The HRTEMmicrograph shows (Fig. 5(b)) that the
interplanar spacing (d-value) of fringes is 0.262 nm and it is in
good agreement (slightly increased due to strain as discussed
earlier) with the d-value of (002) plane (viz. 0.259 nm) of
wurtzite pure ZnO. Moreover, it should be pointed out here
that the d-value of the Co-doped sample (e.g. Co1) determined
from TEM measurements also has been increased
which supports the XRD analysis that the tensile strain has
been induced due to Co-doping in the system. The pattern
indicates that all the nanoparticles are single crystalline in
nature and are free from major lattice defects. The selected
area electron diffraction (SAED) pattern (Fig. 5(c)) also shows
the single crystalline nature of the sample. It also conrms
that the nanocrystals are indeed in the wurtzite phase.
According to the results of the XRD pattern and HRTEM
images, we believe that the Co-ions are well incorporated into
the crystal lattice of ZnO.

3.1.3. EXAFS at Zn K-edge. In the EXAFS experimental set
up, the bent crystal selects a particular band of energy from
white synchrotron radiation depending on the grazing angle of
incidence of the synchrotron beam (Bragg angle) and disperses
as well as focuses the band on the sample.40,41 In an EXAFS
measurement, the plot of absorption versus photon energy is
obtained by recording the intensities I0 and It on the CCD,
without and with the sample, respectively, and using the rela-
tion It ¼ I0e

�mt where m is the absorption coefficient and t is the
thickness of the absorber. For the present experiment the
crystal has been set at the proper Bragg angle so that a band of
energy is obtained around Zn K edge of �9659 eV. EXAFS
spectra of standard metal foils of Zn and Ga have been used for
calibration of the CCD channels at the Zn K edge, assuming the
theoretical values42 of Zn K-edge of 9659 eV and Ga K edge of
10367 eV. In order to take care of the oscillations in the
absorption spectra, the energy dependent absorption coefficient
m(E) has been converted to absorption function c(E) dened as
follows:43

cðEÞ ¼ mðEÞ � m0ðEÞ
Dm0ðE0Þ (5)

where E0 is the absorption edge energy, m0(E0) is the bare atom
background and Dm0(E0) is the step in the m(E) value at the
absorption edge. Aer converting the energy scale to the
photoelectron wave number scale (k) as dened by:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mðE � E0Þ

h-2

r
(6)
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Fig. 7 FT-EXAFS (c(R) vs. R) for undoped and Co doped ZnO nano-
crystals at Zn K-edge.

Fig. 5 Low magnification TEM (a), HRTEM (b), and SAED (c) images of
Zn0.99Co0.01O nanocrystals.

Fig. 8 The experimental c(R) versus R spectra and the theoretical fits
of undoped, 1% and 4% Co doped ZnO at Zn K-edge.
the energy dependent absorption coefficient c(E) has been
converted to the wave number dependent absorption coef-
cient c(k), where m is the electron mass. Finally, c(k) is
weighted by k to amplify the oscillation at high k and the c(k)
k functions are Fourier transformed in R space to generate
the c(R) versus R (or FT-EXAFS) spectra in terms of the real
distances from the center of the absorbing atom. It should
be mentioned here that a set of EXAFS data analysis
programs available within the IFEFFIT soware package
have been used for reduction and tting of the experimental
EXAFS data.44 This includes data reduction and Fourier
transform to derive the c(R) versus R spectra from the
absorption spectra (using ATHENA soware), generation of
the theoretical EXAFS spectra starting from an assumed
crystallographic structure and nally tting of the experi-
mental data with the theoretical spectra using the FEFF 6.0
code (using ARTEMIS soware). The structural parameters
for the wurtzite ZnO used for simulation of theoretical
EXAFS spectra of the samples have been taken from reported
values in the literature.45 The theoretical EXAFS spectra has
been generated assuming the model described by Kisi
et al.,45 namely the rst oxygen shell (Zn–O1) at 1.98 Å with
coordination number (CN) of 3, second oxygen shell (Zn–O2)
at 1.99 Å having a CN of 1 and a Zn shell (Zn–Zn) at 3.21 Å
with a CN of 12, in order to t the rst few peaks (in the k
range of 3–10 Å�1 and up to 3.5 Å in R space) obtained in the
c(R) versus R spectra of the samples. The ttings have been
Fig. 6 Normalized experimental EXAFS (m(E) vs. E) for undoped and Co
doped ZnO nanocrystals at Zn K-edge.
carried out using the IFEFFIT code (which uses a non-linear
least-squares method to t the experimental data) with R,
CN and s2 as tting parameters and the typical uncertainties
involved are of the order of 0.05 Å for R, 0.1 for CN and 0.001
for s2. Fig. 6 represents the experimental EXAFS [m(E) vs. E]
spectra of Co doped ZnO NCs at Zn K-edge. Fig. 7 shows the
Fourier transformed EXAFS (FT-EXAFS) c(R) vs. R spectra of
Co doped ZnO samples at the Zn K edge. Fig. 8(a)–(c) show
the experimental c(R) versus R spectra of undoped, 1% and
4% Co doped ZnO NCs at the Zn K edge along with the
corresponding best t theoretical spectra of the samples.
Variation in coordination number (CN) and Debye–Waller
factors (s2) have been shown in Fig. 9 and Fig. 10, respec-
tively, as a function of Co doping concentration. It should be
noted that in the above Fig. 9 and Fig. 10 total CNs and s2

factors are presented for the rst two oxygen shells.
It can be found from Fig. 10 that the average Debye–Waller

(DW) factor for the Zn–O bonds increases gradually up to 1% Co
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Fig. 9 Variation of coordination number of nearest Zn–O shell and
next nearest Zn–Zn shell with change in dopant concentration.

Fig. 10 Variation of Debye–Waller factor of nearest Zn–O shell and
next nearest Zn–Zn shell with change in dopant concentration.
doping and subsequently decreases for higher Co concen-
trations, though remains always above the value for the
undoped ZnO sample. This corroborates the variation of
oxygen coordination as shown in Fig. 9, where oxygen coor-
dination decreases signicantly at about 0.5% Co doping
concentration, increases at 1% doping and subsequently
gradually decreases as Co concentration is increased. It
should be noted that the oxygen coordination is less than
that of the bulk value even for the undoped sample (with an
estimated oxygen vacancy of �2.5%) due to the fact that
larger number of atoms are residing on the surface for the
nano-sized crystals being probed here. Similar reduction of
oxygen coordination has also been reported for nanocrystal-
line ZnO by other workers.46 Fig. 9 and 10 clearly show that
over the whole Co doping range, the oxygen coordination
remains lower and DW factor remains higher compared to
their respective values in undoped ZnO, showing that doping
takes place throughout the whole composition range. The
oxygen vacancies (VO) present in the samples in the 1–4% Co
doping concentration are found to be �4–5%. Similar
reduction in oxygen coordination and increase in oxygen
vacancies due to doping have recently been observed by
Chakraborty et al. in a Fe doped system.47

The DW factor for the next near Zn shell initially increases
sharply up to 0.5% Co concentration, decreases for 1% and
remains almost constant at the value of undoped ZnO
throughout the whole Co concentration range. Also it can be
seen from Fig. 9 that Zn coordination decreases for 0.5%
doping, and increases for 1% doping and remains constant at
the value of undoped ZnO throughout the whole doping range.
Thus it shows that Co doping affects the O site more than the
Zn/Co site and agrees with our earlier nding (in ZrO2 systems)
that in the case of substitution by similar size atoms (ionic
radius of Zn is 0.60 Å, while that of Co is 0.58 Å) oxygen
vacancies are created near the host site.48

However, as can be seen from both Fig. 9 and 10, though
the samples having doping concentration of 1% and above
show a slow and gradual change, for the 0.5% Co doped
sample a signicant changes in the coordination and Debye–
Waller factors are observed both at O and Zn sites. This might
be due to larger strains generated in the lattice for this
sample as obtained from the XRD measurements shown in
Table 2.

The substitution of Zn ions by Co ions (of almost similar
size) though creates some distortion by creation of oxygen
vacancies, however it does not cause any signicant change in
the host lattice as manifested in the values of the bond
distances for both oxygen and zinc shells that are similar to the
standard wurtzite ZnO model within experimental error. This
observation is quite similar to that observed in XRD studies. To
corroborate these results further characterizations have been
carried out as explained in the next sections.

3.1.4. XANES measurements at Co K-edge. Apart from
EXAFS measurements at Zn edge, X-ray Absorption Near Edge
Structure (XANES) measurements have also been carried out at
the Co edge on the samples along with Co metal foil and a
standard sample of Co(NO3)2, where Co is present in 0 and +2
oxidation states, respectively. It has been observed that for all
the samples the absorption edge of Co appears at signicantly
higher energy than that in the Co metal and they are close to the
absorption edge of Co-ion in Co(NO3)2 standard sample. The
XANES spectra of the samples also clearly resemble that of
the Co(NO3)2 (standard) and have a characteristic white line.
This clearly rules out the presence of metallic Co clusters in the
samples. The results of the XANES measurements have been
shown in Fig. 11 for a representative sample with relatively
higher Co doping (viz., 4%, where possibility of clustering is
higher) along with that of the standards.

3.1.5. Raman Spectroscopy. Micro-Raman spectroscopy
has proven to be a very sensitive and important technique to
detect local structural changes due to incorporation of TM-ions
into the ZnO host lattice.49 Raman spectroscopy has been
employed to conrm the crystalline quality of Zn1�xCoxO
nanoparticles. Wurtzite ZnO (number of atoms per unit cell is 4)
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Fig. 11 XANES spectra are taken at the Co K-edge.

Fig. 12 Room-temperature Raman spectra of Zn1�xCoxO (0 # x #

0.04).
belongs to the C4
6v symmetry group having a total number of 12

phonon modes, namely, one longitudinal-acoustic (LA), two
transverse-acoustic (TA), three longitudinal-optical (LO), and six
transverse-optical (TO) branches. At the G point of the Brillouin
zone, optical phonons have the irreducible representation50 of:
Gopt ¼ A1 + 2B1 + E1 + 2E2, where both A1 and E1 modes are polar
and can be split into transverse optical (TO) and longitudinal
optical (LO) phonons, with them all being Raman and infrared
active. Non-polar E2 modes are Raman active, while B1 modes
are Raman inactive. For the lattice vibrations with A1 and E1
symmetries, the atomsmove parallel and perpendicular to the c-
axis, respectively. The vibration of heavy Zn sublattice gives rise
to the low-frequency E2 mode while that of the oxygen sublattice
gives rise to high-frequency E2 mode.51 Modes E1 (TO) and A1
(TO) reect the strength of the polar lattice bonds.52 Generally,
according to the selection rule only E2 and A1 (LO) modes can be
observed in the unpolarized Raman spectra of bulk ZnO under
backscattering geometry. However, when the crystal is reduced
to nanometer size, the selection rule with k¼ 0 for the rst-order
Raman scattering is relaxed and phonon scattering is not
limited to the center of the Brillouin zone.50 In these cases, the
phonon dispersion around the zone center should also be
considered. Therefore, not only the rst-order vibration modes
should appear shied and with broadening but also some
vibration modes will exist in the symmetry-forbidden geome-
tries. As a result, the wurtzite ZnO nanoparticles have six Raman-
active phonon modes at 101 cm�1 (E2 low), 381 cm�1 (A1 TO),
407 cm�1 (E1 TO), 437 cm

�1 (E2 high viz. E2H), 574 cm
�1 (A1 LO),

and 583 cm�1 (E1 LO).50–54 Fig. 12 represents the room-temper-
ature Raman spectra of Zn1�xCoxO (0 # x # 0.04) nanocrystals.
It shows that all the prominent peaks of ZnO are also observed in
Co-doped nanocrystals, but as Co-content increases, some of the
Raman modes become relatively less intense without appre-
ciable shi in frequencies. These observations reveal that the
local symmetry in the nanocrystals is different from that of
the undoped sample (i.e. ZnO), but the crystal structure remains
the same. The assignments of the Raman modes of ZnO and
Zn1�xCoxO nanoparticles obtained for different Co-concentra-
tion (x) are summarized in Table 3. The sharpest and strongest
peak at about 434 cm�1 can be attributed to the nonpolar high-
frequency optical phonon branch of E2 mode (E2H), which
involves the motion of oxygen and is characteristic of the wurt-
zite structure. With increasing Co-concentration, pronounced
weakening in peak height of this nonpolar E2H mode for the
Co-doped ZnO samples, as compared to undoped ZnO, has been
observed without any appreciable shiing and broadening in
the frequency of this mode. This result can be attributed to the
fact that Co2+ substitution induces the microscopic structural
disorder in the periodic zinc atomic sublattice and breaks the
translational symmetry giving rise to local distortions in the
lattice. This local distortion and disorder disrupts the long-
range ordering in ZnO and weakens the electric eld associated
with a mode.55 Close observation shows two very weak peaks at
408 cm�1 [E1 (TO) mode] and 585 cm�1 [E1 (LO) mode] in pure
ZnO only. The peak at about 329 cm�1 and a broad shoulder
centered at about 658 cm�1 for ZnO (Fig. 12) seemed to have
originated from a two-phonon process.56 The peak at about
329 cm�1 can be attributed to the single crystalline nature of
ZnO52,53 and assigned as a difference mode between the E2 high
and E2 low frequencies,57,58 viz. (E2H � E2L). This mode is not
affected much for doped samples. The peak height and
frequency of this peak remain unaffected with Co-doping
concentration (Fig. 12). This suggests that the single crystalline
nature remains unchanged due to Co-doping and it supports the
TEM observations. Comparing Fig. 12, it has also been observed
that the shoulder centered at about 658 cm�1 (2nd order mode
for ZnO) gradually becomes a peak at around 682 cm�1 by
increasing its intensity without shiing the peak position (see
Table 3) with increasing the Co-concentration. The mode at
658 cm�1 in pure ZnO nanostructure can be ascribed to the
multi-phonon processes [2(E2H � E2L)],59,60 while Yang et al.50

observed this vibration mode at 660 cm�1 and proposed this
mode to be related to intrinsic host-lattice defects. For Co-doped
ZnO samples, this peak (at 658 cm�1 in pure ZnO) shied to
682 cm�1 remaining independent of Co-concentration. The
other 2nd order mode at around 1142 cm�1 for ZnO remains
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Table 3 Observed Raman peaks of Zn1�xCoxO (0 # x # 0.04) nanoparticles and their symmetry assignments

Vibration frequency (cm�1)

Assignments ProcessZnO Zn0.995Co0.005O Zn0.99Co0.01O Zn0.985Co0.015O Zn0.98Co0.02O Zn0.96Co0.04O

329 329 329 329 329 329 E2H � E2L Second order
378 378 378 378 378 378 A1 (TO) First order
408 — — — — — E1 (TO) First order
434 434 434 434 434 434 E2H First order
— — — — — 489 Eg Dopant related (Co3O4)
547 547 547 547 547 547 2B1 Low First order
575 575 575 575 575 575 A1 (LO) First order
585 — — — — E1 (LO) First order
658 682 682 682 682 682 Second order
1142 1145.91 1146.54 1148.49 1149.63 1143.33 Second order

Fig. 13 FTIR spectra of Zn1�xCoxO (0 # x # 0.04) samples showing
wurtzite structure.
unshied with increasing Co-concentration. It should be noted
here that we assigned the modes as 2nd order whose frequency
is close to the double of any one 1st order mode. Further work
should be carried out to conrm the 2nd order modes. The weak
mode A1 (TO) at 378 cm�1 for ZnO remains unchanged in
Co-doped samples. Besides the rst-order and second-order
phonon modes of ZnO, one additional new mode viz. NM
centered at about 488 cm�1 has been observed for Co4 samples
(Fig. 12) which do not appear in Raman spectra for Co0 to Co1.
Thesemodes do not have any appreciable shi in frequency with
Co-concentration. Ye et al.61 considered two possible mecha-
nisms to ascribe the origin of this anomalous mode: disorder-
activated Raman scattering (DARS) and local vibrational modes
(LVMs). The DARS was said to be induced by the breakdown of
the translation symmetry of the lattice caused by defects or
impurities due to the nature of the dopant or due to the growth
conditions. Therefore, it can be presumed that NM in our
samples could arise due to either or both of these two mecha-
nisms. The mode at 547 cm�1 can be assigned to the quasi-
longitudinal-optical (LO) phonon mode,50 due to the shallow
donor defects, such as zinc interstitials and/or oxygen vacancies,
bound on the tetrahedral Co-sites. Ahmed et al.62 described this
mode as 2B1 low which contributes to local vibrations of Co ions
in ZnO lattice. In Zn1�xCoxO nanocrystals, host Zn ions are
partially substituted by Co ions, which introduces lattice defects
and disorder in host ZnO crystals disturbing the long range ionic
ordering in the ZnO.

3.1.6. Fourier transform infrared spectroscopy. Fourier
transform infrared spectroscopy (FTIR) gives information about
functional groups present in a compound, the molecular
geometry and inter- or intra-molecular interactions. We have
employed a FTIR to study the vibrational bands of the
Zn1�xCoxO samples at room temperature. Normally, the band
frequencies within 1000 cm�1 could be attributed to the bonds
between inorganic elements. Fig. 13 shows the FTIR spectra of
Zn1�xCoxO samples. The most prominent band at around
480 cm�1 and the negligibly weak band at around 660 cm�1 are
assigned to the stretching vibrations of Zn–O bonds, in the
tetrahedral and octahedral co-ordinations, respectively. This
observation suggests that the tetrahedral co-ordinations are
much stronger than the octahedral co-ordinations in this
system which also conrms the wurtzite structure formation of
the samples.10,63 It should be pointed out here that the negli-
gibly weak band at around 660 cm�1 (due to octahedral co-
ordinations) remains unaffected by Co-doping which suggests
that Co-ions do not enter into the octahedra but enter into the
tetrahedra only. All the other bands are given in Table 4. Two
peaks at around 1356 cm�1 and 1595 cm�1, which are absent
in pure ZnO, may be attributed to Co–O bending and Co–O
stretching. From these peaks it is conrmed that Co-ions enter
into zinc (Zn) sites. Peaks observed at 1385 cm�1 and 1600
cm�1 can be attributed to the stretching vibration of C]C
(asymmetric stretching due to Lewis acidity) and C]O
(symmetric stretching due to Brønsted acidity) groups in
citrate species present on the surfaces of the nanocrystallites.
The peak around �2345 cm�1 is due to CO2 molecules present
in the citrate and in air. The peaks around 2830 cm�1 and 2925
cm�1 are due to C–H bond bending and bond stretching,
respectively. It should be pointed out here that the presence of
such band has not been considered as contamination of the
nanoparticles63,64 but rather suggests the presence of absorbed
species on the surface (surface modication) of the nano-
crystals. A broad absorption peak at �3465 cm�1 is attributed
to the –OH group of H2O, indicating the existence of water
absorbed on the surface of nanocrystalline powders. Due to
the rich surface hydroxyl groups, these Co-doped ZnO colloids
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Table 4 Different vibrational modes of FTIR study of Zn1�xCoxO (0 # x # 0.04) samples

ZnO Zn0.995Co0.005O Zn0.99Co0.01O Zn0.985Co0.015O Zn0.98Co0.02O Zn0.96Co0.04O Modes (cm�1)

484 463 463 464 467 478 Zn–O bond (tetrahedral)
670 668 671 670 672 672 Zn–O bond (octahedral)
874 873 875 873 873 870 Citrate precursor
— 1356 1352 1355 1353 1353 Asymmetric stretching of C]O in citrate
1385 1385 1386 1384 1385 1385 Asymmetric stretching of C]C in citrate
1632 1598 1595 1590 1595 1595 Symmetric stretching of C]O in citrate
2345 2340 2344 2342 2345 2344 CO2 molecules in air
2849 2832 2832 2832 2832 2830 C–H bond bending
2927 2922 2925 2924 2927 2929 C–H bond stretching
3468 3465 3469 3464 3461 3460 O–H bond
can be easily dispersed into many polar and nonpolar solvents
(e.g., water, alcohol, CHCl3, etc.), and the dispersions show
good stability. In addition, the surface hydroxyls can provide
functional groups to react with functional organic molecules
with optical or electrical properties (e.g., dyes, cluster
compounds), which may generate novel organic–inorganic
hybrids.63,64
3.2. Optical properties

3.2.1. UV-Visible spectroscopy. The UV-visible spectra of
the samples, obtained by dispersing ZnO nanoparticles in
distilled water and using distilled water as the reference, are
shown in Fig. 14. An absorption peak centered at around 374
nm is observed and the band gap is estimated from this peak
(inset of Fig. 14). UV-Vis measurements show a red shi in the
optical band gap for Zn0.995Co0.005O while the band gap
increases with increasing Co-ion concentration for all higher
Co-dopings. This red shi of the band gap can be interpreted
as mainly due to the sp–d exchange interactions between the
band electrons (in conduction and valence bands) of ZnO and
the localized d electrons of the Co-ions which arises as these
ions replace Zn2+ ions.65 The s–d and p–d exchange interac-
tions lead to a negative and a positive correction to the
conduction-band and the valence-band edges, respectively,
Fig. 14 Absorption spectra of Zn1�xCoxO samples. Inset shows vari-
ation of the optical band gap (Eg) with the Co-concentration (x).
resulting in a band gap narrowing.66 Similar observation i.e.
decrease in band gap with low Co-ion concentration has been
found by Li et al.67 For all higher Co-concentrations the band
gap increases with increasing Co-ion concentration. Similar
observation has been found by Gilliland et al.68 Since the
particle sizes of the present samples are much larger than the
sizes for which quantum connement effect is important, the
observed shiing cannot be assigned to the size effect.
Increase of the band gap can be interpreted mainly with the
4s–3d and 2p–3d exchange interactions in which the decrease
of Zn 3d electron density and the increase of Co 3d electron
density below the valence band leads to higher binding energy
of the valence band maximum giving rise to the larger band
gap.68 This blue shi behavior or broadening in the band gap
for Co-doped samples may also be due to the Burstein–Moss
band lling effect.69,70 ZnO is an n-type material. When ZnO is
doped with Co-ions, the Fermi level will shi inside the
conduction band (by say xn).70 Since the states below xn in the
conduction band are lled, due to Co-doping, the absorption
edge shis to higher energy giving the blue shi or widening
the band gap.70

3.2.2. Photoluminescence spectroscopy. Photoluminescence
(PL) spectroscopy is a sensitive non-destructive technique to
study the optical properties and to investigate the intrinsic
and extrinsic defects in semiconductors. PL intensity may be
directly correlated with the defect density in a uorescent
material. It provides information about the energy states of
impurities and defects, even at very low densities, which is
helpful for understanding structural defects in semi-
conductors. The room temperature PL spectra of Co-doped
ZnO nanocrystalline samples measured by exciting at 320 nm
are shown in Fig. 15(a) and their de-convoluted spectra are
shown in Fig. 15(b). From the gure it is clear that the PL
peaks are broad possibly because of the presence of several
recombination sites and defects. The asymmetric nature of
the PL spectra is ascribed to the presence of other inherent
emission peaks due to distributed defect states on the surface
and in the interior of a given nanostructured system. In these
asymmetrically broadened PL spectra, the defect-related
emissions dominate the band-edge emission of ZnO and
hence the band-edge emission (�380 nm) is only weakly
resolved. The PL spectra (Fig. 15) show six peaks occurring
around 380 nm, 410 nm, 434 nm, 464 nm, 485 nm and 525 nm.
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Fig. 15 Room temperature PL spectra of the Zn1�xCoxO (0 # x #

0.04) samples (a); de-convoluted PL spectra (b). Inset of (a) shows the
increase of green peak with Co-concentration.

Fig. 16 Room temperature M–H curves of the Zn1�xCoxO (0 # x #

0.04) samples. The inset shows the M–H curve for pure ZnO (Co0) at
room temperature.
The rst peak is in the ultraviolet (UV) region, while the other ve
peaks corresponding to violet, violet-blue, blue, blue-green, and
green, respectively, are in visible region. The peak in the UV region
has been assigned to the near band edge excitonic emission (NBE)
because the energy corresponding to this peak is almost equal to
the band gap energy of ZnO71 (estimated by UV-Vis measure-
ments). This UV emission (NBE) peak (at 380 nm) originates from
the radiative recombination of free excitons through an exciton–
exciton collision process.72 The energy interval between the
bottom of the conduction band and the zinc vacancy (VZn) level
(�3.06 eV) reveals that the violet emission around 410 nmmay be
related to zinc vacancies. The energy interval between interstitial
Zn level (Zni) and the valence band is consistent with the energy
(�2.9 eV) of the violet-blue emission at 434 nm observed in our
experiment. Shi et al. have stated that the violet-blue (423 nm)
emission might be possibly due to radiative defects related to
traps existing at grain boundaries.73 This emission at 434 nm
comes from the radiative transition between this level related to at
grain boundaries and the valance band. The weak blue emission
around 464 nm may be attributed to the defect related positively
charged Zn vacancies.74 Two new emission bands viz. a blue-green
band (�485 nm) and a green band (�525 nm) have been evolved
due to Co-doping which are absent in pure ZnO. The blue-green
band emission (�485 nm) is possibly due to surface defects.75 This
green band (�525 nm) emission is attributed to the oxygen
vacancies (VO) which result from the recombination of electrons
with photo-generated holes trapped in singly ionized oxygen
vacancies.76 It is observed that the green band at 525 nm becomes
intense [inset of Fig. 15(a)] with increasing Co-doping which
signies that the oxygen vacancies (VO) increase with increasing
Co-concentration. Due to the enhancement in the density of singly
ionized oxygen vacancies (VO) with increasing cobalt doping, the
density of surface dangling bonds increases. This increase of
dangling bonds increases the probability of visible emission,
whereas it decreases the probability of UV emission. This seems to
be the main cause behind the enhanced green emission with
increasing cobalt doping.
3.3. Magnetization

As the magnetic properties of DMS materials close to room
temperature (RT) are important for their practical applications,
we conducted a detailed study on the RT magnetization of
Zn1�xCoxO. M–H curves of some of the samples are plotted in
Fig. 16. The magnetization decreases with the increase in the
eld for Co0 and Co1 whereas it increases with the increase in
the magnetic eld for Co2 and Co4. The observed M–H behavior
reveals that the samples Co0 and Co1 are a mixture of ferro-
magnetic (FM) and diamagnetic (DM) phases (where DM
dominates) and the samples Co2 and Co4 are in weak ferro-
magnetic phase. In other words, the magnetization increases
with increasing Co-concentration and weak ferromagnetism
arises gradually. We note that there is no tendency of saturation
in any of the samples.

To investigate the origin of RT-ferromagnetism (FM) in
Co-doped ZnO, several mechanisms proposed in the literature
have been considered viz. (i) the possibility of spurious ferro-
magnetism due to magnetic impurities as the intrinsic property
of the doped NPs, (ii) extended defects in the NPs, (iii) forma-
tion of some Co-related nanoscale secondary phase, (iv) Co
precipitation, and formation of CoO. However, CoO phase can
be easily ruled out, because CoO is antiferromagnetic with a
Neel temperature of 293 K. Moreover, there is no trace of CoO in
XRD and TEM measurements. Secondly, metallic Co and
Co-related secondary phases are also an unlikely source of this
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Fig. 17 Variation of resistivity (r) with 1000/T for Co0. Insets (a) and (b)
are those for Co1 and Co4, respectively. The linear fit shows that the
thermal activation is valid at the high temperature region. The devia-
tion from the linear fit indicates that the thermal activation mechanism
is not valid at the low temperature region.
FM, as XRD and HRTEM results show. Undoped ZnO prepared
under identical conditions as those of Co-doped ZnO samples,
does not exhibit any measurable ferromagnetism but shows
diamagnetism. Hence, impurities cannot contribute to the
observed magnetic moment in the Co-doped ZnO NPs. Other
measurements such as EXAFS, FTIR, Raman spectroscopy and
UV-Vis absorption suggest that Co2+ ions are successfully incor-
porated into the Zn2+ sites of wurtzite lattice. Thus, TMs essen-
tially play the key role to the observed FM. Moreover, recently
Straumal et al. showed that the grain boundary specic area (SGB)
is the controlling factor for the ferromagnetic behavior of
undoped and TM-doped ZnO.25,26 For Co-doped ZnO nanocrystals
the calculated specic area [i.e. the GB area to volume ratio] SGB¼
1.65/D, where D is the mean grain size.77 Straumal et al. argued
that the samples are FM only if SGB exceeds a certain threshold
value Sth. For Co-doped ZnO Sth ¼ 1.5 � 106 m2 m�3. For our
system SGB is well above the threshold value Sth ¼ 1.5 � 106 m2

m�3 (viz. SGB ¼ 4.1 � 106 m2 m�3) giving the FM. Hence, FM is
expected to arise due to the joint effects of the intrinsic exchange
interaction of magnetic moments of TM ions and effects of the
grain boundary in doped NPs.

Again, the exact mechanism of intrinsic FM in TM-doped
oxides is still controversial.9,22 A number of diverse theories have
been proposed, such as (I) the localized magnetic moments are
assumed to interact with each other via carrier-mediated
Ruderman–Kittel–Kasuya–Yosida (RKKY) type interactions, (II)
the mean-eld Zener Model,14 (III) direct interactions such as
the double exchange mechanism15 or superexchange mecha-
nism. In the double exchange mechanism magnetic ions in
different charge states (d states of TM ions) couple with each
other by virtual hopping of the extra electron from one ion to
the other through interaction with p-orbitals and (IV) the donor
impurity band exchange model, where the FM in DMSs is
accounted for by an indirect exchange via shallow donor elec-
trons that form bound magnetic polarons (BMP).78–80

Since the RKKY interaction is based on free electrons and
ZnO cannot transform into a metal with such a low doping
(conrmed by electrical resistivity measurements discussed in
Section 3.4), the RKKY interaction is not valid here. Direct
interactions such as double-exchange or superexchange cannot
be responsible for the FM because the magnetic cations are
dilute (low concentration) in the present samples. In these
samples, oxygen vacancy (VO) may play an important role in the
magnetic origin.79,81,82 From the EXAFS, Raman spectroscopy
and PL measurements on the Co doped samples, it is
conrmed that oxygen vacancies (VO) exist and play a crucial
role in the physical properties of this system. Hence, oxygen
vacancies (VO) may also play an important role in the origin of
the magnetic property79,81,82 of this system. Again, according to
donor impurity band exchange model, the combination of
magnetic cations, carriers, and defects can result in bound
magnetic polarons (BMPs) which may also lead to the
RTFM.78–80,83 Therefore, we can suggest that the joint effects of
the intrinsic exchange interactions arising from oxygen vacancy
(VO) assisted bound magnetic polarons (BMPs) and the
(extrinsic) grain boundary are responsible for the room
temperature FM in this system.
3.4. Electronic transport properties

Electrical resistivity (r) of Co-doped samples has beenmeasured
as a function of temperature to see the effect of Co-doping on
the electrical conductivity. The exponential decrease in resis-
tivity with increasing temperature reveals that Co-doped
ZnO samples maintain the semiconducting nature for all
Co-concentrations as that of undoped ZnO. This observation
rules out the possibility of ZnO to become metallic due to
Co-doping. This result corroborates the result of the XANES
study. The plot of lnr vs. 1000/T (see Fig. 17) shows two different
slopes in the low and high temperature regions which is the
signature of two different conduction mechanisms being oper-
ated in these two temperature regions. The linear t shows that
thermally activated band conduction is the dominantmechanism
for the high-temperature region. The deviation from the linear t
indicates that thermal activation mechanism is not valid for the
low temperature region. The variable-range-hopping (VRH)
conduction of polarons has been found to dominate in this low
temperature region. The thermally activated resistivity at the high
temperature region follows the Arrhenius law:

r(T ) ¼ r0exp[Ea/kBT ] (7)

where kB is the Boltzmann’s constant and Ea is the activation
energy. The activation energy (Ea) for the samples has been
calculated using the Arrhenius law (eqn (7)) and values are given
in Table 5. The conduction mechanism due to the variable
range hopping of polarons at low temperature can be described
by Mott’s equation:84–86

r(T ) ¼ r0exp[T0/T ]1/4 (8)

where r0 and T0 are constants and are given by:

r0 ¼ {[8pakBT/N(EF)]
1/2}/(3e2nph) (9)

and,

T0 ¼ 18a3/[kBN(EF)], (10)
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Table 5 Variation of activation energy (Ea) of Zn1�xCoxO (x¼ 0, 0.005,
0.01 and 0.04)

Sample Activation energy Ea (eV)

ZnO 0.233 � 0.019
Zn0.995Co0.005O 0.139 � 0.023
Zn0.99Co0.01O 0.498 � 0.010
Zn0.96Co0.04O 0.489 � 0.067

Fig. 18 Variation of ln(rT�1/2) with T�1/4 for Co0. Insets (a) and (b) are
those for Co1 and Co4, respectively. The linear fit indicates that the
variable range hopping conduction is active in this temperature range.
where nph (�1013 s�1) is the phonon frequency at Debye
temperature, N(EF) the density of localized electron states at the
Fermi level, and a the inverse localization length. Using eqn (7)
and (8) a linear plot is expected from ln(rT�1/2) vs. T�1/4 for VRH
conduction. The linear t of ln(rT�1/2) vs. T�1/4 plot (Fig. 18)
indicates that VRH is the dominant mechanism of conduction
at low temperature. We have found similar behavior for both
undoped ZnO and other Co-doped samples.

4. Summary and conclusions

We have presented here the extensive study of sol–gel derived
Co-doped ZnO diluted magnetic semiconductor (DMS) nano-
particles by using different experimental techniques. The XRD
with Rietveld renement, HRTEM, and micro-Raman analysis
show that Co-doped ZnO nanoparticles have the same wurtzite
structure as that of pure ZnO. This indicates that Co-ions have
substituted the Zn ions. The crystallite structure, morphology,
and size estimation have been performed by XRD and HRTEM.
Crystallite size and lattice strain have also been estimated by
Williamson–Hall plot and size–strain plot. The estimated size
of the crystallites increases linearly with the increase of
Co-concentration which is attributed to the difference of the
ionic radii between Zn and Co atoms. The EXAFS results show
that the reduction in oxygen coordination and the increase in
oxygen vacancies take place. The oxygen coordination remains
lower and DW factor remains higher compared to their respec-
tive values in undoped ZnO suggesting that doping takes place
properly throughout the whole composition range. The DW
factor for the next near Zn shell shows that Co doping affects the
O site more than the Zn/Co site and oxygen vacancies are created
near the host site. The substitution of Zn ions by Co ions (of
almost similar size) although creates some distortion by creation
of oxygen vacancies (VO), it does not cause any signicant change
in the host lattice as manifested in the values of the bond
distances. XANES study clearly rules out the presence of metallic
Co clusters in the samples. These observations corroborate
those of the XRD study. The Raman study reveals that the local
symmetry in the Co-doped nanocrystals is different from that of
undoped sample, but the crystal structure remains the same as
that of the wurtzite structure of pure ZnO. It further supports the
incorporation of Co-ions in the ZnO lattice. The tetrahedral
coordination of the oxygen ions surrounding the zinc ions and
wurtzite structure has been conrmed by FTIR analysis. Again it
suggests that Co-ions do not enter the octahedral but enter the
tetrahedral sites only. UV-Vis measurements show a red shi in
the optical band gap for Zn0.995Co0.005O while a blue shi is
observed for all other higher Co-doped samples. This red shi of
the band gap can be interpreted as mainly due to the sp–d
exchange interactions between the band electrons of ZnO and
the localized d electrons of the Co-ions while the increase of the
band gap can be interpreted mainly as the 4s–3d and 2p–3d
exchange interactions and the Moss–Burstein effect. The room
temperature PL measurements illustrate NBE emission and
violet, violet-blue, blue, blue-green, and green emissions are in
the visible region. The UV emission (NBE) peak originates from
the radiative recombination of free excitons. Other emissions
may be attributed to the Zn-vacancies for violet emission;
interstitial Zni levels and radiative defects related to traps
existing at grain boundaries for violet-blue emission; defects
related to positively charged Zn vacancies for blue emission;
surface defects for blue-green band emission; and singly ionized
oxygen vacancies (VO) for green band emission. Increasing
cobalt doping increases the density of singly ionized oxygen
vacancies (VO) and hence increases the dangling bonds which is
the main cause behind the enhancement of green emission.
Room temperature (weak) ferromagnetism (RTFM) is observed
from M–H measurements and magnetization increases with
increasing Co-concentration. The joint effects of the intrinsic
exchange interactions arising from oxygen vacancy (VO) assisted
bound magnetic polarons (BMPs) and the (extrinsic) grain
boundary effects are responsible for the room temperature FM
in this system. Resistivity measurements show that a thermally
activated Arrhenius conduction mechanism is valid in the high
temperature region whereas Mott’s variable-range hopping
(VRH) mechanism is valid in the low temperature region. The
activation energy has been estimated from the resistivity
measurement (Arrhenius law).
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