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a b s t r a c t

Single-phase Zn1�xCoxO (0.02rxr0.08) dilute magnetic semiconductor is prepared by mechanical

milling process. The shift of XRD peaks towards the higher angle and a redshift in the band gap

compared to the undoped ZnO ensure the incorporation of Co2 + ions in the semiconductor host lattice.

Pure ZnxCo1�xO phases show the paramagnetic behavior in the temperature range 80 KrTr300 K. The

room temperature volume magnetic susceptibility (wv) estimated in case of Zn0.96Co0.04O is

�10�5 emu/Oe cm3. The temperature dependence of susceptibility wv can be fitted well with Curie

law confirming the paramagnetic interaction. The observed crystal-field splitting of 3d levels of Co2 +

ions inside Zn1�xCoxO has been successfully interpreted using Curie law.
1. Introduction

In the past two decades dilute magnetic semiconductors
(DMSs) in which some of the cations of the semiconductor host
lattice are replaced by the transition metal ions are currently
attracting great interest as materials in semiconductor spintronic
applications [1–4] due co-existence of charge and spin degrees of
freedom. Magnetic ions, especially 3d-transition metal (TM)-ion
doped wide band gap semiconductors like ZnO, SnO2, TiO2 and
In2O3 have been studied extensively [5–8] after the theoretical
predictions of possible room temperature ferromagnetic DMS [9].
These oxides based dilute magnetic semiconductors exhibit room
temperature and even higher temperature ferromagnetism unlike
the DMSs based on the III–V semiconductors. However, an
intrinsic origin of the ferromagnetism in these oxide-based DMSs
is still under debate. Besides the mechanism like carrier induced
[10], double-exchange [9,11], depending on the conductivity and
levels in the materials a new exchange mechanism involving
donor electrons in an impurity level [12] plays an important role
on setting ferromagnetism in these DMSs. However, ZnO has been
considered as one of the promising candidates for fabricating
DMSs due to its high solubility for transition metals (TM) and
superior semiconductor properties. Moreover, ZnO is a wide
band gap semiconductor with a large exciton binding energy and
has potential applications in optoelectronic and electronic
devices [13].
x: +91 33 2335 3477.
It is very important to fabricate single phase dilute magnetic
semiconductors for proper characterization as well as most
importantly from the application point of view. Otherwise the
presence of different secondary phases or impurity phases will lead
to introduce some undesirable responses which simply make it
difficult to find some technological applications. Although there are
many contradictory studies reported on the magnetic properties of
ZnO based diluted magnetic semiconductors using different routes
such as sol–gel methods [14], hydrothermal synthesis [15], etc.,
Blasco et al. [16] were successful to show that ferromagnetism at
room temperature is always due to the presence of secondary
phases and not due to the doping of ZnO. Blythe et al. [17] reported
room temperature ferromagnetism in Mn doped ZnO by milling
process. Colis et al. [18] reported Co-doped ZnO DMS by mechan-
osynthesis route but obtained secondary phase as Fe metallic
impurity which was origin for ferromagnetism. In this present work,
we have synthesized pure single-phase Co-doped ZnO (i.e.
ZnxCo1�xO with x=0.02, 0.04, 0.06, 0.08) dilute magnetic semicon-
ductor without any secondary phases by mechanosynthesis route.
All single-phase Co-doped ZnO samples showing paramagnetism
and there are no indication of ferromagnetism. Therefore, it is not
possible to obtain ferromagnetism in single-phase Co-doped ZnO
with its high structural perfection.
2. Experimental details

For the milling process we have used Fritsch make (Germany)
Pulverisette-7 mill that has WC vials and WC balls of diameter
10 mm. Commercial ZnO powder having hexagonal wurtzite crystal
structure (with lattice parameter as a=b=3.258 and c=5.216 Å) and
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Fig. 1. X-ray diffraction pattern of the Zn1�xCoxO samples. Inset: shift of XRD

peaks due to co-doping.

Fig. 3. Variation of crystallite size with milling time for doped samples. Inset: the

change in unit cell volume of Co-doped ZnO as a function of milling time.

Fig. 2. Milling time evolution of XRD pattern of (a) Zn0.96Co0.04O sample and (b)

undoped milled ZnO.
CoO with 99.99% purity were used as the starting materials.
A mixture of 5 gm of ZnO and CoO powders were taken in the vials
with rotational frequency of 800 rpm. The mixtures were milled for
4, 8, and 12 h with powder; ball ratio as 1:10 by weight. After that
the compounds are sintered in air at 700 1C for 6 h to attain the
single-phase samples. Thus, we have synthesized the samples with
different Co concentration such as 2, 4, 6, and 8 at wt%). The samples
were characterized by X-ray powder diffraction (XRD) using CuKa

radiation (l=1.540598 Å), energy dispersive X-rays (EDX) and
UV–Visible spectroscopy. The magnetic measurements were done
by a Vibrating Sample Magnetometer (Lake Shore Cryotronics).
Fig. 4. SEM images of as prepared (a) Zn0.96Co0.04O and (b) Zn0.94Co0.06O samples.
3. Experimental results and discussion

3.1. Structural properties

The X-ray diffraction patterns show that the undoped ZnO
powders as well as all ZnxCo1�xO samples have hexagonal
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wurtzite structures as shown in Fig. 1. Most importantly it is
noticeable that all the XRD peaks are identified to those of ZnO
and no other undesired peaks appear due to secondary phases or
impurity phases within the detection limit of X-ray diffracto-
meter. At the same time the XRD peaks for the doped samples
show significant shift in the higher 2y direction (shown in the
inset of Fig. 1) with respect to the undoped ZnO peak position.
This higher shift can be explained duo to incorporation of smaller
Co2 + ions (0.58 Å) replacing the Zn2 + (0.6 Å) in the hexagonal
wurtzite structure [19,20]. It reveals that although the Co2 + ions
are substituting the Zn2 +, the symmetry of the crystal structure
remains the unchanged.

The time evolution of XRD peaks of the Zn0.96Co0.04O sample
starting from unmilled mixture have been shown in Fig. 2(a). It is
seen from the figure that initially at t=0, CoO (2 0 0) and CoO
(2 2 0) peaks have appeared with ZnO peaks for unmilled ZnO and
CoO mixtures and the intensities of CoO peaks are very weak
which is expectable due to presence of small amount CoO. After
1 h milling time the broadening of CoO peaks have been observed
due to decrease in crystalline size. The intensities of CoO peaks
become very feeble after 4 h milling time. In case of 8 and 12 h
milling time, no CoO peaks are detected. So this gradual decrease
of intensities of CoO peaks with the increase of milling time
indicates that the Co2 + ions enters gradually inside the ZnO unit
cell replacing the Zn2 + ions.

Pure ZnO are also milled alone by the same process and the
corresponding XRD patterns at different milling time are
presented in Fig. 2(b). As the milling time goes on increasing,
the crystallite sizes of ZnO decrease resulting the broadening of
the ZnO peaks. No impurity peaks coming from the tungsten
carbide bowl or any other sources are detected up to 12 h milling
time. The crystallite sizes for all doped samples are estimated
using Scherer formula and its variation with milling time is shown
in Fig. 3. The lattice parameters of the undoped and doped
samples are estimated using the Bragg’s law 2d Sin y=nl, where y
is the peak position, l is the wavelength of X-rays and d is the
Fig. 5. UV–visible absorption spectroscopy of Zn1�xCoxO samples for (a) x=0.02, (b) x=

undoped ZnO.
interplanner spacing defined as 1/d2=4/3[(h2+hk+k2)/a2]+l2/c2

for hexagonal crystal structures, where (h, k, l) the miller indices
of the crystallographic planes, a and c are the lattice parameters of
the hexagonal structures. The variation of lattice volumes of the
Co-doped samples with the milling times is shown in the inset of
Fig. 3. Both the crystallite size as well as the unit cell volume
reduces significantly within first 4 h of milling. Further milling
does not affect them too much. The scanning electron micro-
graphs in Fig. 4 show that our samples are mostly homogeneous
throughout and no sign of Co accumulation.
3.2. Optical properties

It is very essential to confirm whether Zn2 + ions are replaced
by Co2 + ions in our Co-doped samples and the change in band gap
is a signature for this substitution. The variation of band gap with
Co substitution is studied at room temperature by conventional
ultraviolet–visible (UV) spectrometer and Fig. 5 shows the
collection of the UV–visible absorption spectra for ZnO doped
with Co at different at%. Figs. 5(a–c) represent characteristic
spectrum of 2%, 4% and 6% Co-doped ZnO. In case of 2% Co-doped
sample, the peak at 375 nm corresponds to the Co-doped ZnO
energy band gap which is slightly less than the undoped ZnO
band gap (Eg)�3.3 eV in agreement with what was reported in
literature [21–23]. But for the 4% and 6% Co-doped samples much
larger shift of this peak has been observed compared to undoped
ZnO which ensures significant number of Co2 + ions inside the ZnO
lattice. Fig. 5(d) shows the milling time evolution of absorption
spectra of Zn0.96Co0.04O. On increasing milling time, the band gap
(Eg) also shifts to lower energy than that of pure ZnO (3.3 eV). In
case of 12 h milled Zn0.96Co0.04O, the energy bad gap reduces to
3.2 eV. The redshift of the energy band gap (Eg) on incorporating
Co2 + in ZnO has been already observed [24] and explained as
mainly due to sp–d exchange interactions between the band
electrons and the localized d electrons of the Co2 + ions
0.04 (c) x=0.06 and (d) milling time evolution of Zn0.96Co0.04O samples along with
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substituting Zn2 + ions [21,24,25]. The exchange interactions
between s–d and p–d orbital give rise to a negative and a
positive correction to the conduction-band and valence-band
edges, respectively, resulting to a decrease in band gap [26].

The substitution of Co2 + in the tetrahedral sites of ZnO
wurtzite structure replacing Zn2 + ions is confirmed by the appear-
ance of three additional absorption peaks in the 550–700 nm
region for all doped samples. In Zn0.96Co0.04O sample these peaks
are sharp enough to distinguish which are at 565, 610 and
649 nm, but broadening of these peaks are observed for higher Co
concentration such as for 6 or 8 at wt%. These absorption edges
have been already explained as electronic transitions involving
crystal-field-split of 3d levels in Co2 + ions substituting Zn2 + ions
[27,28]. These transitions are assigned due to u3 (Co2 +):
T1(P)’A2(F) between the bands formed due to crystal field
splitting [29]. These d–d transitions are possible in the Co2 + ion
with 3d7 high-spin configuration under tetrahedral crystal-field
formed by neighboring O2� ions. Since the spectral data show the
characteristic transitions of the tetrahedrally coordinated Co2 +

ions, it can be concluded that the Co2 + ions substituted the Zn2 +

ions. This crystal-field splitting of 3d levels in Co2 + ions results in
the quenching of orbital angular momentum that has been
discussed in course of explaining the magnetic properties in the
next section.
Fig. 6. Variation of magnetization (M) as a function of magnetic field (H) of

Zn1�xCoxO at (a) 300 K, Inset: the magnetization per Co2 + ion for doped samples

(b) 80 K, Inset: the change in effective magnetic moment of Co2 + ion with Co

concentration in atwt%.
3.3. Magnetic properties

The magnetic measurements were performed by a Vibrating
Sample Magnetometer (VSM) in the temperature range
80 KrTr300 K. At room temperature single-phase Zn1�xCoxO
samples show the paramagnetic behavior with no indication of
ferromagnetism as shown in Fig. 6(a). The same behavior has also
been observed for magnetization curve measured at 80 K and
presented in Fig. 6(b) indicating that no ferromagnetic transi-
tion is observed between room and low temperatures. As no
other secondary phase is detected in the XRD pattern, the
paramagnetism is the result of incorporation of Co2 + ions into
the ZnO lattice. Although it is evident from the UV–visible
absorption measurement that Co2 + ions substitute for Zn2 + ions,
ferromagnetism is not observed. This result is in good agreement
with the results of Bouloudenine et al. [30] and Risbud et al. [31].

Fig. 7 shows the magnetization curve for the initial CoO and
Zn0.96Co0.04O at different milling time (t) and finally the undoped
12 h milled ZnO. It is noticeable that the nature of the
magnetization curve for the 1 and 4 h milled ZnO: Co (4%) is
similar to that of the initial CoO with reduced magnetic moment
due to the presence of small amount of CoO. It is expected
because initially all Co2 + ions do not substitute for Zn2 + upto 4 h
milling which is also evident from Fig. 2(a). Now beyond 4 h
milling time the replacement process of Zn2 + ions by Co2 + ions
has started and the paramagnetic nature has began to develop
which are observable for 8 and 12 h milled samples. We have also
milled ZnO alone for 12 h through the same process and the
magnetization curve show the diamagnetic nature like ZnO before
milled. It states that no change of magnetic nature is observed due
to structural change of ZnO during milling. Therefore, this gradual
development of paramagnetism with milling time shows that
Co-doped ZnO with sufficient milling time is paramagnetic which
originate due to the interaction between Co2 + ions replacing the
Zn2 + ions.

If the magnetization of the doped samples are plotted in unit of
Bohr magneton per Co2 + ion, as shown in the inset of Fig. 6(a), it is
observed that the magnetization per Co2 + ion decreases with the
increase of Co concentration. Therefore, the effective magnetic
moment (meff) of Co2 + ion plotted in the inset of Fig. 6(b) shows
a rapid decrease with increasing Co concentration. This decrease
in effective moment of Co2 + ion can be understood by considering
the symmetry of the Co site inside the ZnO host lattice. The
magnetic moment of the Co2 + can vary depending on the ion
environment. The degree of symmetry of Co site determines
the electronic levels splitting and the orbital contribution to the
cation magnetic moment [32,33], while the spin remains about
constant with S=3/2. An increase in Co concentration can yield to
lattice distortion decreasing the site symmetry and modifying
the orbital magnetic moment. Actually, the Co site symmetry
determines the shape of the bands in the optical absorption
spectra, in agreement with the optical spectra presented in Fig. 5
where the spectral shape changes with the Co concentration.

The temperature (T) dependence of magnetic moment (M)
with a constant magnetic field of 1 kOe within 80 KrTr350 K is
shown in Fig. 8. It is observed that the thermal dependence
magnetization fits excellently with Curie’s law for paramagnetism
for all doped samples. The temperature dependence of volume
susceptibility (wv) for Zn0.96Co0.04O within the temperature range
80 KrTr300 K is plotted in Fig. 9. The inset of Fig. 9 shows the
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Fig. 7. Magnetization (M) as a function of magnetic field (H): (a) for initial CoO, for Zn0.96Co0.04O at milling time (b) t=1 h, (c) t=4 h, (d) t=8 h, (e) t=12 h and (f) for milled

ZnO after t=12 h.

Fig. 8. Temperature dependence of magnetization (M) for Zn1�xCoxO at H=1 kOe.

Bold solid lines are the Curie’s law fitting to the experimental data. Fig. 9. Plot of magnetic volume susceptibility (wv) with temperature T, solid line

represents the Curie’s law fitting. Inset: linear fitting of 1/wv versus T to

experimental data.
plot of inverse susceptibility (1/wv) versus temperature (T) which
can be well fitted to a straight line which confirms paramagnetic
behavior.

In a magnetic field, an atom with angular momentum
quantum number J has 2J+1 equal spaced energy levels and the
paramagnetic susceptibility can be defined using Curie law as

w¼Nðpeff Þ
2m2

B=3kBT ¼ C=T ð1Þ

where C=N(peff)
2mB

2/3kB is the Curie constant, N is the number
of interacting Co2 + ions with total angular momentum
J, peff=g[J(J+1)]1/2 is the effective number of Bohr magneton, g is
the spectroscopic splitting factor (g=2.0023 for free electrons),
mB is magnitude of the Bohr magnetron, kB is the Boltzmann
constant and T is the temperature in Kelvin scale. The Curie
constant (C), estimated from the inverse of the slope of the
straight line is about 0.07 erg K/Oe. Using this value of experi-
mental Curie constant (C) we have estimated the value of effective
number of Bohr magnetons (peff) which is 3.7570.1. It is
interesting that our estimated value of peff agree well with
magneton number p=2[S(S+1)]1/2 which is 3.87 for Co2 + ions,
where S=3/2, is the ground state spin for Co2 +. This agreement
leads to the phenomenon of quenching of orbital angular
momentum which is possible due to crystal-field splitting of 3d
levels in the Co2 + ion with 3d7 high-spin configurations under
tetrahedral crystal-field formed by neighboring O2� . The d–d
transitions between the crystal-field splitted levels are already
observed in optical spectroscopy (Fig. 5) with the appearance of
three additional absorption peaks in 550–700 nm regions. It
reveals that our estimation based on the simple theoretical
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quantum mechanical paramagnetic model between the spins of
the Co2 + ions are successful in explaining the observed crystal-
field splitting in Co2 + ions.

Ferromagnetism in dilute magnetic semiconductors is con-
sidered to originate from the exchange interaction between free
delocalized carriers (holes or electrons from the valence band)
and the localized d spins of the transition metal ions. Therefore,
the presence of free carriers is a necessary condition for the
appearance of ferromagnetism. Free carriers can be induced from
other metallic secondary phases, oxygen vacancies, from defects
[34] or from Co ions in another oxidation state like Co3 +.
Therefore, the absence of significant impurities or defects might
be a possible explanation for the absence of free carriers and
consequently the ferromagnetism in our sample.
4. Conclusions

We have successfully synthesized single phase Zn1�xCoxO dilute
magnetic semiconductors by mechanical milling process. Although
the shift of XRD peaks and redshift in energy band gap is observed in
Zn1�xCoxO samples, there is no indication of ferromagnetism within
the temperature range 80 KrTr300 K. The appearance of three
additional absorption peaks in UV–visible absorption spectroscopy
for the transition involving crystal-field-split of 3d levels in Co2+

ions surrounded by neighboring O2� ions ensure the substitution
Co2+ ions replacing Zn2+ ions. The magnetization measurement as
well as plot of inverse susceptibility (1/wv) versus T confirms
paramagnetic behavior. Magnetization data shows that the effective
magnetic moment of Co2+ ion decreases with increasing Co
concentration. The observed crystal-field splitting of 3d levels of
Co2+ ions inside Zn1�xCoxO has been successfully interpreted by
using Curie law. The limited number of impurities or defects might
be a possible reason for the absence of free carriers and
consequently the ferromagnetism in the above samples.
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