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Cobalt doped zinc oxide nanoparticles (NPs) and nanorods (NRs) were synthesized by a simple chemical

method. An increase in the formation of nanorods with an increase in cobalt doping is found to occur

from scanning electron microscopy and transmission electron microscopy studies. Powder X-ray

diffraction, high-resolution transmission electron microscopy, and selected area electron diffraction

confirm the formation of a wurtzite crystal structure of ZnO. Shifting and broadening of the bands at

437 cm�1 and 579 cm�1 in the micro-Raman study of Co-doped ZnO nanostructures indicates the

incorporation of Co in ZnO. Shifting of the absorption edge to lower wavelength and blue shift of the

band gap is observed in UV-visible spectra of Co-doped ZnO samples. Field-dependent magnetization

measurements exhibit diamagnetic behavior down to 2 K in the case of ZnO whereas Co-doped ZnO

samples show coexistence of superparamagnetic and ferromagnetic behavior at room temperature and

at 2 K. The observed ferromagnetism may have originated due to the exchange interaction between the

localized d electrons in Co2+ atoms and free carriers generated due to Co-doping as well as due to

cobalt clustering in the Co-doped samples.

Introduction

There has been an increasing interest in utilizing carrier spin

along with charge to develop a new class of devices like spin

light-emitting diodes (spin-LEDs), spin eld effect transistors

(spin-FET) and spin qubits for quantum computers and spin-

based memory devices like MRAM etc.1–4 Diluted magnetic

semiconductors (DMS)5 formed by doping a semiconductor

with a small concentration of transition metals, have attracted

considerable attention due to their possible applications in

spintronics6 devices in which both spin and charge of the

electrons can be used and have the potential for various tech-

nological advancements like non-volatility, increased data pro-

cessing speed, decreased electronic power consumption and

increased integration densities as compared to the conven-

tional semiconductor devices. The realization of such DMS is

still a widely discussed issue due to the questionable magnetic

behavior of the material. Among them Mn-doped II–V and III–V

compound semiconductors have been extensively studied. For

data storage room temperature ferromagnetism is one of the

key parameters. One of the major challenges for semiconductor

spintronics devices is to develop suitable magnetic semi-

conducting materials that will effectively allow spin-polarized

carriers to be injected, transported, and manipulated.

A lot of research has been done on diluted magnetic semi-

conductors based on II–VI semiconductors such as CdMnTe and

ZnMnSe7–9 in which the valence of the cation matches with

common magnetic ions such as Mn. Although it is easy to

prepare such materials, it is difficult to make p- or n-type II–VI

based DMS, which make these materials less attractive for

applications. Aer discovery of the hole induced ferromagnetic

order in p-type InMnAs10 and GaMnAs,11 a lot of studies have

been carried out on III–V based DMS system12–17 but unfortu-

nately room temperature ferromagnetism could not be observed

in GaMnAs. Since then a large number of efforts has been carried

out to nd the possibility of room temperature ferromagnetism

in III–V based DMS such as GaN, GaSb, InAs18–21 and oxide-based

DMS such as ZnO, TiO2, SnO2, In2O3 etc.
22–29

Zinc oxide (ZnO), a direct and wide band gap (3.37 eV) II–VI

oxide semiconductor has high exciton binding energy (nearly 60

meV at room temperature), good transparency and long term

stability.30,31 It has been given due importance because of its

excellent optoelectronic, sensing and piezoelectric properties.32

It nds various technological applications like sensors, light

emitting diodes, lasers, solar cells, resistive switching devices,

photocatalysts and most recently in spintronics, etc.33–42 It has

strong room temperature luminescence properties like ZnS

nanoparticles43 but the luminescence efficiency can be
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enhanced by using ZnO/ZnS nanocomposites44 or core shell of

ZnS:Mn/ZnO nanocrystals.45 ZnO is biocompatible and has

been used as good antibacterial agent as well.46 Aer the theo-

retical prediction of Dietl et al.47 about the room temperature

ferromagnetism of GaN and ZnO thin lms, Lin et al.48 experi-

mentally demonstrated room temperature ferromagnetism in

Co-doped ZnO thin lms. Optical properties such as absorption

and photoluminescence can enhance the understanding of the

mechanisms of high temperature ferromagnetism in transition

metal doped ZnO. As a dopant, Co is able to modulate both the

optical and magnetic behavior of ZnO due to its abundant

electron states.49 Its ionic radius as well as its divalent state

ensures a high solubility in ZnO50 due to which it has been

widely used for tuning the optical as well as the magnetic

behavior of ZnO. According to the ab initio calculations by Sato

and Yoshida51 antiferromagnetism is stable in Mn-doped ZnO

while ferromagnetism is stable in other transition metal doped

ZnO (V, Cr, Fe, Co, Ni). Although several experimental investi-

gations have shown room temperature ferromagnetism in Co-

doped ZnO,52–55 still there is a lack of clear explanations

regarding the origin of ferromagnetism. Various techniques like

sol–gel, hydrothermal, chemical synthesis, chemical vapor

deposition, thermal evaporation, etc.56–60 have been used for the

production of Co-doped ZnO nanoparticles as well as thin lms.

It has been observed that magnetic behavior of the materials

varies due to variation in growth synthesis and dimension-

ality.61 Both intrinsic parameters like oxygen vacancy, Zn

interstitial and extrinsic parameters like magnetic clusters or

separate phase formation have been observed to be responsible

for different kind of magnetic behaviour.62–65 Several studies

have reported on the grain boundary defect mediated ferro-

magnetism in Co-doped lms.66–69 Recently, Aravindh et al.

predicted room temperature ferromagnetism arising due to

exchange coupling of a pair of Co atoms at the grain boundary,

a new observation based on rst-principle calculations.69

Numerous studies have been done on the behavior of Co-doped

ZnO thin lms and nanoparticles, but one dimensional DMS

materials are not widely reported.70–73 Li et al.74 observed that

enhancement in ferromagnetism in Co-doped ZnO lms was

correlated to the degree of orientation of the lms while a high

degree of c-axis orientation is desirable in Co-doped ZnO

nanorods to optimize the magnetic behavior. Liu et al.75 studied

photoluminescence behavior of vertically aligned Zn1�xCoxO

nanorods grown by hydrothermal route while Cui et al.76 re-

ported themagnetic behavior of Zn1�xCoxO nanorods. Although

there are several reports on the synthesis of nanoparticles (NPs)

by wet chemical route, there are very few reports on the

formation of nanorods (NRs) without using any substrate/seed

layer by this method.55,60,65,77 The present study investigates

the structural, optical and magnetic behavior of pure and Co-

doped ZnO NPs as well as NRs synthesized by a simple, low-

cost chemical method.

Experimental details

Synthesis of un-doped and Co-doped (5 at%, 10 at%) ZnO

nanostructures were carried out using zinc chloride (ZnCl2),

sodium hydroxide (NaOH) and cobalt chloride (CoCl2) as the

starting materials. Zinc chloride was rst dissolved in 50 ml of

distilled water, and aer complete dissolution of ZnCl2, some

amount of NaOH solution (dissolved in 50 ml distilled water)

was added under constant stirring drop by drop (during this

period calculated amount of cobalt chloride (CoCl2$6H2O) was

added for cobalt doping). The reaction was allowed to proceed

for two hours at room temperature. Aer complete addition of

NaOH into the solution of ZnCl2, the solid and the solution

phases were separated by the centrifugation process and then

the solid was washed with distilled water several times to make

that free of salt and at the end with ethanol to absorb all the

water molecules present in that solid solution. A white color

solid was obtained which was dried at 800 �C for 24 hours and

then grinded for the uniformities of the powder (NPs/NRs). The

crystal structure and phase purity of the powdered samples were

analyzed by X-ray powder diffraction (XRD) technique

(PANalytical-Empyrean Diffractometer) using Cu Ka radiation

of wavelength 1.5404 Å and scanning size of 0.01� from 15� # q

# 100�. Rietveld renement of the diffraction patterns was

carried out using the Fullprof soware. Themorphologies of the

NPs and NRs were investigated by scanning electron micro-

scope (SEM, (JEOL-SEM 5601v, Tokyo, Japan)) and transmission

electron microscope, (TEM, (FEI Tecnai F20, operated at

300 kV)) and the crystal planes were found out from selected

area electron diffraction (SAED) pattern. Micro-Raman scat-

tering study was carried out with 514 nm laser in backscattering

geometry on a T64000 triple monochromator Horiba Jobin Yvon

system having a liquid nitrogen cooled CCD detector. A Shi-

madzu (model UV2401) UV-visible-spectrophotometer coupled

with an integrating sphere was used for performing UV-visible

absorbance measurements. An excitation wavelength of

325 nm from a xenon lamp of Varian uorescence spectrometer

(Fluorolog Jobin Yvon, Horiba, JAPAN) was employed to study

the steady-state photoluminescence (PL) properties. Magnetic

measurements of the samples were made as a function of

temperature and applied eld using a vibrating sample

magnetometer attached to a physical property measurement

system supplied by Quantum Design Inc., USA.

Results and discussion

The morphology of the samples was studied by scanning elec-

tron microscope. Fig. 1(a–c) shows SEM image and the corre-

sponding EDS pattern (d, e and f) taken on ZnO, 5% and 10%

Co-doped ZnO samples respectively. Nanoparticles can be

clearly seen in ZnO samples while 5% Co-doped sample shows

few nanorods along with nanoparticles and large number of

nanorods can be seen in 10% Co-doped sample. SEM analysis

shows increase in nanorods formation with increase in cobalt

doping concentration which is discussed more in TEM section

analysis. Elemental analysis was done by EDS which shows

presence of zinc and oxygen in ZnO powder while Co-doped

ZnO samples show presence of cobalt along with zinc and

oxygen. Energy-dispersive X-ray spectroscopy analysis conrms

the presence of Co in ZnO matrix.

50528 | RSC Adv., 2017, 7, 50527–50536 This journal is © The Royal Society of Chemistry 2017

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

3
 N

o
v
em

b
er

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 7

:0
0
:1

3
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C7RA08458G


To further elucidate the size and structures of nanoparticles

and nanorods TEMwas carried out. Fig. 2 shows the TEM image

of all the samples. Fig. 2(a) indicates the TEM image of un-

doped ZnO nanoparticles of sizes varying from 22 to 28 nm.

The varying size is due to agglomeration of particles. NRs of

sizes 60–80 nm diameter and length 400–500 nm can be seen in

5% and 10% Co-doped ZnO samples (Fig. 2(b and c)). It can be

seen that with increasing Co concentration the density of NRs

has been increased which are thought to be due to participation

of more Co atoms in producing NRs. It can be inferred that ZnO

sample shows nearly spherical shaped NPs while 5% Co doped

sample shows NRs along with irregular shaped particles and

high concentration (10%) Co-doped sample produces large

number of NRs. The difference of the crystal growth velocities in

different directions causes changes in surface morphology. In

ZnO, c-axis exhibits the highest growth rate due to the structure

and surface anisotropy.77 The addition of Co ion in precursor

solution induces thermodynamic barrier,65,78 which slows down

the nucleation as well as the growth rate of primary nuclei. The

effective ions have more time to deposit uniformly on the nuclei

along the c-axis. So, the growth along c-axis direction has

a faster rate than that along other directions due to which

aspect ratio of Co doped ZnO nanorods increases as well as

there is increase in the density of NRs with more dopant

incorporation. From HRTEM image of 5% and 10% Co-doped

samples the d-spacing of the crystal plane is found out to be

of 0.271 and 0.269 nm respectively which corresponds (200)

plane of hexagonal wurtzite structure. From this it can be

inferred that the nanorod growth takes place along the c-axis i.e.

along (200) as shown by the arrow in Fig. 2(d and e) for 5% and

10% doped samples. It has been observed that Co doping plays

an important role in producing nanorods of different sizes

which is in corroboration with the earlier reports.77

The SAED pattern taken on un-doped and Co-doped samples

show clear distinct rings corresponding to different planes of

hexagonal wurtzite ZnO structures (shown in Fig. 2(f–h)). The

planes corresponding to different rings have been found out by

calculating the d-spacing using Image-J soware which is in

agreement with the planes obtained in XRD.

The structural parameters and phase purity have been

studied using powder X-ray diffraction and Full-proof soware.

The XRD patterns of Co-doped ZnO samples with varying

dopant concentrations from 0% to 10% are shown in Fig. 3(a).

All the samples are found to crystallize in single phase hexag-

onal crystal structure (P63mc space group). All the peaks are

sharp, properly indexed and well in agreement with that of

standard datasheet (JCPDS-036-1451) corresponding to the

hexagonal wurtzite.79 Themost intense peak (101) (shown in the

inset of Fig. 3(a)) shows a clear shi towards lower 2q value as

well as a decrease in intensity in Co-doped ZnO samples indi-

cating the incorporation of Co in ZnO.80 No other diffraction

peak has been detected related to Co metal or oxides in any of

the samples doped up to 5%. However, an additional diffraction

peak related to secondary phases of Co metal has been found in

the XRD pattern of 10% Co-doped ZnO samples.

There are several reports which indicate that Co has a limited

solubility in ZnO.81 Yeng et al. synthesized Co-doped ZnO

materials followed by the hydrothermal process using zinc and

cobalt nitride and observed the appearance of the second phase

at 9.9% Co in ZnO.82 In our case, we have seen very small and

extra peaks at 44.8� and 59.3� in 5% and 10% Co-doped ZnO

sample. However, the new and very small peaks are analyzed to

Fig. 1 SEM images of (a) ZnO (b) ZnO–5% Co (c) ZnO–10% Co (d) EDS

taken on ZnO, (e) ZnO–5% Co (f) ZnO–10% Co with proper indexing.

Fig. 2 TEM images of (a) ZnO (b) ZnO–5% Co (inset shows a single

nanorod) (c) ZnO–10% Co (inset shows distinct nanorods), HRTEM

image of (d) ZnO–5% Co (e) ZnO–10% Co, SAED patterns of (f) ZnO (g)

ZnO–5% Co (h) ZnO–10% Co indexed properly.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 50527–50536 | 50529
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be Co metal impurity phase (JCPDS-01-1259) and Co3O4 (JCPDS-

76-1802) which may have appeared due to the clustering of

cobalt either in the grain boundary or interstitial position.69

This grain boundary defect clustering may be responsible for

the observed magnetic behavior in our samples. For further

understanding, Rietveld renement of the data was done which

is shown in Fig. 3(b) and the rened parameters are given in

Table 1. From the rened data, it can be seen that lattice

parameter is not changed appreciably in 5% Co-doped ZnO

sample (slight decrease) which is expected due to the small

difference between the ionic radius of Co (0.58 �A) and Zn

(0.60�A). But in 10% Co-doped ZnO sample the lattice parameter

is increased which might be due to the incorporation of Co2+ in

interstitial sites.60 It may be inferred from the XRD data that in

5% Co-doped sample lattice parameter is slightly decreased due

to the substitution of Co2+ with Zn2+ and in 10% Co-doped

sample due to more amount of Co, there is an interstitial

incorporation along with the substitutional incorporation of

Co. The crystallite size is calculated from the positions of

Bragg's reection (from 110 planes) using the well known

Debye–Scherrer's formula.83 The calculated crystallite size is

found to increase with the increase in Co i.e. for ZnO crystal it is

27 nm while for 5% and 10% Co-doped ZnO crystals it is 30 and

33 nm respectively. This might be due to increased cobalt

concentration in ZnO matrix which has increased the nucle-

ation of particles as well as has enhanced the growth of

crystallites.

Raman spectroscopy has been used to detect the disorder

induced due to dopant incorporation in the host lattice, the

presence of defects, etc. Fig. 4 shows the micro-Raman spectra

of pure and Co-doped ZnO samples taken at room temperature

in the range 65–715 cm�1. The optical phonons of wurtzite-type

ZnO which belongs to point group C6v have an irreducible

representation A1 + 2B1 + E1 + 2E2.84 A1 and E1 are polar modes

and hence can be split into transverse optical (TO) and longi-

tudinal optical (LO) phonon modes. The B1 modes are silent in

Raman scattering.85,86 The nonpolar E2 modes are Raman active

and have two frequencies E2 (high) associated with vibration of

the oxygen atom and E2 (low) associated with vibration of Zn

atoms.87

The sharp and strong peak at 437 cm�1 in the Raman spectra

of ZnO can be assigned to E2 (high) mode of ZnO which is the

strongest mode in wurtzite crystal structure. In the Co-doped

Fig. 3 (a) XRD patterns of ZnO and Co-doped ZnO at room

temperature, (b–d) Rietveld refined XRD patterns of ZnO and Co-

doped ZnO samples at room temperature. Dotted circles correspond

to the XRD data and the lines are theoretical fits to the observed XRD

data. The difference pattern between the observed data and the

theoretical fit is shown at the bottom.

Table 1 Structural parameters of ZnO and Co-doped ZnO samples at room temperature obtained from Rietveld refinement

Sample

Lattice parameters Positions Agreement factors

a (�A) b (�A) c (�A) a b g x y z Occ Rp Rwp c2

ZnO, Zn, O 3.2505 3.2505 5.2067 90 90 120 0.333 0.667 0.0063 1.00 5.97 3.51 6.394
0.333 0.667 0.3780 1.00

ZnO(Co-5%), Zn, O, Co 3.2503 3.2503 5.2059 90 90 120 0.3149 0.6297 0.0049 0.96 2.19 2.98 2.58

0.6406 0.2812 0.3838 1.00

0.0768 0.1535 0.0638 0.05
ZnO(Co-10%), Zn, O, Co 3.2522 3.2522 5.2080 90 90 120 0.3149 0.6299 0.0040 0.98 2.20 3.16 3.82

0.3323 0.6645 0.3830 1.00

0.0952 0.1904 0.0230 0.10

Fig. 4 Raman spectra recorded on ZnO and Co-doped ZnO samples

at room temperature.
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ZnO samples, this peak is found to be broadened and weakened

with increasing Co content indicating that the crystal structure

is disordered due to Co incorporation in the lattice. The peak at

99 cm�1 has been assigned to E2 (low) phonon mode of ZnO.

The E2 (low) mode is predominantly associated with nonpolar

vibration of the heavier Zn-atom while E2 (high) mode is asso-

ciated with the displacement of lighter O-atom. The Raman

bands at 332 and 380 cm�1 are attributed to 2E2 (M) and A1 (TO)

mode respectively. The intensity of the peak at 332 cm�1 has

been decreased in Co-doped ZnO, and even the peak at

380 cm�1 has disappeared due to disorder induced due to Co

doping. The peak at 156 cm�1 may be related to defect induced

mode.88 The peaks at 277 and 580 cm�1 are attributed to B1

(low) and B1 (high) phonons respectively.89 The peak at

580 cm�1 in ZnO has been shied and broadened in Co-doped

ZnO sample giving a remarkable feature around 532 cm�1

which can be assigned to local vibrationmode related to Co that

is bound with donor defects like doubly ionized oxygen vacan-

cies and zinc interstitials.90–92 From XRD, and Raman spectra it

can be deduced that incorporation of Co in ZnO leads to

a decrease in crystal quality, but there is no change in wurtzite

crystal structure.

Fig. 5(a) shows the UV-visible absorption spectra of ZnO and

Co-doped ZnO samples taken at room temperature. UV-Vis

absorption spectra have been used to nd out the changes in

the energy band structure of ZnO due to Co doping. Primarily it

is used to nd out the band gap of the material. As shown in

Fig. 4(a) the optical absorption of all the three samples show

a strong absorption around 370–395 nm, and the absorption

edge is shied to lower wavelength upon cobalt doping in ZnO.

The band gap energy of the samples can be calculated by using

the following equation93 i.e.

ahn ¼ A(hn � Eg)
1/2 (1)

where a is the absorption coefficient, hn is the photon energy; A

is a constant, Eg is the bandgap energy. As ZnO is a direct band

gap semiconductor, the optical band gap can be found out by

extrapolation of the linear portion in the plot of (ahn)2 against

hn.94,95 Fig. 5(b) shows the bandgap as a function of cobalt

concentration. The estimated bandgaps of ZnO, 5% Co-doped

and 10% Co-doped ZnO are 3.10 eV, 3.17 eV and 3.24 eV

respectively. This blue shi in bandgap can be attributed to the

phenomena called Burstein–Moss effect.96 It is reported in

metal oxide system that particle size reduction results in a blue

shi of bandgap due to quantum connement effect.97 However

it is also known that quantum connement effect is not only the

factor, doping can also modify the local lattice symmetry and

introduce defect centers into the lattice which can make an

alteration in the band structure and cause the large change in

their properties.98,99 Also, it is commonly known that with an

increase in doping concentration, electrons populate states

within conduction band pushing the Fermi level well inside the

conduction band that is towards higher energy level leading to

expansion of energy gap phenomena known as Burstein–Moss

effect. It is about lling the bottom of the conduction band

depending on the increase in the carrier concentration. With

the increase in doping level there is increase in carrier

concentration which are donated by interstitial zinc atoms or

oxygen vacancies at room temperature,100 which leads to blue

shi in bandgap. As can be seen from PL data, with doping

defects (zinc interstitial as well as oxygen vacancies) related

peaks are enhanced. Here this may be a consequence of the

incorporation of Co2+ in ZnO lattice. A similar type of

phenomena has been observed by Ivill et al.,101 Mera et al.,102

Caglar et al.,103 Husain et al.104 It can be seen that there is the

more blue shi with an increase in cobalt concentration. It is

reported that more blue shi in 10% Co-doped ZnO samples

could be attributed to the combined effect of the optical tran-

sition to the excitonic state of ZnO nanoparticles and electronic

transitions involving crystal-eld split 3d levels in Co2+ ions

substituting Zn2+ ions responsible for observed blue shi.105

These results further support our claim that the Co cations have

effectively substituted into the wurtzite structure of ZnO and

replaced the Zn cations sites.

The optical behavior of ZnO NPs and NRs is also studied by

photoluminescence (PL) spectroscopy. Fig. 6(a and b) below

show the normalized PL spectra of ZnO and Co-doped ZnO

taken in two parts: rst one from 370 to 550 nm and second one

Fig. 5 (a) Absorbance vs. wavelength plot of ZnO, 5% Co-doped and

10%-doped ZnO and (b) plot to estimate the direct optical band gap of

ZnO, 5% Co doped and 10% doped ZnO.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 50527–50536 | 50531
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from 550 to 650 nm. The signature of strong excitonic band at

386 nmwith no defect emission except a comparable weak band

at 408 nm is observed in pure ZnO NPs. With doping several

defect related peaks have appeared around 433 nm, 460 nm,

486 nm, 520 and 530 nm. All these peaks are related to the

transition of electrons from zinc interstitial (Zni) in giving

emission peak in violet-blue region (405–440 nm), from oxygen

vacancy (VO) giving green emission (490–610 nm) and zinc

vacancy (VZ) giving blue emission (450–460 nm). The defect

emission peak is gradually increased with increasing doping

concentration. From Fig. 6(b) it can be noticed that the defect

peak around 520 nm has blue shied and become broader with

doping. Here it can be inferred that visible emission has

enhanced with increase in doping concentration and this

emission is due to the presence of VO and Zni.
106 There are

several reports of quenching of visible emission in Co-doped

ZnO NRs107–109 due to the dopant complexes acting as non-

radiative centres110 as well as anhilation of oxygen vacancy

centres due to the presence of Co3+ ions111 in the sample. But in

our case, luminescence intensity of Co-doped ZnO nanorods

has been increased in visible region which indicates that Co-

doping can improve surface states, enhance the number of

defects and oxygen vacancies in doped nanorods112 which is in

agreement with Raman spectra.

To get information about the magnetic behavior of the Co-

doped ZnO nanostructures, eld dependent magnetization

(M–H) measurements were carried out at 300 K and 2 K. The

M–H curves measured at 300 K and 2 K show a diamagnetic

nature for ZnO NPs which is shown in Fig. 7(a). However, the

M–H curves for doped (5% and 10%) samples show a small

paramagnetic (PM) and superparamagnetic (SPM) like ordering

at 300 K and 2 K respectively along with a denite FM ordering

which is attested by the presence of hysteric nature at lower eld

Fig. 6 Photoluminescence spectra of ZnO, 5% Co doped and 10%

doped ZnO at room temperature from (a) 370–550 nm and (b) 550–

650 nm.

Fig. 7 Field variation of magnetization (a)M–H curves at 2 K and 300 K

for ZnO (b) M–H curves measured at 300 K for Co-doped ZnO

samples. (c)M–H curves measured at 2 K for Co-doped ZnO samples.

The solid lines represent the fit to the eqn (3) and the insets show the

closure picture of the M–H loops in the lower field regions.
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region (shown as the inset in Fig. 7(b and c)). The remanent

magnetization (MR) and coercivity (HC) estimated are very small

in the doped samples, but the MR value is increased and the HC

is decreased at low temperature, i.e., at room temperature the

HC is more in both 5% (210 Oe) and 10% (80 Oe) Co-doped

samples than at 2 K (135 Oe for 5% and 54 Oe for 10% Co-

doped samples). The MR is increased from 1.8 � 10�4 emu g�1

at 300 K to 0.008 emu g�1 at 2 K for 5% and from 6.6 �

10�4 emu g�1 at 300 K to 0.011 emu g�1 at 2 K for 10% Co-doped

sample. Although the magnetization is enhanced 10–15 times at

2 K from that at 300 K, it is noted that the M–H curves of doped

samples do not saturate at high applied magnetic elds as 9 T.

Also, the net magnetization is increased in 10% Co-doped

sample in comparison to 5% Co-doped ZnO which indicates

more dopant (Co) incorporation in 10% doped sample. Similar

kind of behavior is observed in Co-doped and Mn-doped ZnO

nanocrystalline lms prepared by pulsed laser deposition.113–115

In general, this kind of an unusual magnetic behaviour can

be understood due to the presence of two-magnetic compo-

nents, i.e., a FM component that is easily saturated at very low

elds and a linear component possible due to SPM or PM. But,

there are not models which can be explained to describe the

combined FM and SPM/PM behaviors in magnetization curves.

Therefore, we have attempted to explain the FM and SPM

contributions quantitatively using several theories, and in this

attempt, we tried to t the isothermal M–H curve at 2 K with

Langevin function:

M ¼ MSL(mH/KBT) (2)

where MS is the saturation magnetization, m is the average

magnetic moment per particle; KB is the Boltzmann constant.

But the M–H curves could not be tted well with this function.

From the M–H curve, it can be thought that there is PM

contribution, especially at the higher magnetic eld. So, we

tried to t theM–H curve with an equation containing some PM

contribution i.e. with

M ¼ MSL(mH/KBT) + cH (3)

where c is the paramagnetic susceptibility. It is observed that

the M–H plots were tted well with the eqn (3) as shown in

Fig. 7(b and c). However the same is found to deviate at lower

elds shown in the insets of the same gure which is due to the

presence of FM contributions. The MS value for 5% Co-doped

sample is found out to be 1.42 emu g�1 (0.0149 mB per atom)

and for 10% Co-doped sample it is 1.75 emu g�1 (0.0184 mB per

atom) which are much smaller than the expected saturation

magnetization of Co2+ ions (3 mB per Co) from which it can be

inferred that only a fraction of Co atoms participate in FM, the

rest contribute to the observed SPM/PM signals. The results

suggest that the Co-doped samples exhibit ferromagnetism

along with SPM/PM behavior at 2 K and 300 K with reduced

remanent magnetization. With the increase in Co concentra-

tion, the magnetization is enhanced indicating more incorpo-

ration of Co atoms in ZnO matrix. To get detailed information

about the magnetic behavior, the temperature variation of

magnetization (M–T curves) was measured under zero eld

cooled (ZFC) and eld cooled (FC) condition at 100 Oe and

shown in Fig. 8. The pure ZnO sample shows very weak

magnetic in nature, however, the Co-doped samples show a low

magnetization values but with a clear magnetic ordering at

lower temperature in their ZFC and FC curves. The presence of

paramagnetic component is also conrmed from the steep

upturn in the magnetization value below and FC curves. The

presence of paramagnetic component is also conrmed from

the steep upturn in the magnetization value below around 50 K

whereas the presence of irreversibility between ZFC and FC

curve indicates the presence of ferromagnetic ordering in the

doped samples. Lower magnetization values and irreversibility

behavior in ZFC and FC curves with the application of small

magnetic elds suggest the presence of magnetic disorder in

the samples. It is interesting to note that in the case of both

doped samples the splitting between ZFC and FC curve occurs

Fig. 8 Temperature variation of magnetization for the Co-doped ZnO

samples measured under 100 Oe in zero-field-cooled (ZFC) and field

cooled (FC) modes. Closed and open symbols represent ZFC and FC

respectively.
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around 250 K, but a weak ferromagnetic ordering exists at 300 K

in M–H plots taken at 300 K. In 10% Co-doped sample the

enhanced difference between the ZFC and FC below 140 K

reects the blocking temperature TB of the assembly of SPM

particles. Similarly, in 5% Co-doped sample the transition at

around 50 K is characterized by a cusp in the ZFC curve indi-

cating an FM to SPM or an FM to PM transition. Super-

paramagnetism arises because of the inhomogeneities created

due to the formation of NPs, NRs of different sizes. The steep

increase in magnetization with the decrease in temperature

below around 50 K in the M vs. T curve is characteristic of all

DMS materials possibly due to the defects. Raman spectra

indicate the presence of defects in doped ZnO sample like

doubly ionized oxygen vacancies and zinc interstitials which are

expected to play the role for the kind of magnetic behavior

observed in Co-doped ZnO samples. It can be noted that in spite

of the presence of defects (as evidenced from Raman spectra

and PL), the diamagnetic behavior is observed in ZnO samples.

This conrms that defects alone are not sufficient to account for

the observed ferromagnetic behavior of doped samples. Also

another impurity phase i.e. Co3O4 is antiferromagnetic which

rules out the possibility of incorporating ferromagnetism. There

are several reports suggesting the ferromagnetism arising due

to impurity segregation at grain boundaries of oxides. In our

case, it is conrmed from XRD that cobalt clustering has taken

place in Co-doped samples. In this connection, we believe that

the observed ferromagnetism may have originated due to the

exchange interaction between the localized d electrons in Co2+

atoms and free carriers generated due to Co-doping in ZnO

nanorods along with cobalt clustering and defects.

Conclusions

In summary, structural, optical and magnetic properties of ZnO

and 5%, 10% Co-doped ZnO NPs and NRs synthesized by

a simple wet chemical route have been studied. Powder X-ray

diffraction, high-resolution transmission electron microscopy,

selected area electron diffraction pattern conrm the formation

of NPs and NRs in un-doped as well as Co-doped ZnO samples.

However, the production of NRs is more visible with the

increase in Co-content. Raman spectroscopy indicates the

disorder and defects induced due to Co-doping and shiing and

broadening of the bands at 437 cm�1 and 579 cm�1 in micro-

Raman study of Co-doped ZnO samples indicate the incorpo-

ration of Cobalt in ZnO. Blue shi in band gap attributed due to

Burstein–Moss effect may be a consequence of the incorpora-

tion of Co2+ in ZnO lattice. Field-dependent magnetization

(M–H curve) measurement exhibits the diamagnetic behavior of

un-doped ZnO at 2 K and room temperature while Co-doped

ZnO samples show coexistence of superparamagnetic and

ferromagnetic behavior at room temperature and 2 K. Observed

ferromagnetism may have originated due to the exchange

interaction between the localized d electrons in Co2+ atoms and

free carriers generated due to Co-doping as well as due to cobalt

clustering in the Co-doped samples.
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