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Half-metallic materials, such as CrO,, Lag;Sro3;MnOs3
(LSMO), and Fe;0y4 are highly attractive for spintronics appli-
cations because of their high spin polarization.[l] Among these
materials, magnetite (Fe;O,) is superior to others because of
its high Curie temperature (7.) of 858 K, which is crucial for
thermal stability in device applications. In addition, magnetite
has proven to be a ferromagnetic material with a high spin po-
larization (ca. 100 %) at the Fermi level, which results in a
metallic minority spin channel and a semiconductor majority
spin channel. Besides the utilization of spin electronics, mag-
netite can also be used as catalyst and in tunneling magnetore-
sistance (TMR) and giant magnetoresistive (GMR) devices.?

Previously, various studies in electron transport and magne-
toresistance (MR) of magnetite have mainly focused on
2D structures, such as epitaxial thin films,"! polycrystalline
films,! and nanoclusters.?! Recently, the electronic character-
istics of 1D magnetite nanostructures have received much at-
tention because of their unique electron-transport behaviors,
which may be different from those of the bulk.l! In addition,
low-dimensional Fe;O,4 nanoparticles are particularly promis-
ing in biomedical applications, such as drug transport/delivery,
cell separation and imaging, and therapeutic in vivo technolo-
gies.”) In this study, a simple vapor—solid growth method was
applied to grow a-Fe,O3; NWs in an oxygen-deficient environ-
ment; magnetite NWs were then formed by converting the
vertically aligned o-Fe,O; NWs template in a reductive
atmosphere. An extensive investigation on the mechanism of
transforming o-Fe,O3; NWs to Fe;O4 NWs has been published
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elsewhere.!® Electrical measurements were performed by fab-
ricating nanodevices in which the NWs were laid on top of the
designed Si chips. The Verwey temperature-transition phe-
nomenon was observed in low-temperature measurements of
the nanodevices. The magnetic behavior of the NWs was in-
vestigated by superconducting quantum interference device
(SQUID) measurements. In addition, a magnetic flux map
was acquired by electron holography, which revealed the mag-
netic microstructure of the 1D magnetite nanowires.’)

Figure 1A and B shows a top-view morphology image of
a-Fe,O; and Fe;O04 NWs, respectively. After the reduction
process, the morphology of the Fe;O, NWs was very similar
to that of the a-Fe,O; template. Figure 1C shows a transmis-
sion electron microscopy (TEM) image of the magnetite
NWs; the high-resolution TEM (HRTEM) image of the
modulated o-Fe,O3; NW due to the oxygen deficiency and the
magnetite diffraction pattern (DP) are shown in the insets of
the image. The HRTEM image in Figure 1D reveals the sin-
gle-crystalline structure of the NWs, without linear or planar
defects. The two d-spacings of 0.29 nm were identified as
Fe;0, {022} planes. The diffraction pattern, shown in the inset
in Figure 1D, also illustrates the single-crystal nature of the
NWs at the [111] zone axis.

Figure 2A shows a scanning electron microscopy (SEM)
image of the nanodevices; an enlarged image of one of the de-
vices in Figure 2A is shown in Figure 2B. The two-point -V
measurements were performed at room temperature in a Lab-
View controlled measurement system under ambient condi-
tions. The linear I-V curves (shown in Fig. 2C) indicate that
the characteristics fit well to Ohm’s law. The zero-field resis-
tivities of the nanodevices were estimated by the following
equation: R=p L/A (R: resistance, p: resistivity, A: cross-sec-
tion area, L: NW length). The diameter and length of the
measured NWs were 25 nm and 0.7526 um, respectively. As-
suming that the Fe;O4, NWs were of a circular cross-section,
the obtained resistivity was 10.30 Q cm; approximately three
orders of magnitude larger than that of bulk magnetite crystal
(19000 uQcm).*! The large measured difference between
the NWs and the single crystal may be due to contact resis-
tance and surface scattering, resulting from the high surface
ratio. However, the surface-scattering mechanism, based on
the Fuchs—-Sonderheimer (FS) theory, indicates that the aspect
ratio is an important factor to the total resistance of nano-
structures.'%) According to FS theory, when surface scattering
is the dominant mechanism the resistivity of a nanowire de-
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Figure 1. A) Scanning electron microscopy (SEM) image of u-Fe,O3 NWs synthesized on an FeNi alloy substrate. B) SEM image of the magnetite
nanowires after the reduction process. C) Transmission electron microscopy (TEM) image of magnetite NWs; the high-resolution TEM image of the

modulated a-Fe,O3 NWs, resulting from oxygen deficiency, and the magnetite diffraction pattern (DP) are shown in the upper corner inset. D) High-
resolution TEM image of a magnetite NW.
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Figure 2. A) SEM image of the configuration of the nanodevices. B) Enlarged image of the device show in (A). C) I-V characteristics measured in var-
ious gate biases. and D) the resistances measured at different temperatures.
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creases with increasing wire width.'!! The positive slopes of
the temperature versus resistance curves indicate that the
larger the surface scattering, the higher the temperature.''! In
our case, however, the curves did not show this trend, as
shown in Figure 2D. The extraordinary high resistivity may
not be the result of the surface-scattering mechanism.

The Verwey transition, which was reported by Verwey and
Haayman, is a special theory that describes the charge trans-
portation mechanism for Fe;0,.'?! Theoretically, magnetite is
a mixed-valency 3d transition metal compound, in which one
third of the iron ions occupy tetrahedral A sites (all Fe**), and
two thirds of the iron ions occupy octahedral B sites (one half
of which as Fe?* and the other half as Fe**, both in B2 and B3
sitesm]). The Verwey transition may be related to the ordering
of the Fe irons, although the mechanism is still controversial.
The dc conductivity increased abruptly by two orders of mag-
nitude (from 107 to 10" Q'em™) as the measured tempera-
ture increased above the Verwey transition temperature
(7). Previous studies indicated that the electrical proper-
ties of Fe;0,4 changed during the Verwey transition. This may
be attributable to a transformation of its electronic state,
which may strongly depend on the equilibrium positions of Fe
atoms in the lattice. In our study, the magnetite NWs were ob-
tained from hematite NWs, which exhibit oxygen vacancy
modulation properties, while the size confinement of the 1D
nanowires and the oxygen vacancy modulations resulted in
the formation of charge ordering of iron ions at the B sites of
the magnetite NWs. The charge ordering effect hindered car-
rier movement, which seemed to be the main reason for the
discrepancy between our single-crystal NWs and bulk Fe;O4
crystal.

In Figure 2D, the data indicate that the resistance is a func-
tion of the temperature. As the temperature increases above
120 K, the NWs show semiconductor behavior. Below 120 K,
the NWs show insulator characteristics. This suggests that car-
rier hopping is frozen at a temperature close to 120 K. In
addition, the Arrhenius plot, (In(R)~1000/7, shown in the
inset of Fig. 2D) suggests that the transport mechanism is
dominated by thermal activation at high temperatures
(200-300 K). The thermal-activation model predicts that the
conductivity follows the equation

a(T)=0¢exp(-AE/kgT) (1)

where ¢ is the conductivity, kg is the Boltzmann constant,
and AE is the activation energy. From the slope of the
In(R)~1000/T curve an activation energy of AE=0.154 eV
was estimated. This value is in good agreement with reported
values for magnetite core/shell nanowires!® and magnetite
nanotubes.*"!

For the magnetic measurements, the magnetite NWs were
dispersed on a Si substrate to avoid mixed signals from the
FeNi alloy substrate. Figure 3 shows the magnetization of
magnetite NWs as a function of temperature in an applied
field of 500 Oe (1 Oe=1000/(4n) Am™) between 2 and
300 K using field cooling (FC) and zero-field cooling (ZFC)
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Figure 3. Magnetization of magnetite NWs as a function of temperature
in the applied field of 500 Oe between 2 to 300 K using field cooling (FC)
and zero-field cooling (ZFC) procedures.

procedures. When the specimen was treated by ZFC, the indi-
vidual magnetic moments were randomly oriented at 2 K.
Upon applying the external magnetic field, the original ran-
dom distributed moments were forced to align along the ap-
plied field. The magnetization M increased with the tempera-
ture, and reached a maximum value at 125 K, which is
defined as the blocking temperature (7). At this tempera-
ture, the energy of the aligned magnetic moments is balanced
with the thermal energy. Above this temperature thermal per-
turbation destroys the alignment of the moments. Both ZFC
and FC magnetization curves exhibited a maximum moment
at a Ty value of ca. 125 K. Below Ty, the ZFC curve shows a
gradual increase as the moments progressively reorient along
the applied field at low temperatures (2-125 K), while the FC
curve shows a flat line at a low temperature because of satura-
tion of the magnetic moment. Similar results have been ob-
served in magnetite nanoparticles!'” and ultrathin magnetite
films.['"]

In addition, both ZFC and FC magnetization show an
abrupt increase at the Verwey transition temperature of about
120 K. The structure transition results in a change of the elec-
trical and magnetic properties at 120 K. The large diver-
gence of ZFC and FC (below 300 K) resulted from the large
amounts of magnetic isotropy energy contributed by the ex-
ternal magnetic field during the cooling process. Hence, it
may be also the reason why the ZFC and FC curves decrease
slightly above 125 K.[*8!

The magnetization distribution in the Fe;O4 nanowires was
examined by electron holography, which deduces the mag-
netic information from the phase shift of electrons. Figure 4A
shows a bright-field image of the nanowires supported on an
amorphous microgrid carbon film. The nanowire marked as
“X” makes contact with another nanowire, “Y”. Figure 4B
shows a reconstructed phase image, acquired in the rectangu-
lar area of Figure 4A. A transparent bright-field image was
superimposed on the contour map in Figure 4B to clarify the
position of nanowires—refer to the gray contrast. Strictly
speaking, the phase shift of electrons was due not only to the
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Figure 4. Electron hologram, indicating the magnetization distribution in
the magnetite nanowires.

magnetic field but also to the electric field (i.e., mean inner
potential of the specimen).[g"”] We removed the unwanted
signal originating from the mean inner potential by the “time-
reversal operation of an electron beam” method, proposed by
Tonomura et al.'” Therefore, Figure 4B displays only the
magnetic information. The contour lines and arrows in Figur-
e 4B represent the lines of magnetic flux and their directions,
respectively. An essential point is that the magnetic flux is
parallel to the longitudinal axis of the nanowires. Several
specimens having small diameters (on the order of 10 nm)
were observed by the holography technique, but we were un-
able to find any magnetic domain walls. The figure also dem-
onstrates that some amount of magnetic flux leaks out of the
nanowires, as can be seen from the leakage near the terminal
end (Fig. 4B), wherein the flux lines are no longer parallel to
the nanowire. Apparently, the shape anisotropy dominates
the magnetization distribution in these nanowires, and the re-
sult is consistent with the small magnetocrystalline anisotropy
in cubic Fe;O4 at room temperature. We have estimated the
magnetic flux density B of the nanowire X by following the
equation B =h/(etl), where h stands for Planck’s constant, e is
the elementary electric charge, ¢ the specimen thickness, and
L the spacing of the contour lines in the reconstructed phase
image. The magnetic flux density B was evaluated at 0.46 T at
the position of the asterisk in Figure 4B. The parameter ¢ was
estimated at 122 nm assuming a mean inner potential of
12.0 V, which was deduced from the phase shift in the rod-
shaped nanowire Y; further details on thickness measure-
ments by holography have been described elsewhere.” The
measured flux density was somewhat lower than that of bulk
Fe;0,4 (0.60 T). A possible source for the discrepancy may be
surface spin disorder, which is significant in nanowires with a
large surface-to-volume ratio. Furthermore, the flux density
appears to be sensitive to the crystallinity of nanowires. The
observations in Figure 4 imply the possibility of regulating the
spin current with the half-metallic nanowires due to the con-
trolled magnetization distribution in the 1D form. On the
other hand, special attention should be paid to surface disor-
der, which degrades the spin polarity.
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In summary, high quality and uniform Fe;O, nanowires
were produced by converting a-Fe,O3 template nanowires in
a reductive atmosphere. The microstructures of the nano-
wires show single-crystal features. Electron transport proper-
ties were investigated, and the Verwey temperature transi-
tion phenomenon was observed by low-temperature
measurements of the nanodevices. Size confinement and oxy-
gen vacancy modulations resulted in the formation of charge
ordering of iron ions, which may be attributable for the high
resistance of the single-crystal NWs compared with that of
bulk Fe;O, crystal. The carrier-hopping mechanism was
found to be frozen at a temperature close to 120 K. SQUID
measurements indicated that the blocking temperature phe-
nomenon was due to the electronic status of the NWs. The
magnetic flux density of the NWs was measured and de-
scribed for the first time by using electron holography. No
domain walls were observed for NWs with diameters under
10 nm; the magnetic flux was parallel to the longitudinal axis
of the nanowires. The magnetic flux density B was evaluated
and compared to bulk Fe;O,4. These results imply the possi-
bility of regulating spin current with the half-metallic nano-
wires because of the controlled magnetization distribution in
the 1D form.

Experimental

A typical Zimberger-made three-zone tube furnace system, includ-
ing a vacuum pump, a gas flow system, and a quartz/alumina tube
combination, was used to synthesize the NWs. The vacuum level of
this configuration was higher than 3x 1072 Torr (1 Torr=133.3 Pa);
the annealing temperature could reach a maximum of ca. 1500 °C.
After the o-Fe,O; NWs were synthesized on a FeNi substrate magne-
tite NWs were fabricated by converting the a-Fe,O3 template NWs in
a mixed reductive atmosphere of H, (5 %) + Ar (95 %), while the tem-
perate was maintained at 450 °C for 20 min. The surface morphology
was examined by using a field-emission scanning electron microscope
(JSM-6500F) operated at 15 kV. A field-emission transmission elec-
tron microscope (JEM-3000F), operated at 300 kV with a point-to-
point resolution of 0.17 nm, was used to obtain information on the mi-
crostructures. Electrical measurements were performed by sequential
procedures, including the definition of electrodes by electron-beam li-
thography, metal evaporation, and device evaluation. The sample with
the NWs grown on the surface was brought into tight contact with the
designed pattern substrate with a common clip, followed by transfer
of the NWs from the sample surface to the designed pattern substrate
by ultrasonic vibration. The field-emission scanning electron micro-
scope (FESEM, JOEL JSM-6500F) was used to locate the positions
of the randomly dispersed nanowires on the chips. Ni (35 nm) and Au
(65 nm) were selected as contact electrode materials. The width of the
electrodes on the nanowires was designed to be 0.2 um. A cold field-
emission scanning electron microscope (SEM FEI-SIRION) with a
nanopattern generation system (NPGS) was used for this purpose. A
LabView program was used to control the /-V testing process. Elec-
tron holography was performed by using another JEM-3000F dedi-
cated to magnetic domain observations, that is, the microscope had a
magnetic-shielded objective lens, in which the magnetic field was re-
duced to 0.6 mT. A superconducting quantum interference device
(SQUID, Quantum Design, MPMSS with a biprism setup) was used
to measure the magnetic properties of the NWs.
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