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1. INTRODUCTION

Zinc oxide (ZnO) exhibits many interesting properties. It is an
intrinsic n-type II�VI semiconductor with a direct dipole
allowed band gap of 3.37 eV at room temperature and a large
exciton binding energy of 60 meV. Because of these properties,
ZnO presents a strong excitonic UV-light emission at room
temperature. The emission intensity ratio between the near-
band-edge (NBE) excitonic emission and the defect-related
visible emission is classically used to evaluate the quality of
ZnO crystals.1�3 It also presents a high photoconductivity, and
considerable piezoelectric and pyroeletric properties.4,5 Because
of these properties, ZnO has attracted much attention for
potential applications in various electronic and optoelectronic
devices. Moreover, the interest in ZnO has significantly been
increased in the past decade after the publication of the primary
results of Dietl et al. reporting ferromagnetism at room tempera-
ture (RT-FM) for diluted magnetic semiconducting (DMS)
compounds,6 such as 3d ions M2+-substituted zinc oxide. This
class of materials is potentially interesting for spintronic devices,
such as spin valves, magnetic sensors, spin light-emitting diodes,
and nonvolatile memory. However, intrinsic RT-FM in 3d
transition substituted zinc oxide is still not proved and some
results are contradictory.7�13 For example, Pan et al.14 reported
the intrinsic existence of ferromagnetism in Co2+:ZnO films.

Contrarily, Djerdj et al.10 explained the existence of ferromagnetic
behavior as an extrinsic property of zinc oxide. Indeed, these
researchers have shown that the solid solution Zn1�xCoxO (x = 3
and 5 mol %) is ferromagnetic at room temperature due to the
presence of cobalt clusters.

This paper reports on a comparative study of Ni- and Co-
substituted zinc oxide nanoparticles obtained using forced hydro-
lysis in a polyol medium. Ni and cobalt have been selected in this
work due to that (i) these two elements are stable with the
valence +2 in a polyol medium and thus will substitute the zinc
ion without generating significant cation site vacancy and that (ii)
Co2+ can adoptmore easily a tetrahedral site thanNi2+ does. This
can induce a slightly different occupation of sites in the wurtzite
structure, which, in turn, may induce different physical properties.

The synthesis method chosen here is a low-temperature
process that allows higher doping levels of magnetic ions and
leads to particles with high crystalline quality.15 SQUID mea-
surements reveal that the two materials present different mag-
netic behaviors. This difference will be discussed with regard to
optical measurements and imaging filter analysis.
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2. EXPERIMENTAL PROCEDURE

2.1. Synthesis. Ni- and Co-substituted ZnO nanoparticles
were prepared according to the following process. First, the appro-
priate amount (Table 1) of zinc acetate dihydrate (Zn(Ac)2 32H2O),
nickel acetate tetrahydrate (Ni(Ac)2 3 4H2O) or cobalt acetate
tetrahydrate (Co(Ac)2 3 4H2O), sodium hydroxide (NaOH), and
distilled water were successively introduced into 80 mL of polyol
solvent (1,2-propanediol (PEG), diethylene glycol (DEG)),
sonicated for 30 min. The total amount of metal (Zn and dopant
metal M) was fixed at 0.5M. The pH of the solution varied in the
range between 10 and 14 depending on the amount of sodium
hydroxide (pH test paper). The as-obtained mixture was then
heated under reflux to the boiling temperature of the solvent.
After 6 h of reaction, the mixture was cooled to room tempera-
ture and the precipitate was separated from the supernatant by
centrifugation (8000 rpm for 15 min), washed several times with
ethanol and acetone, then dried in a vacuum at 50 �C. Several
synthesis parameters, such as the temperature of the reaction, the
nature of the solvent, the hydrolysis ratio (h = nwater/nmetal), and
the basic ratio (b = nsodium hydroxide/nmetal), were varied, and the
most attractive results are summarized in Table 1.
2.2. Characterization. The chemical analysis of metal ele-

ments was conducted at the CNRS central analysis service at
Solaize using inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES).
X-ray diffraction (XRD) was performed on an INEL diffract-

ometer using a cobalt KR radiation (λ = 1.7890 Å). The data
were collected for approximately 12 h.
Transmission electron microscopy (TEM) observations were

made on a JEOL 2011 microscope operating at 100 kV. This
microscope is equipped with a Gatan Imaging Filter 2000 so as to
conduct an electron energy-loss spectroscopy (EELS) analysis.
Such an analysis is a powerful technique to provide a cartographic
picture of the distribution of chemical elements in the observed
nanoparticles.
UV�visible-NIR diffuse reflectance spectra were recorded on

a Cary 56E spectrophotometer equipped with a PTFE-coated
integration sphere.
The PL measurements were carried out at room temperature

and at low temperature down to 20 K. The excitation source at

266 nm was provided by the YAG:Nd quadrupled frequency.
The emission was analyzed by using a HR250 monochromator
(Jobin-Yvon) coupled with an UV-enhanced intensified charge
coupled device (ICCD, Roper). Under pulsed laser excitation,
luminescence spectra were recorded in a pseudo CWmode with
a continuous integration of the intensity during 300 ms corre-
sponding to three full illumination pulses. The excitation power
and the geometrical arrangement of the experiment were the
same for the various investigated samples.
A superconducting quantum interference device (SQUID)

magnetometer was used to measure the magnetic properties of
Ni- and Co-doped zinc oxides. The hysteresis loops were
recorded at 5 K. The thermal behavior of the magnetization
was studied in the zero-field-cooled/field-cooled (ZFC/FC)
modes at an applied magnetic field of 200 Oe.

3. RESULTS

3.1. X-ray Characterization.The exact composition of the as-
obtained pure phases inferred from the chemical analyses is
reported in Table 2. Nickel has a limited substitution concentra-
tion compared to cobalt, as previously reported for the solid
solutions Zn1�xMxO (M = Ni, Co).16

ZnO:Ni
2+

0.05 < x < 0.20. In the case of ZnO:Ni2+, the
solubility appears to mainly depend on the nature of the polyol.
On one hand, the powders Zn(1�x)NixO (x = 0.5, 0.10) prepared
in DEG at 245 �Cwith b = 2 and h = 20 (ZN1 and ZN2) consist of
a mixture of ZnO wurtzite and a lamellar phase marked by
asterisks (Figure 1A). The lamellar phase (d = 10.98 Å) can be

Table 1. Identified Phases as a Function of the Synthesis Conditions

sample solvent [Zn + Ma] % Ni % Co bb hc temperature (�C) identified phases (XRD)

ZN1 DEG 0.5 5 2 20 245 ZnO + lamellar phase

ZN2 DEG 0.5 10 2 20 245 ZnO + lamellar phase

ZN3 PEG 0.5 5 2 20 189 ZnO wurtzite

ZN4 PEG 0.5 10 2 20 189 ZnO wurtzite

ZN5 PEG 0.5 20 2 20 189 ZnO + lamellar phase

ZN6 PEG 0.5 20 1 20 189 ZnO + lamellar phase

ZC1 DEG 0.5 5 2 20 245 ZnO wurtzite

ZC2 DEG 0.5 10 2 20 245 ZnO + lamellar phase

ZC3 DEG 0.5 10 1 20 245 ZnO wurtzite

ZC4 DEG 0.5 20 2 20 245 ZnO + lamellar phase

ZC5 DEG 0.5 20 1 20 245 ZnO wurtzite

ZC6 DEG 0.5 30 1 20 245 ZnO + lamellar phase

ZC7 DEG 0.5 30 0.5 20 245 ZnO wurtzite

ZC8 DEG 0.5 40 0.5 20 245 lamellar phase
aM = nickel or cobalt. b b = nsodium hydroxide/nmetal.

c h = nwater/nmetal.

Table 2. Nickel and Cobalt Concentration and Lattice Para-
meters for Substituted Zinc Oxide

0% Ni 4.69% Ni 9.72% Ni

a (Å) 3.249 (1) 3.241(1) 3.238(2)

c (Å) 5.208 (2) 5.193(3) 5.186(2)

0% Co 4.88% Co 9.35% Co 18.35% Co 28% Co

a (Å) 3.249 (2) 3.247(1) 3.246(2) 3.243(1) 3.241(1)

c (Å) 5.208 (1) 5.206(3) 5.203(3) 5.199(3) 5.193(3)



identified as the layered hydroxide salts LHS-Ni-Ac.17 On the
other hand, when the syntheses are conducted in PEG at 189 �C
with b = 2 and h = 20 (ZN3 and ZN4), no peak corresponding to
the lamellar phase is observed. Indeed, XRD patterns recorded
for 12 h correspond perfectly to the zinc oxide wurtzite structure
(space group P63mc, JCPDF 361451).
For compositions richer in nickel (x > 0.10), the powder is

composed of a mixture of phases (ZnO wurtzite and a lamellar
phase), whatever the basic ratio and the nature of the polyol.
ZnO:Co

2+
0.05 < x < 0.40. All tests were performed in DEG at

245 �C. The XRD patterns of the powders obtained are shown in
Figure 1. The powder was obtained pure, ZC1, in the same

preparation conditions as ZnO (b = 2, h = 20). For a higher
substitution rate, it was necessary to adjust the rate of basicity in
order to obtain pure substituted ZnO oxide (ZC3: b = 1 for x =
0.10; ZC5: x = 0.20; and ZC7: b = 0.5 for x = 0.30). Otherwise, a
lamellar phase (LHS) presenting an interlamellar distance of
12.15 Å (Figure 1B) appeared along with the substituted ZnO
oxide: samples ZC2, ZC4, and ZC6. When the substitution rate
reached 40%, substituted ZnO oxide disappeared and only the
LHS-Zn-Co is formed. These lamellar phases can be identified as
the layered hydroxide salts based on zinc and cobalt.17

The lattice parameters were refined by the Rietveld method18

from the XRD diffractogram (recorded for 12 h) using the

Figure 1. Powder X-ray diffraction patterns of samples according to compositions indicated in Table 1: (A) nickel-doped samples and (B) cobalt-doped
ones. The square (() indicates zinc oxide with a wurtzite structure, and the asterisk (/) indicates the lamellar hydroxy salt phase.



program FULLPROF.19 The values of lattice parameters of pure
powders obtained for two series of syntheses are shown in
Table 2.
The variation of lattice parameters a and c with the molar

substitution of Zn2+, x, is given in Figure 2. The lattice para-
meters decrease when the concentration of the dopant increases
(Figure 2). Although the change is very small, the concentration
of the dopant plays a role in the variation of lattice parameters
that gives an indication for the Ni and Co substituting in the ZnO
crystalline structure since the ionic radii of Ni2+ (0.055 nm) and
Co2+ (0.058 nm) are less than that of Zn2+(0.060 nm).20

3.2. Electron Microscopic Study. The TEM observations of
samples ZN3 (Figure 3A) and ZC1 (Figure 3B) display almost
spherical particles with a diameter between 20 and 30 nm. The
distribution of elements in the powders is clarified by selecting
and imaging the electrons with a specific energy loss. Analyses
were driven on assemblies of particles (Figure 4) and also on
isolated nanoparticles (Figure 5) at several regions of both Ni-
and Co-doped ZnO samples. It reveals a homogeneous distribu-
tion of Ni (Figure 4A2) ions and Co (Figure 4B2) in the ZnO
particles with no evidence of Ni or Co clusters. Concomitantly,
imaging analysis shows that the distribution of Zn is also
homogeneous for both cobalt- and nickel-substituted zinc oxides
(Figure 4A1,B2). A homogeneous composition inside of each
nanoparticle is clearly observed in Figure 5.
3.3. UV�Visible-NIR Absorption. A plot of optical absor-

bance spectra of Zn1�xMxO (M = Co, Ni) particles as a function
of the wavelength is shown in Figure 6. Energies and assignments
of the observed bands are given in Table 3 and compared to that
of reference compounds with nickel21,22 and cobalt.15,23,24 It
appears that Ni2+ and Co2+ present different d�d absorption
bands. Indeed, Ni2+ is located in both octahedral and tetrahedral
sites, whereas Co2+ is only located in tetrahedral sites. On the
basis of the synthetic consideration of XRD and UV�vis�IR
spectroscopy analysis results, it is clear that Co and Ni ions

Figure 2. Variation of lattice parameters as a function of nickel and cobalt content in solid solutions Zn1�xNixO (4.69% and 9.72%) and Zn1�xCoxO
(4.88, 9.35, 18.35, and 28%). The lattice parameters are slightly less than that of pure ZnO: the decreasing of a and c parameters are an indicator for Ni
and Co substituting Zn in the ZnO crystalline structure.

Figure 3. TEM images of (A) Ni (4.69%) and (B) Co (4.88%) sub-
stituted zinc oxide nanoparticles. The particles are roughly spherical, and
the mean particle’s size is about 20�30 nm.



substitute Zn ions within the employed Co and Ni range (4.88,
9.35, 18.35, and 28%) and (4.69% and 9.72%), respectively.
3.4. Photoluminescence. Figure 7 presents photolumines-

cence spectra of Zn1�xNixO (Figure 7A) and Zn1�xCoxO
(Figure 7B) at different doping concentrations according to
Table 2. All samples exhibited a typical ZnO UV-exitonic
emission band around 380 nm. In addition to the excitonic UV
emission, there exists a visible emission in the 2.2�2.9 eV range.
Indeed, a broad band observed between 400 and 550 nm might
be attributed to the intrinsic defects in the ZnO material. In the
literature, such defects have been ascribed to various processes,
such as oxygen vacancy (VO), interstitial zinc (Zni), singly ionized
oxygen vacancy (V•

O), antisite oxygen (OZn), zinc vacancy

(VZn), and even oxygen interstitial (Oi).
25�28 The two series

present, however, different photoluminescence spectra. Indeed,
the VIS emission dominates in all the range of the studied tem-
perature in the case of cobalt-doped zinc oxide. Conversely, in
the case of nickel-doped zinc oxide, the VIS emission is very weak
at room temperature and is enhanced when the temperature is
decreased (Figure 7A, inset). Comparing the two series, it is clear
that Zn1�xNixO shows a very limited amount of defects. It is
interesting to note that the visible band is often ascribed to
defects near and beneath the surface.29 Taking into account that
both nickel- and cobalt-doped zinc oxide nanoparticles have a
similarmorphology and size, it can be concluded that the difference
observed in PL measurements between cobalt zinc oxide and

Figure 4. Filter imaging of (A) Ni (4.69%) and (B) Co (4.88%) substituted zinc oxide nanoparticles. It reveals a homogeneous distribution of Ni (A2)
and Co (B2) in ZnO particles with no evidence of Ni or Co clusters. Concomitantly, filter imaging (A1) and (B1) show a homogeneous repartition of Zn.

Figure 5. Filter imaging of (A) Ni (4.69%) and (B) Co (4.88%) substituted zinc oxide nanoparticles on isolated nanoparticles. As observed in
agglomerated nanoparticles (Figure 4), these results confirm the homogeneous repartition of the chemical elements in both nickel- and cobalt-substituted
zinc oxides.



nickel-doped zinc oxide could be related to the nature of the two
Co2+ and Ni2+ cations rather than to the S/V ratio of the particle.
Co2+ has a slightly lower ionic radius and also can easily be oxi-
dized into Co3+, in particular, when this cation is located near the
particle surface. This will lead to amore deformedwurtize structure
with considerable Zn site vacancies and/or inserted oxygen. On
the contrary, the Ni2+ cation, being more stable, leads to limited
defects. However, for this latter, because UV measurements

presented before in this paper have shown that Ni2+ ions could
occupy both tetrahedral and octahedral sites in keeping with
recent reported results,30 zinc vacancies could be present.
At low temperature, excitonic emission vanishes in regard to

the defect visible emission for both dopants, revealing energy
transfers between the excitonic and defect states. In addition,
both the UV emission and the defect-related peak intensity
decrease in Zn1�xNixO and Zn1�xCoxO with the increase of
Ni and Co doping concentrations. This probably could be
attributed to nonradiative recombination processes31 or to con-
centration quenching effects.32

3.5. Magnetic Measurements. The main results of magnetic
measurements are summarized in Table 4.
ZnO:Ni

2+
. The variation of the field dependence of magnetiza-

tion at 5 K of 4.69% and 9.72% of Ni-substituted ZnO powder is
shown in Figure 8. Hysteresis loops indicate the existence of
ferromagnetic order. The coercitive fields measured are, respec-
tively, 740 and 1143 Oe for the powder with 4.69% and 9.72% of
Ni, in keeping with the previous results reported by Cong et al.
on the Zn0.97Ni0.03O sample.33 The saturation magnetizations
measured (0.583 and 0.599 emu 3 g

�1 for 4.69% and 9.72% of Ni,
respectively) are larger than that previously reported on Ni-
doped ZnO nanoparticles.34,35

The curves of the thermal evolution of magnetic susceptibility
are shown in Figure 9. The sudden increase in magnetic
susceptibility and the change in slope observed on χ�1 = f(T)
at 21 K for 4.69% can be attributed to the Curie temperature. The
ferromagnetic behavior of these powders is probably due to
superexchange interactions between Ni2+ ions.36 The values of
the Land�e factor, around 2.2, are similar to those previously
reported in several works.17,37,38

ZnO:Co
2+
. The evolution curves of magnetization as a func-

tion of applied magnetic field at 5 K for two powders 4.88% and
9.35% of Co-substituted ZnO are given in Figure 10. The absence
of hysteresis and the linear variation of the magnetic field
dependence of the magnetization highlight the paramagnetic

Figure 6. UV and near-IR absorption spectra of Zn1�xNixO (A) and
Zn1�xCoxO (B) with different doping concentrations. The spectrum
shows the expected electronic transitions for a Co2+ in tetrahedral
coordination and Ni 2+ in both octahedral and tetrahedral sites. The
bands marked with an asterisk are present in pure ZnO powder prepared
in a polyol medium (inset).

Table 3. Bands Attribution of Zn1�x
Ni

x
O and Zn1�x

Co
x
O Powders UV�Visible-NIR Spectrum Compared to Tabulated

Transitions for Some Cobalt- and Nickel-Based Reference Compounds

samples wavelength assignment symmetry ref

Zn1�xNixO 1196 ν1:
3A2g(F) f T2g(F) NiOh

2+, NiTd
2+ this work

665 ν2:
3A2g(F) f

3T1g(F)

718 νsf:
3A2g(F) f

1Eg(D) NiOh
2+

380 ν3:
3A2g(F) f

3T1g(P)

Zn1�xCoxO 568, 612, 650 ν2:
4A2 f

4T1(F) CoTd
2+ this work

1309, 1406, 1645 ν3:
4A2 f

4T1(P)

ZnO:Ni2+ 1192 ν2:
3A2(F) f

3T1(F) NiTd
2+ 22

616, 656, 576 ν3:
3T1(P) f

3T1(F)

β- Ni(OH)2 1127 ν1:
3A2g(F) f T2g(F) NiOh

2+ 21

654 ν2:
3A2g(F) f

3T1g(F)

730 νsf:
3A2g(F) f

1Eg(D)

386 ν3:
3A2g(F) f

3T1g(P)

Zn0.75Co0.25O 1628, 1388, 1310 ν2:
4A2 f

4T1(F) CoTd
2+ 24

660, 619, 570 ν3:
4A2 f

4T1(P)

CoO 1200 ν1:
4T1g f

4T2g(F) CoOh
2+ 15

606, 670 ν2:
4T1g f

4A2g(F)

550 ν3:
4T1g f

4T1g(P)

Co3O4 720 ν1:
1A1g f

1T1g CoOh
3+ 23

430 ν2:
1A1g f

1T2g



character of these compounds. We observed a similar behavior
for the other compositions.
Measurements of the magnetic susceptibility of the sample

Zn1�xCoxOwere performed in the temperature range of 5�300
K by applying a field of 200 Oe. Figure 11 shows the thermal
evolution of themagnetic susceptibility χ and its inverse χ�1. The
variation of the reciprocal susceptibility χ�1 as a function of
temperature follows the Curie�Weiss law (χ = C/T � θ). The
linearity observed throughout the explored temperature range

can assign to this powder a paramagnetic behavior. The absence
of a maximum level of the curve χ = f(T) indicates the absence of
a long-range magnetic order between the metal centers of spin
3/2 in the considered temperature range. The values of the Land�e
factor (2.78 and 2.98) are close to those previously reported.39

4. DISCUSSION

In two previous papers,15,40 some of us reported on the
synthesis of pure zinc and cobalt-doped zinc oxide in a polyol
medium. The morphology and size of particles obtained depend
on the experimental conditions. Spherical particles with a
diameter in the micrometric or submicrometric range were
obtained when (Zn, Co) salt precursors are heated in a polyol
medium without adding sodium hydroxide. Adding sodium
hydroxide induced significant changes in both morphology and
size of the obtained particles in the case of pure zinc oxide.
Indeed, varying the amount of hydroxide resulted in the obten-
tion of zinc oxide nanoparticles with various morphologies:
spherical, elliptical, and nanorod ones.41 In the present paper,

Figure 7. Photoluminescence spectra of Zn1�xNixO(A) and Zn1�xCoxO
(B) nanoparticles at room temperature. Two main bands are observed:
UV-excitonic emission band around 380 nm and a broad band observed
between 400 and 550 nm ascribed to the intrinsic defects in ZnO. The
insets show PL spectra at low temperatures (for Zn1�xNixO, x = 4.69%,
and for Zn1�xCoxO, x = 4.88%) where the VIS emission band due to
defects dominates.

Table 4. Magnetic Properties of Ni- and Co-Substituted Zinc
Oxides

compounds Tc/K θp/K Hc/Oe C/cm3
3
mol�1

3
K g

4.69% Ni 21 23 740 1.22 2.21

9.72% Ni 22 25 1143 1.27 2.25

4.88% Co 17 2.72 2.75

9.35% Co 19 2.78 2.98

Figure 8. Magnetization (M) versus applied field (H) curve of Zn1�xNixO
samples measured at 5 K. The magnetic hysteresis loop is clearly observed,
resulting from ferromagnetic character. The remanent magnetization (Mr)
and coercive field (Hc) are 0.6 emu/g and 700�1200 Oe, respectively.

Figure 9. Temperature-dependent susceptibility χ and inverse suscept-
ibility 1/χ curves of 4.69% Ni-substituted zinc oxide nanoparticles at a
magnetic field of 200Oe. The abrupt increase in χ�T curves corresponds
to a Tc of 21 K (the sample with 9.72% presents similar curves).



we show that, when syntheses are conducted with sodium
hydroxide in the polyol medium doped zinc oxide (Ni, Co),
spherical nanoparticles can be obtained with 20�30 nm in
diameter. Both doped zinc oxides obtained belong to the
wurtzite-like structure. The cell parameters decreased when the
amount of the doped element (Ni, Co) increased. This confirmed
that the doped ions substituted Zn ions in the wurtzite structure
since the ionic radius of these ions is lower than that of zinc. The
imaging filter analysis supports this hypothesis. Indeed, the
nanoparticles appeared to be homogeneous in composition.
Despite these common features and the fact that all doped
compounds were prepared under almost identical conditions,
the cobalt-doped oxide has a paramagnetic behavior, whereas the
nickel one presents a ferromagnetic character below 10 K.

Boubekri et al.8 have studied the magnetic properties of
micrometric cobalt zinc oxide particles prepared in a polyol
medium. These micrometric particles are paramagnetic at room
temperature. They became ferromagnetic when heated at high
temperature due to the appearance of cobalt clusters. Such a
conclusion has been inferred from indirect methods (electronic
paramagnetic resonance for instance). In the present work, we
have prepared particles with a significantly lower size lying in the
range of 20�30 nm. Filter imaging analysis clearly shows that

Co-doped zinc oxide prepared by soft chemistry is free of cobalt
clusters. The UV spectrum is characteristic of Co2+ located in the
tetrahedral sites, present in the wurtzite structure. One can note
that the nanoparticles present a significant Zn and/orO defect, as
evidenced by PL measurements. Such a defect, particularly
oxygen vacancies, likely induces ferromagnetic behavior accord-
ing to the donor impurity band exchange model.42,43Despite this
high defect concentration, all the Co-doped nanoparticles pre-
sent a paramagnetic behavior at room temperature similar to that
reported by Boubekri et al. for Co-doped micrometric particles.

Conversely, Ni-doped zinc oxide nanoparticles with signifi-
cantly lower defects present a ferromagnetic behavior below
10 K (coercitive field, 700�1000 Oe; saturation magnetization =
0.6 emu/g). A similar behavior has been reported by Cong et al.
on the Zn0.97Ni0.03O sample.33 No nickel clusters are observed
since the imaging filter analysis indicates a homogeneous spread
of zinc and nickel on the overall nanoparticles. The presence the
NiO phase can also be easily ruled out since bulk NiO is
antiferromagnetic with a Neel temperature of 520 K.44 As
discussed above, Ni ions are present in both octahedral and
tetrahedral coordination, similar to the nickel distribution in the
inverse spinel NiAl2O4.

45 Because no secondary phase is revealed
by X-ray diffraction, it can be deduced that Ni ions partly
substitute the Zn ions in the tetrahedral sites and are partly
intercalated in the vacant octahedral sites of the wurtzite struc-
ture. Such repartition may enhance the superexchange mechan-
isms leading to the observed ferromagnetic behavior. In this case,
the ferromagnetism appears as an intrinsic character. It should,
however, be noted that the presence of a ferromagnetic phase as
an impurity, such as LHS-Ni,17,43,46 in which Ni ions are located
in the octahedral sites of the brucite-like structure, cannot be
ruled out. Taking into account that no secondary phase was
detected by X-ray diffraction, this means that the amount of LHS-
Ni is lower than 5% (detection limit of X-ray analysis).

Finally, let us discuss the advantages offered by this method to
obtain pure DMS compounds. A survey of the literature shows
that several reported synthesis methods, such as magnetron
sputtering,43 solid-state reactions,47,48 hydrothermal synthesis,49

and spray pyrolysis,50 involve several steps, including heat
treatment at high temperature in an inert or reduced atmosphere.
These thermal conditions favor the reduction of the metal ions to
metal clusters, leading to a composite material formed mainly by
doped zinc oxide decorated with metal clusters. These clusters
appear to be the main species responsible for the ferromagnetism
of the Co-doped zinc oxide. Thus, this ferromagnetism is an
extrinsic character rather than an intrinsic one.

In the present work, we present an alternative route that
obtains DMS nanoparticles free of metallic clusters. This synth-
esis method belongs to the sol�gel route and involves hydrolysis
in a polyol medium. Because the formation of oxide occurred via
nucleation, growth, hydrolyis, and inorganic polymerization
processes,51 the precipitation of reduced species, namely, metal
(Co, Ni) clusters, can be avoided, and thus the magnetic
properties of the as-obtained DMS compounds appeared to be
closely related to intrinsic characteristics.

5. CONCLUSION

In summary, Zn1�xMxO (M = Ni, Co) nanoparticles were
synthesized by forced hydrolysis of acetate metallic salts in a
polyol medium. The XRD patterns exhibit a single phase with a
wurtzite structure. For a higher substitution amount (x > 0.10 for

Figure 10. Magnetization curves at 5 K of cobalt-doped zinc oxides. The
absence of hysteresis and the linear variation of the magnetization with
magnetic field highlight the paramagnetic character of these compounds.

Figure 11. Susceptibility, χ, and inverse susceptibility, 1/χ, as a function
of temperature of 4.88% Co-substituted zinc oxide (the sample with
9.35% presents similar curves).



M = Ni and x > 0.30 for M = Co), a secondary phase was
observed. The effect of substitution of Zn2+ ions was investigated
in Ni- and Co-doped ZnO in order to understand correlations
between the structural, optical, and magnetic proprieties. Photo-
luminescence measurements demonstrated that both the UV
emission and the defect-related emission peak intensity decreased
in Zn1�xMxO with increasing Co and Ni doping concentrations.
Despite the fact that the two compounds were prepared by an
almost identical soft chemistry method, they present different PL
and magnetic behaviors. Although Zn1�xCoxO has important
defects, likely oxygen and zinc vacancies, this compound presents
a paramagnetic character. Conversely, Zn1�xNixO with very few
defects shows a ferromagnetic character. Altogether, these results
suggest that defects, mainly oxygen and zinc vacancies, in DMS
compounds cannot be, as reported in the literature, the only driving
force to promote ferromagnetism in such materials. Such ferro-
magnetism can be due to the presence of doped cations in both
tetrahedral and octahedral sites of the wurtzite structure, as
observed in the nickel-doped oxide. Indeed, such a presence may
enhance an exchangemechanism favorable to ferromagnetic order.

Finally, we present in this work an alternative synthesis route to
obtainDMS nanoparticles free of metallic clusters. This will be very
useful with a view to preparing other pure DMS compounds and
going further in the study of their potential magnetic properties.
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