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Synthesis and magnetic properties of Mn doped ZnO nanowires
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Abstract

Mn doped ZnO nanowires have been synthesized using a simple autocombustion method. The as-synthesized Mn doped ZnO nanowires were
characterized by X-ray diffraction and transmission electron microscopy. An increase in the hexagonal lattice parameters of ZnO is observed on
increasing the Mn concentration. Optical absorption studies show an increment in the band gap with increasing Mn content, and also give evidence
for the presence of Mn2+ ions in tetrahedral sites. All Zn1−xMnxO (0 ≤ x ≤ 0.25) samples are paramagnetic at room temperature. However, a
large increase in the magnetization is observed below 50 K. This behavior, along with the negative value of the Weiss constant obtained from the
linear fit to the susceptibility data below room temperature, indicate ferrimagnetic behavior. The origin of ferrimagnetism is likely to be either the
intrinsic characteristics of the Mn doped samples, or due to some spinel-type impurity phases present in the samples that could not be detected.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Studies on ZnO based diluted magnetic semiconductors
(DMSs) have received much attention in the recent years
after Sato et al. first predicted that ZnO doped with 3d
transition metal ions such as V, Cr, Fe, Co, and Ni
may exhibit ferromagnetism [1]. Dietl et al. also predicted
that Mn doped p-type ZnO should be ferromagnetic above
room temperature [2]. Based on these predictions, several
experimental investigations have been carried out by different
researchers on ZnO based DMSs [3,4]. There are many studies
reported on ZnO based DMSs on thin film samples fabricated
using different techniques, as well as on polycrystalline
materials synthesized by different methods. It is generally
believed that the origin of ferromagnetism in such transition
metal doped ZnO is carrier induced. No ferromagnetic ordering
has been observed for Cr to Cu doped ZnO thin film samples,
down to 3 K, in the earlier studies made by Jin et al.
in 2001 [5]. From studies on thin film samples, Fukumura
et al. showed a 36% solubility of Mn in ZnO, with strong
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antiferromagnetic ordering [6]. However, recently Coey et al.
found room temperature ferromagnetism in some of these
transition metal ion doped ZnO thin films [7]. In fact, in a very
recent report, Hong et al. showed that Zn site defects in ZnO
thin films give rise to room temperature ferromagnetism, and
there is no role for the doped transition metals such Mn and Fe
in introducing magnetism in the ZnO lattice [8].

The presence or absence of ferromagnetism, either at room
temperature or at low temperatures, in polycrystalline Mn
doped ZnO, has been reported by various research groups.
Kolesnik et al. first synthesized polycrystalline Mn doped
ZnO using the standard solid state method and observed the
antiferromagnetic nature of the doped samples [9]. Later,
Sharma et al. first reported room temperature ferromagnetism
in bulk Mn:ZnO synthesized by the solid state method at
lower processing temperatures [10]. Mn doped polycrystalline
ZnO system has been studied recently by many other research
groups, and the observation of ferromagnetism at room tem-
perature has been reported [11–14]. In recent reports, lattice
defects have been shown to be responsible for high tempera-
ture (TC > 350 K) ferromagnetism in (ZnMn)O nanoparticles
[15–18]. However, it has also been shown that the secondary
phase Mn2−x Znx O3−δ , or an extrinsic source, is responsible
for ferromagnetism in Mn doped ZnO [19,20], which was
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Fig. 1. Powder X-ray diffraction patterns of different compositions of
Zn1−xMnxO (0 ≤ x ≤ 0.25).

initially thought to be intrinsic [10]. It has been shown that
Zn0.95Mn0.05O, when synthesized by the solid state reaction
at 1170 K, is ferromagnetic whereas annealing the sample at
1370 K destroys ferromagnetism [21]. The observed ferromag-
netism is depicted to a secondary phase (Mn, Zn)Mn2O4. From
the studies on polycrystalline Zn1−xMnxO system with differ-
ent x values, it has been shown that the samples are either
paramagnetic or antiferromagnetic [22–26]. Therefore, few re-
search groups believe that secondary phases are responsible for
ferromagnetism in doped ZnO, as the results are not always
reproducible [27].

Liu et al. recently fabricated Zn1−xMnxO nanowires by
a chemical vapor deposition method and found the Curie
temperature to be as low as 44 K [28], close to the
Curie temperature of Mn3O4. However, recently Philipose
et al. reported room temperature ferromagnetism in (ZnMn)O
nanowires grown on silicon substrates fabricated by a
vapor–liquid–solid method [29]. Here, we report the synthesis
of Mn doped ZnO in the form of nanowires using a simple and
single step procedure involving an autocombustion method and
their magnetic properties.

2. Experimental

Mn doped ZnO was synthesized by a combustion method
from the nitrates of Zn and Mn taken in the appropriate ratio,
using glycine as the fuel [30]. Zn and Mn metal powders
were taken in stoichiometric amounts and dissolved separately
in 4N HNO3 and mixed together. To the above mixed metal
nitrate solution, a water solution of 2 moles of glycine per
mole of metal was added. The mixed solution was taken
in a large crystallizing dish and kept over a hot plate for
autocombustion at 473 K. After the complete evaporation
Fig. 2. Comparison of the expanded powder XRD patterns of different
compositions in Zn1−xMnxO (0 < x ≤ 0.25) in 30◦–38◦ 2θ regions. The
vertical dashed lines indicate the positions of the indexed reflections from ZnO.

of water, a reddish colored thick gel was formed, which
was subsequently burnt to give a final brown colored oxide
product. The as-synthesized powder samples thus obtained
were characterized by powder X-ray diffraction (Philips 1730,
Cu Kα radiation). The powder morphology was studied using
a JEOL model 1200 EX transmission electron microscope.
Magnetization measurements, as a function of magnetic field
and temperature, were carried out using a vibration sample
magnetometer (EG&G PAR 4500). Electronic absorption
spectra were recorded on a JASCO V-570 spectrophotometer.

3. Results and discussion

The powder XRD patterns of different Zn1−xMnxO (0 ≤

x ≤ 0.25) samples are shown in Fig. 1. The XRD patterns
for x > 0 show that the ZnO structure is not disturbed on
substitution. No reflections due to any secondary phase are
detected in the XRD patterns. The width of the reflections
increase with increasing Mn content, indicating decreasing
particle (crystallite) size. The average particle sizes were
calculated from X-ray line broadening using the Scherrer
formula [31]. A decrease in the average particle size with
increasing Mn content is observed, and similar results are
reported in the literature [23]. The average particle size obtained
for different compositions of Zn1−xMnxO are 40, 27, 26, 21,
15, 18 and 15 nm for x = 0, 0.02, 0.05, 0.1, 0.15, 0.2
and 0.25, respectively. The expanded XRD patterns in the
30◦–38◦ 2θ region, shown in Fig. 2, clearly indicate that the
XRD reflections are shifted to lower 2θ values with increasing
concentration of Mn. This is a proof of the incorporation of
Mn ions inside the ZnO crystal lattice. The ionic radius of
Zn2+ is 0.60 Å, and that of Mn2+ is 0.66 Å, for four-fold
coordination [32]. Hence, Mn incorporation will lead to an
expansion of the ZnO lattice. Fig. 3 shows the variation of the
hexagonal lattice parameters with Mn concentration (x). The
lattice parameter ‘c’ increases almost linearly with x , whereas
‘a’ increases up to 20% doping and becomes almost constant.
A similar increase in the lattice parameters has been reported
for (ZnMn)O by various researchers [21,33–35].
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Fig. 3. Variation of the hexagonal lattice parameters (a and c) with Mn
concentration for Zn1−xMnxO powder samples.

Fig. 4. TEM images of Zn0.8Mn0.2O nanowires from two different regions.

The morphology of the as-synthesized sample of
Zn0.8Mn0.2O is shown in Fig. 4. Randomly aligned nanowires
can be clearly seen in the micrographs. The diameter (d) of the
nanowires is not uniform, but for all the nanowires, d ≤ 10 nm.
The lengths of the Zn0.8Mn0.2O nanowires are found to be
∼1 µm. The average particle size obtained from XRD (∼18 nm)
for Zn0.8Mn0.2O nanowires is slightly larger when compared to
the diameter (∼10 nm) obtained from the TEM studies.

The room temperature optical absorption spectra of the
various compositions in (ZnMn)O are shown in Fig. 5(a). Apart
from the band gap transition, other optical absorption features
are clearly seen for the doped samples at lower energies. A
strong absorption band is seen at 2.94 eV (marked as ‘p’
in Fig. 5(a)). This is due to the spin forbidden 6 A1(S) →

4T 2(G) transition of Mn2+ in a tetrahedral environment.
Such a type of strong spin forbidden transition is already
reported for (ZnMn)O. This is explained in terms of the lattice
distortion due to the incorporation of the larger Mn2+ ions
inside the ZnO lattice [11,33,36,37]. Moreover, an increase
in the absorption intensity is observed with increasing x . A
very weak absorption is seen around 1.81 eV (marked as ‘q’
in Fig. 5(a)). This feature is not very clear for low doping
concentrations, whereas it is slightly visible for the highly Mn
doped samples. This absorption band is depicted as the spin-
forbidden 6 A1(S) →

4T 1(G) (∼15 200 cm−1) transition [36].
Fig. 5. (a) Optical absorption spectra for Zn1−xMnxO (x = 0, 0.02, 0.05, 0.15
and 0.2) powder samples, recorded at room temperature. (b) Variation of band
gap of Zn1−xMnxO as a function of x .

Thus, optical absorption studies confirm the presence of Mn2+

ions in the tetrahedral sites. The band gaps for x = 0, 0.02 and
0.05 are shown in Fig. 5(b). The band gap values for the doped
samples are obtained as 3.311 and 3.340 eV for Zn0.98Mn0.02O
and Zn0.95Mn0.05O, respectively. Similar enhancement of the
band gap with increasing Mn concentration has been reported
earlier [33–35,37]. The blue shift of the band edge, presence of
Mn2+ ions in the tetrahedral sites, and the increased hexagonal
lattice parameters are some indicators of the incorporation of
Mn ions inside the ZnO lattice.

The magnetization of the different samples is measured as
a function of field at room temperature and 12 K as well as
a function of temperature at a fixed field strength. All the
Mn doped samples were found to be paramagnetic at room
temperature. The temperature variations of the magnetization
of Zn0.9Mn0.1O, Zn0.8Mn0.2O and Zn0.75Mn0.25O are shown in
Fig. 6. The applied magnetic field in each case was 5000 Oe.
All the three samples show similar features. A rapid increase
in the magnetization is observed below ∼50 K for all the
three samples. The inverse of the magnetic susceptibility of
two different samples are shown in the inset of Fig. 6. From
the nature of the inverse susceptibility curves, it is likely
that the samples are either ferromagnetic or ferrimagnetic at
low temperatures. A typical Curie–Weiss behavior is observed
above 100 K for the samples. A least squares fit of the
linear portion of the curves above 100 K gave a negative
Weiss temperature (Θ) for both samples. The value of Θ
is obtained as −164 K and −212 K for Zn0.8Mn0.2O and
Zn0.75Mn0.25O, respectively. The high negative values of
Θ indicate either strong antiferromagnetic or ferrimagnetic
interactions in these Mn doped samples. An antiferromagnetic
nature for the samples can be ruled out from the shape of
the susceptibility curves. The effective paramagnetic moment
(µeff) per Mn, is derived for these two samples, using the
equation, µeff = 2.828

√
C , where C is the Curie constant

obtained from the slope of 1/χ vs. T curve above 100 K. For
both the samples, µeff is obtained as ∼5.8µB , which is close
to 5.9µB for Mn2+ [24,35]. The µeff value indicates that the
oxidation state of Mn is 2+. The results from the magnetic
measurements are in agreement with those reported in the
literature for Zn1−xMnxO samples. Very large negative values
of Θ , along with a deviation from linearity below ∼50 K similar
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Fig. 6. Temperature variation of magnetization of Zn1−xMnxO (x = 0.1, 0.2
and 0.25) powder samples. Inset: Reciprocal susceptibility vs. temperature of
Zn0.8Mn0.2O and Zn0.75Mn0.25O.

to that observed in the present work, are reported [6,23,26,
38], suggesting strong antiferromagnetic couplings. However,
considering the large increase in the magnetization below 50 K
and the large negative value of the Weiss temperature, it can be
considered that the samples are ferrimagnetic.

Fig. 7 shows M–H curves of Zn1−xMnxO (x = 0.05,
0.2 and 0.25) measured at 12 K. The magnetization curves
are almost linear with field strength. However, a closer
examination of the magnetization curves, as shown in the
insets of Fig. 7 for Zn0.8Mn0.2O, reveals that the sample is
paramagnetic at room temperature (M vs. H is linear), whereas
it is not truly paramagnetic at 12 K. A large deviation from
the expected paramagnetic behavior is observed for higher
fields in the 12 K data. This is possible if the sample is
superparamagnetic or is a mixture of a major paramagnetic and
a minor ferro/ferrimagnetic phases. The absence of a hysteresis
loop indicates superparamagnetic behavior.

There are several reports in the literature where Mn-doped
ZnO samples are found to be magnetic below 50 K with TC
close to 40 K. The large low temperature magnetization in
the (ZnMn)O system has been attributed to various effects,
such as carrier mediated ferromagnetism [28,39], the presence
of a ferromagnetic Mn3O4 phase [40,41], the presence of a
secondary Zn substituted spinel (MnZn)Mn2O4 phase [14,21],
spin freezing [42], etc. From the studies on Mn doped ZnO on
different substrates, Mofor et al. [43] have shown that there
can also be contributions from the substrate on the observed
ferromagnetism. In the present case, since the XRD studies did
not show any evidence for the presence of secondary phases,
the origin of ferro/ferrimagnetism can be intrinsic or because
of defects. However, the presence of secondary phases in very
small quantities cannot be ruled out if the amount present is
less than the detection limit of XRD. Moreover, the maximum
intense peak of the possible spinel-type impurity phase Mn3O4
(311) overlaps with the maximum intense peak of ZnO (101),
and hence cannot be differentiated from it if present in small
amounts.
Fig. 7. Magnetization of the Mn substituted compositions as a function of field,
measured at 12 K. M x = 0.05, © x = 0.2, • x = 0.25. Insets: M–H curve
of Zn0.8Mn0.2O at 12 K and 300 K. The solid lines are intended to show the
linearity of the data.

Magnetic characteristics like ferromagnetism at room
temperature, ferromagnetism at low temperatures in the
samples which are paramagnetic at room temperature, and
the absence of ferromagnetism at all temperatures have been
reported previously for polycrystalline samples of Mn doped
ZnO. Interestingly, the polycrystalline samples are synthesized
by different methods in the different reports, and the results
are reproducible whenever the same method is followed. In the
present work, the polycrystalline samples are synthesized by a
combustion method. This method has been shown to be suitable
for the synthesis of single phase multicomponent oxides [44].
Earlier, we have shown that it is possible to synthesize and
stabilize metastable phases of some perovskite oxides by this
method, when it is not possible to stabilize these phases by
other methods [45,46]. However, the combustion method is
highly susceptible to producing different results, depending on
the nature of the fuel used in the reaction as well as the ratio
of the fuel to the oxidizer. In the case of Co doped ZnO, it
has been shown that both ferromagnetism and paramagnetism
at room temperature can be obtained by slightly modifying the
synthesis conditions where ferromagnetism was found to be due
to the presence of impurity phases [47]. In the present work,
it is possible that the observed magnetic characteristics at low
temperatures are likely to be either due to the intrinsic behavior
from some defect structures created because of the particular
synthesis conditions, or due to the presence of minor impurity
phases. Further detailed work is required to understand this.

4. Conclusions

Single phase Zn1−xMnxO (0 ≤ x ≤ 0.25) nanowires
have been synthesized using a simple combustion method.
With the increasing content of Mn, lattice parameters of
doped ZnO increase due to the larger ionic radius of Mn2+.
Optical absorption investigations reveal the presence of Mn2+
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in tetrahedral coordination, possibly due to the substitution of
Mn for Zn in the ZnO lattice. All samples are paramagnetic
at room temperature, and the susceptibility data give evidence
for strong antiferromagnetic interactions. A large increase in
the magnetization below 50 K and nonlinear M–H behavior
at 12 K indicate that the samples are ferrimagnetic at low
temperatures. However, the presence of small fractions of other
ferrimagnetic impurities in the paramagnetic samples cannot be
ruled out.
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