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Magnetic nanobelts of iron-doped zinc oxide were fabricated by vapor–phase transport using zinc

oxide, iron oxide, and graphite as source materials. The nanobelts grew mainly alongf101̄0g
orientation and enclosed by ±s0001d and ±s1̄21̄0d surfaces. The measurements of x-ray diffraction,
energy-dispersive x-ray spectroscopy, and high-resolution transmission electron microscopy
demonstrated that iron was doped into the nanobelts. As a result, the nanobelts were magnetic.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1919391g

Nanostructrual zinc oxidesZnOd has attracted much in-
terest because of its unique optoelectric properties, aesthetic
morphologies, and versatile applications. Recently, various
ZnO nanostructures have been utilized to fabricate nanode-
vices, such as nanolaser,1 field emission array,2–4 field effect
transistor,5,6 photosensor,5,6 gas sensor,5 optical switch,5 and
piezoelectric device.7 Meanwhile, the investigation on di-
luted magnetic semiconductorssDMSd demonstrated an ap-
plication of ZnO as a host material for spintronic devices,8–10

which make use of electron spin instead of charge for data
reading and writing. To integrate the DMS into present elec-
tronics, low-dimensional structures are required for exploit-
ing the advantages offered by the spin.11 However, the re-
search is mainly focused on bulk or thin film materials so
far,9,10 except for a few reports published recently on mag-
netic nanorods and nanobelts of ZnO fabricated by implant-
ing transitional elements such as manganese and cobalt.11,12

Comparing to the typical magnetic materials, the nanostruc-
tural DMS is expected to find applications in information
storage with higher density, faster speed, and less power con-
sumption. Moreover, the DMS can also be used for electron-
ics, quantum computing, and optical encoder. In this letter,
we shall report nanobelts of iron-doped ZnO fabricated by a
vapor-phase transportsVPTd method and their magnetic
properties. This quasi-one-dimensional structure is a poten-
tial candidate for spintronics.

The fabrication process of the VPT is similar to our pre-
vious reports.3,4 In brief, the mixture of zinc oxide, iron ox-
ide, and graphite powders was employed as source material.
The source material of mixed powders was sintered at
1150 °C for 1 h in atube furnace in air. The product was
collected on a silicon wafer at about 850–950 °C. After fab-
rication, the as-deposited materials were examined by scan-

ning electron microscopysSEMd, transmission electron mi-
croscopysTEMd and x-ray diffractionsXRDd to characterize
the morphology and crystal structure. Energy-dispersive
x-ray spectroscopesEDXd attached to the TEM was em-
ployed to detect the chemical composition of the nanostruc-
ture. Magnetic properties of nanobelts were measured using
vibrating sample magnetometersVSMd. All measurements
were carried out at room temperature.

Figures 1sad and 1sbd show the SEM images of as-
deposited product with low and high magnification, respec-
tively. The morphology shown in Fig. 1 clearly illustrates a
nanobelt structure with smooth surfaces. The length of the
nanobelts is in the order of several hundred microns, the
width is about several hundred nanometers to 1.5mm, and
the thickness is about 50 nm. Figure 2 shows the XRD pat-
tern of the nanobelts shown in Fig. 1. It can be seen that the
dominant diffraction peaks, as indexed in the spectrum, are
originated from wurtzite structural ZnO with the lattice con-
stants ofa=0.325 nm andc=0.5207 nm. Since it is a well-
known morphology of ZnO, the nanobelt should be made up
of ZnO primarily. It is also noted that some weak diffraction
peaks appear on the XRD spectrum which are related to the
incorporated iron. It is difficult to identify the exact origin of
these week peaks because the XRD data of iron oxidesFe2O3
and Fe3O4d and Zn–Fe–O complexsZnFe2O4d are closed to
the peak positions. It is noticeable that all of the weak peaks
show shift relative to the standard data of the labeled com-
pounds in Fig. 2. For example, the labeled peaks for Fe2O3 at
25.6°, 49.2°, 54.4°, and 64.8° are corresponding to the stan-
dard data of 24.2°s012d, 49.5°s024d, 54.2°s116d, and 64.2°
s214d, respectively. The shift in peak position is significant.
However, the largest shift for ZnO diffraction angles is 0.2°
compared to the standard data, which can be considered as
experimental error. The large shift of iron oxides/compounds
and small shift of ZnO indicate the interaction between ZnO
and iron, even the guest element exists as iron complex clus-
ters in the host.
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Figure 3 shows TEM images of an individual ZnO nano-
belt under lowsad and highsbd and scd resolution, respec-
tively. The lattice fringes are clearly seen in Fig. 3sbd. The
inset in Fig. 3sbd shows the selected area electron diffraction

sSAEDd pattern of the nanobelt from zone axisf1̄21̄0g. The
diffraction pattern safter converting the direction indices
from reciprocal lattice to direct latticed demonstrates that lat-
tice orientation is alongf0001g in the width direction and

along f101̄0g in the length direction. Consistent with the
SAED pattern, the measuredd-spacing along the width di-
rection in Fig. 3sbd corresponds to the interplanar spacing
0.26 nm ofs0002d. From the SAED pattern, it can also be
estimated according to vector algorithm that the up and bot-

tom surfaces are ±s1̄21̄0d planes.
In order to obtain magnetic nanostructures, ion implan-

tation was previously employed to introduce Mn and Co into
ZnO nanobelts and nanorods.11,12 In the Mn-doped nano-
belts, Ronninget al.11 observed stacking fault through the
back and front fast Fourier transformation analysis using the
electron diffraction spots of ±s0002d planes. The dislocations
were assumed being related to the dopants. In the present
case, the desired dopant iron was added into the source ma-
terials and was observed in ZnO nanobelts through the XRD
data. It is noticeable that some lattice distortions appear in
Fig. 3scd. The white and black arrows mark the stacking
faults and the bending of lattice fringes respectively in Fig.
3scd. These defects in lattice are direct indication of impurity
sirond incorporation.

The vapor–liquid–solidsVLSd mechanism1,4 can be used
to interpret the growth process of the nanobelts. The zinc
vapor generated by carbon thermal reduction of ZnO con-
denses to liquid droplets and oxidizes into ZnO nucleus. In
general, the ZnO nanostructure grows alongf0001g orienta-

tion because of the lowest binding energy in this direction. In
some conditions, such as high vapor pressure and high
growth temperature, however, the surfaces with lower energy
tend to grow larger and remain flat, and finally determine the
enclosure of the surface. The incoming vapor is adsorbed at
the front facet of the structure which grows up into a long

belt. In present case, the nanobelts grow alongf101̄0g orien-

tation and enclosed by ±s0001d and ±s1̄21̄0d surfaces, as
shown in Fig. 3sbd. During the growth process, both zinc and

FIG. 1. SEM images of the ZnO nanobelts with lowsad
and highsbd magnification.

FIG. 2. XRD pattern of the iron-containing ZnO nanobelts. Crystallographic
planes of ZnO and possible iron compounds are labeled.

FIG. 3. sad Low magnification TEM image of a nanobelt inserted with the
EDX spectrum;sbd a high resolution TEM image of the nanobelt edge with
SAED pattern inserted; andscd a high resolution TEM image of a nanobelt
edge. The white and black arrows inscd mark the stacking faults and the
bending of lattice fringes, respectively.
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iron can function as the catalysts. The iron catalyst should
originate from the thermal carbon reduction of iron oxide.
From our EDX measurement as shown in Fig. 3sad, the iron
signal could be observed throughout the whole nanobelt. The
chemical compositions are 44.45 at. % of O, 53.98 at. % of
Zn, and 1.58 at. % of Fe, according to the EDX spectrom-
eter’s own computer program. It is worth mentioning that,
the composition obtained here serves only as an evidence of
the existence of Fe in the sample, as in general, there is about
1% error in the composition analysis from EDX. On the
other hand, we could not observe any particle-like features
existing at the ends of nanobelts examined. Thus, it is likely
that iron was incorporated into the nanobelt while it cata-
lyzed the nanobelt growth. The high-resolution TEMfFig.
3scdg further confirms that impurities were incorporated into
the nanobelt causing stacking faults and lattice distortions.

Because of the existence of iron, the nanobelts were
magnetized when a magnetic field is applied. Figure 4 shows
the hysteresis loop of the magnetizationM as a function of
the applied magnetic fieldH. It can be seen that the satura-

tion magnetizationM s is about 0.24 emu/cc corresponding
to a saturation field of about 800 Oe. As shown in the inset of
Fig. 4, the coercive fieldHc is about 103 Oe and the rema-
nent magnetizationM r is about 0.065 emu/cc. The calcu-
lated squareness of the hystersis loop is 0.27.

In conclusion, iron-doped ZnO nanobelts were fabri-
cated based on a VLS process. The nanobelts grew along

f101̄0g orientation and enclosed by ±s0001d and ±s1̄21̄0d
surfaces. During the growth process, iron generated from the
carbon thermal reduction of iron oxide not only acted as a
catalyststogether with zincd but also diffused into the nano-
belt. The ZnO nanobelts showed a hysteresis loop ofM –H
due to the doping of iron.
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FIG. 4. Hysteresis loop of magnetizationM vs applied magnetic fieldH
detected at room temperature by VSM method.
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