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ZnO nanowires prepared by thermal growth following direct chemical synthesis and doped by
Mn and by Mn and Sn impurities were investigated. The nanowires show a single crystal structure
and a strong blue shift of the near band edge luminescence, which is attributed to the quantum
confinement effect. The magnetic susceptibility of the quantum wires as a function of temperature
demonstrated a Curie-Weiss behavior. Hysteresis with a coercive field <200 Oe was clearly observed
in the magnetization versus field curves at 300 K. Increasing the Mn concentration by Mn and
Sn co-doping significantly increased the magnetic hysteresis and the ferromagnetic behavior of
the nanowires. Magnetic force microscopy measurements with high spatial resolution revealed a
magnetic domain structure in the individual wires. The magnetic domains align perpendicular to
the surface and can be controlled by using an external magnetic field.
PACS numbers: 75.50.Pp, 78.60.Hk
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I. INTRODUCTION

Zinc oxide is one of the most important functional
semiconductor oxides with a direct wide band gap (3.37
eV) and with a large exciton binding energy (60 meV)
[1]. ZnO-based nanomaterials have attracted enormous
interest due to their unique electronic, magnetic and optical properties. Recent studies demonstrated the possibility of fabricating UV-blue light-emitting diodes, photodetectors, and RT lasers based on ZnO 1D-like materials [2–4]. An important issue in the fabrication of nanostructures is precise control of the shapes and the sizes of
the nanomaterials, which strongly affect their optical and
electrical properties. Such size-controlling methods have
been found for ZnO, and the nanowire controllable sizes
down to 10 nm have been reported [5,6]. It is well known
that the dopants can control both the electronic and the
magnetic properties of a material. In recent years, atten∗ E-mail:
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tion has focused on spin-dependent phenomena in dilute
magnetic zinc oxide in which the stoichiometric fraction
of the zinc atoms is replaced by transition-metal atoms
[1, 7]. The typical dopants that induce magnetic properties in the ZnO-based semiconductors are Mn and Co,
which have been usually used with additional codopants
to supply free carriers. Ferromagnetism in diluted magnetic semiconductors (DMS) is suggested to arise from
interaction of free carriers with localized spins of magnetic impurities [8,9]. Recent results provide experimental evidence of intrinsic hole (electron)-mediated high-Tc
ferromagnetism in ZnO:Mn(Co) [10, 11]. Mn-implanted
ZnO single crystals co-doped with Sn are shown to be ferromagnetic with a Curie temperature of 250 K [12]. However, in spite of clear theoretical predictions, ferromagnetism in ZnO doped by magnetic impurities remains
poorly understood experimentally. Most recently, highTc ferromagnetism attributed earlier to ZnO:Mn was suggested to appear due to phase segregation [13,14].
Quasi-1D nanostructures have a strong advantage over
film materials due to their ability to perfect single crystal growth without extended defects and second phases.
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Fig. 1. HRSEM image of ZnO:Mn(Sn) nanowires.

Such ZnO nanostructures, like nanorods, nanobelts, or
tetrapods, doped with Mn or Co were obtained by
thermal evaporation or ion implantation [15–21], and
their ferromagnetic behavior was reported. For example, Zn1−x Cox O nanorods with x < 0.1 shows hysteresis
curves with a coercitive field of 57 Oe at 300 K [19]. It
is, therefore, expected that Mn and MnSn-doped ZnO
nanowires with a single-crystalline structure will have
true DMS properties. In this work, we report on the
magnetic properties of single Mn- and MnSn-doped ZnO
quantum wires (QWrs) and their local magnetic polarization.

II. EXPERIMENTAL PROCEDURE
ZnO nanowires were synthesized by thermal growth
from a solution processed precursor at 600 ◦ C, as described previously [5]. Finally, the wire product was
placed onto dense paper filter, and salts were washed
away many times by using water. The supernatant solution was checked for the absence of Cl− anions by reaction with an aqueous solution of AgNO3 .
A XL 30S FEG high-resolution scanning electron microscope (HRSEM) with a MonoCL system for CL spectroscopy and a JEM-4010 high-resolution transmission
electron microscope (HRTEM) with energy dispersive
X-ray analysis were used to examine Mn-doped (M2)
and Mn, Sn-codoped (MS) ZnO nanowire samples. Xray powder diffraction (XRD) data of the synthesized
nanowires were collected by using a D8 Advance (Bruker
AXS) diffractometer (CuK-radiation). The magnetic
properties of the samples were studied using a Quantum
Design SQUID magnetometer in the temperature range
from 5 K to 300 K and a DI magnetic force microscope
was used for the spatially-resolved measurements.

III. RESULTS AND DISCUSSION
The HRSEM analysis of as-prepared ZnO nanowires
doped with both Mn and Mn, Sn species revealed that

Fig. 2. XRD patterns of the ZnO nanowires doped with
(a) Mn and (b) Mn and Sn.

the wires are straight in morphology and smooth on the
surface. Both samples show similar morphologies and
size distributions with diameters ranging from 15 to 120
nm and length ranging from 0.5 to 5 µm (Fig. 1). Fig.
2 shows XRD patterns of Mn-doped (Fig. 2(a)) and
MnSn-doped (Fig. 2(b)) ZnO nanowires. All the main
peaks in Figs. 2(a) and 2(b) match well with zincite
(S.G. P63/mmc (186); JCPDS card 36-1451) although
some minor unidentified impurities are present in the
samples. The 2θ of the (0002) peak has a small shift to
lower values with Mn doping.
The lattice parameters of the samples, a = 3.2472(2) Å
and c = 5.1981(8) (M2 sample) and a = 3.234(2) Å and
c = 5.179(4) Å (MS sample), were calculated from the
XRD data. These parameters differ slightly from those
of undoped ZnO nanowires (a = 3.221 Å and c = 5.157
Å) [5]. The nanowire parameters differ from those of
bulk ZnO crystals (a = 3.2498(9) Å and c = 5.20661(15)
Å) due to possible Li incorporation during the nanowire
growth from NaCl-LiO3 [5]. The lattice parameters for
samples M2 and MS reveal that doping with Mn and with
Mn/Sn does not change the wurtzite structure of ZnO,
but leads to a moderate change in the lattice parameters,
indicating a doping effect. Incorporation of Mn in ZnO
(M2 sample) increases the lattice constants of both the
a and the c axes of the wurtzite ZnMnO wires. However,
co-doping (Mn) by Sn results in a relative reduction of
the lattice constants (MS sample).
Energy dispersive X-ray analysis of individual
ZnO:Mn(Sn) nanowires performed using HRTEM shows
that the manganese and the tin contents did not exceed
1 and 0.3 at%, respectively, for the sample marked as
MS. For the sample M2, manganese was not more than
0.5 %. High-resolution TEM (Fig. 3) confirmed that
the nanowires grew along the c-axis. Manganese and tin
incorporate into the ZnO lattice instead of being precipitated, demonstrating neither a second phase inside
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Fig. 3. HRTEM image of a ZnO nanowire doped with Mn.
Insets: SAED viewed along the [110] direction and the ZnO
atom-scale resolution image.

Fig. 5. Magnetization of ZnO:Mn nanowires (M2) (triangles - field cooling, and filled stars - zero field cooling)
and ZnO:MnSn nanowires (MS) (upside-down triangles - field
cooling, and asterisks - zero field cooling) as functions of temperature. Inset: The temperature dependence of the inverse
magnetic susceptibility.
Table 1. Parameters of the Curie-Weiss law.
Sample
M2
MS

Fig. 4. Cathodoluminescence spectrum of Mn-doped ZnO
quantum wires.

the nanowires nor attachments at the nanowire surface.
Both the selected area electron diffraction (SAED) pattern and the HRTEM images revealed an ordered hexagonal structure. The absence of any superstructure reflection in the SAED pattern images indicates the absence
of any additional long- or short-range ordering in the
samples.
To study the luminescent properties of ZnO nanowires,
we used the cathodoluminescence technique. The Mn
doped samples show ultraviolet (UV) peaks at about 357
nm and 314 nm at room temperature, as shown in Fig.
4. The peak at 357 nm is attributed to a near-band
edge transition in the big sized nanowires, which exhibit a blue-shifted luminescence due to the rather larger
band gap of the ZnMnO alloy. The peak at 314 nm
is attributed to the quantum confinement effect in ZnMnO quantum wires formed inside the small sized wires.
These nanowires of the relative large size (15 − 60 nm
in diameter) show an unexpected strong blue shift of
the near band edge luminescence. It should be noted
an anomalous blue shift in the luminescence of ZnO

C0
0,1255
6,74445

Θ
120,4387
1485,39442

nanowires with large diameters ranging from 50 − 180
nm have been reported [5,6,22,23]. Several mechanisms of
the anomalous blue shift, including surface state effects,
such as enhanced surface recombination [22], enhanced
surface conductance [23], and the surface band bending
[5], have been discussed. We suggest that the disclosed
“shrinkage” in our nanowires is a result of the formation
of a barrier in a subsurface layer of the nanowire due to
surface band bending, which could confine carriers in a
narrow core of the nanowire effectively.
The magnetic properties of the as-grown Mn- and
MnSn-doped ZnO nanowires were investigated at 5 and
300 K. A typical magnetization (M ) versus temperature
(T ) curve was measured during cooling in an applied
magnetic field of 1000 Oe for samples M2 and MS, as
shown in Fig. 5. Above 50 K (sample M2) and 180 K
(sample MS), the 1/M − T curves reveal a linear paramagnetic response and show a Curie-Weiss (CW) law
behavior.
χ=

Cm (x)
,
T − Θ(x)

where Θ(x) = Θ(0) · x is the Curie-Weiss temperature,
and Cm (x) = C(0) · x is the molar Curie constant. The
values of C0 and Θ are given in Table 1.
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The diamagnetic contribution corresponding to ZnO
has been estimated as χd = −0.38 × 10−6 cm3 /g. A
linear fit to the inverse susceptibility data intersects the
χ−1 = 0 axis at a negative temperature. This result
indicates the presence of antiferromagnetic interactions
in the Mn-doped samples. At lower temperatures, the
inverse ac susceptibility deviates from the linear dependence toward a temperature close to zero. This is a result
of additional antiferromagnetic interactions between the
next nearest neighbor Mn2+ ions. As the concentration
of Mn increases, the susceptibility deviates from a CW
behavior in ways that depend on the various Mn-O-Mn
super-exchange interactions. At higher Mn concentrations, one may expect a magnetic phase transition. A
signature of the paramagnetic to ferrimagnetic transition is seen in Fig. 5 (Inset-(filled stars)-The M2 sample
at zero field cooling).
Magnetic behaviors of samples M2 and MS were further investigated as functions of the applied magnetic
field. The field dependence of the magnetization (M-H
curve) was measured at 5 K and 300 K and revealed
an obvious hysteresis loop. Fig. 6 shows that apparent ferromagnetic order existed in the materials at low
temperature. The remnant magnetization, Mr , and the
coercive field, Hc , are 1·10−4 emu/g and 200 Oe, respectively, which are compared with those of the bulk
Mn-doped ZnO films. It is interesting to note that the
hysteresis loop does not reach saturation up to 30 000 G
(Fig. 6 (b)) and this could be an indication of a spin-glass
behavior in this system. The hysteresis behavior of the
M2 sample was much weaker than that of the MS sample. The shape of the hysteresis loop is also poor, and the
loop never really closes on itself because saturation is not
achieved up to the highest available field. The smaller
dimensions of the hysteresis loop of the M2 sample compared to the MS sample indicate both a smaller number
of spins remains aligned at a zero field and a smaller
opposing field is necessary to reverse the spins. These
effects could be the result of both manganese and carrier
concentration enhancement in the MS sample due to the
higher Mn solubility and the increased carrier (electron)
concentration caused by the Sn doping.
Moreover, it is well known that a unique structural
feature of the nanostructured materials is their high
surface-to-volume ratio. A large fraction of the atoms
in nanowires are situated on surfaces or interfaces. The
spin behavior of surface atoms differs considerably from
that of the bulk, and in general, interface magnetism is
likely to differ from bulk behavior. Since the saturation
magnetization of such sample is mainly determined by
the short-range order of its structure, the existence of a
large amount of the disordered interfacial atoms might
be responsible for the unusual behavior of the magnetization of our samples. Theoretically, the coercive field,
Hc , is larger for interfacial spins than it is for the bulk.
From the energy viewpoint, this implies that more energy
is required to rotate the interfacial moment, because the
loss of coordination at the interface will allow these spins
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Fig. 6. Field dependence of the magnetization measured
for (a) the Mn-doped ZnO nanowires at 5 K (filled squares)
and 300 K (circles) and (b) for the Mn and Sn-doped ZnO
nanowires at 5 K (filled triangles) and 300 K (circles). Insets:
Large scale graphs.

to fluctuate more.
X-ray diffraction measurements show no evidence for
Mn-O phases. Although diffraction is not sensitive
enough to detect secondary phases at the level necessary,
the 1D-like nanowires grow rather free from a secondary
phase. It should also be noted that increasing the Mn
content in the sample MS in comparison with M2 resulted in a similar relative magnetization response. This
provides an additional argument that the magnetization
is not due to the precipitating of a secondary phase inor outside the wires, but that is a true DMS property of
the wires.
Magnetic force microscopy (MFM) measurements are
direct probing of the magnetic properties of a single
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Fig. 7. (a) AFM and (b)-(d) MFM images of a single
ZnO:Mn quatum wires magnetized by a MFM tip magnetic
field.

nanowire. MFM measurements allow the magnetic polarization in single QWrs to be revealed with a high spatial resolution. Fig. 7 shows (a) an atomic force microscopy (AFM) image and (b)-(d) magnetic force microscopy (MFM) images of a single Mn-doped ZnO QWr.
The magnetic structure of the wire in the demagnetized
state is shown in Fig. 7 (b). The patterned domain structure is due to an antiferromagnetic alignment of poles influenced by the weak magnetic interaction between these
nanomagnets. The bright parts of the QWr in the MFM
image signify a magnetization pointing up, and the dark
parts signify a magnetization pointing down. The domain nanomagnet structure aligns perpendicular to the
surface and can be controlled by using the magnetic field
(Figs. 7 (c), (d)). The magnetization of the QWr by the
magnetic field of the MFM tip led to a switching of the
single domains in states with opposite polarity or in a
paramagnetic state. The switching is reproducible and
can be controlled by using the magnetic field.

IV. CONCLUSIONS
Single-crystalline Mn and MnSn-doped ZnO DMS
quantum wires demonstrate a strong blue shift of the
near band edge luminescence and show ferromagnetic
properties at room temperature. The magnetic behavior of Mn and MnSn-doped ZnO nanowires follows
Curie-Weiss law. Hysteresis was clearly observed in the
magnetization versus field curves at room temperature.
Magnetic force microscopy measurements of the QWrs
demonstrate that the nanomagnets aligned perpendicular to the c-axis and can be controlled by using the
magnetic field.
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