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ABSTRACT
High quality MgO/Fe 30, core —shell nanowires have been successfully synthesized by depositing an epitaxial shell of Fe 304 onto single crystal
MgO nanowires. The material composition and stoichoimetric ratio have been carefully examined and confirmed with a variety of characterization
techniques. These novel structures have rendered unique opportunities to investigate the transport behavior and spintronic property of Fe 304

in its one-dimensional form. Room-temperature magnetoresistance of ~1.2% was observed in the as-synthesized nanowires under a magnetic
field of B = 1.8 T, which has been attributed to the tunneling of spin-polarized electrons across the anti-phase boundaries.

As has been theoretically predicted on the basis of electronsemiquantitative level due to the lack of properly structured
band structure calculations, magnetite B¢ represents a  devices.
family of materials that fall into the category of half metals, Ideally, quasi one-dimensional (1D) structures oi®e
where the electronic density of states is 100% spin polarizedwhere the magnetic domains, single-crystalline grains, or
at the Fermi level® Because of the high spin polarization, nanocrystals are aligned in series, are highly desired for the
combined with its favorable Curie temperatuile = 850 MR studies. In a 1D wire, the electron transport path, and
K), FesO4 has been attracting quite extensive research effortseven the number/positions of tunneling boundaries, could
in the past decadés$.Despite its promising applications in  be determined, hence circumventing the uncertainty and
spintronics/electronics, e.g., spin injection electrodes in complexity in the two-dimensional (2D) thin films. Never-
tunneling magnetoresistance (TMR) devi€esa number of theless, despite few approaches reported recéhfly,a
intriguing properties arising from the spin-polarized transport, mature and controllable synthesis technique for the 1JDfe
in particular, the magnetoresistance (MR) observed in certainnanostructures has not been available, not to mention any
Fe;04 systems, have not been well understood thus far. study on their transport properties. Very recently, a great
Previous electron transport and MR studies have been mainlyopportunity has been opened up by a newly developed
focused on different forms of E@®, including epitaxiai—13 synthesis technique in our group to produce a collection of
and polycrystalline thin film&317 nanocluster assembligs?* transition metal oxide “coreshell” nanowire$? Instead of
and compacted powdetswhere the MR was ascribed to a 2D single crystal MgO template that is typically used for
the tunneling of spin-polarized electrons across the antifer- obtaining an epitaxial R©, thin film, we have successfully
romagnetically coupled antiphase/grain boundaries or inter- produced MgO/F, core-shell nanowires by epitaxially
particle contacts. However, none of the above device depositing an F©, shell layer onto MgO nanowires serving
structures, which contain too many randomly distributed as the supporting cores. With the as synthesized-eshell
tunneling barriers and complex transport channels, turns outnanowires, we are now capable of investigating the transport
to be an ideal model for the MR investigations. The proposed behavior of FgO, in its quasi 1D systems. This novel
mechanism thus remains at a qualitative or, at most, synthesis technique not only provided well-defined 1D
transport channels but readily introduced antiphase bound-
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compressed with BE®, powders (Alfa Aesar, 99.99%),

a followed by post-annealing at 100C in vacuum for 2 h.

A frequency-doubled laser beam (532 nm) was used for
ablation, with a repetition rate of 10 Hz and power density
of 2—3 mW/cn? on the target. The vertical MgO nanowire
array samples were positioned at 0.5 cm in front of the target
under an ambient temperature of 38C to collect the
product. The horizontal quartz tube was maintained at 7.5
x 1072 Torr in a flow of Ar at 5 sccm opposite to the laser
beam direction. We have estimated the deposition rate as
~2—3 A/min. A growth time of 40 min has been typically
used for obtaining a~10 nm thick shell layer. After the
deposition, we inspected the MgO nanowire sample again
using SEM, with the image shown in Figure 1c. Most of the
core—shell nanowires, as can be seen in the image, remained
perpendicular to the MgO (100) substrate, with little change
in their morphologies. The inset shows a high-magnification
top view SEM image, demonstrating the circular cross section
of the core-shell nanowires.

Building upon the knowledge of the PLD technique, the
deposited shell layer was expected to possess the same
chemical composition and stoichiometric ratio as in thgdre
target. To confirm this, a variety of characterization tech-
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Figure 1. (a) Schematic drawing of the PLD system used for the nigues, including XRD, X-ray photoelectron spectroscopy

Fe;0,4 deposition, (b) SEM image of the vertical MgO nanowires, P ; _
and (c) the MgO/F®, core-shell nanowires. (Inset) Top view (XPS), transmission electron microscopy (TEM), and energy

SEM image showing the circular cross section of the esteell diSper_Sive X'faY spgctroscopy (EDS), have been used in_the
nanowire. Scale bars: Am, 1um, and 20 nm for (b), (c) and the ~ mMaterial analysis. Figure 2a plots the XRD data taken with
inset, respectively. the as-obtained samples, in which a strong and a much

weaker peak were detected af 2 43.0° and 21.5,
direct applications in nanoelectronics/spintronics, e.gQfFe  corresponding to the MgO (200) and (400) planes. In the
nanowire-based magnetic field read heads with ultrahigh inset, we redrew the data in a zoom-in region froh-2
spatial resolutions. 41.5° to 44.5° (upper curve), for comparison with the lower

We present here our recent studies on thes@mre— curve recorded with a vertical MgO nanowire Sample prior
shell nanowires. Following the synthesis, various character-t0 F&O, coating. We found that, in addition to the MgO
ization techniques have been utilized to confirm the magnetite (200) peak at @ = 42.9°, another peak at®2= 43.2° was
material composition and stoichiometry. In addition, four- also detected, which has been indexed a©k400) plane
point probe devices based on single magnetite nanowiresvia detailed analysis. The very small shift between the MgO
have been synthesized and systematically studied for the first(200) and FgO, (400) peaks can be well interpreted as
time, and room-temperature magnetoresistance has beefiesulting from the nearly perfect lattice match between the
demonstrated in such quasi 1D nanowires, with a ratio of two materials (0.3%), as both MgO andsPe take cubic
~1.2% atB = 1.8 T. crystal lattice witha = 4.212 A for MgO and 8.397 A for

Vertica"y a_|igned Mgo nanowire arrays, which work as F%O;pz6 In addition, the lack of diffraction peakS from other
the inner cores for the coreshell structure, were grown on ~ crystal planes further revealed the single-crystal nature of
single-crystal MgO (100) substrates following the vapor  the epitaxial FgO4 layer deposited on both the MgO (100)
liquid—solid mechanism. The experimental setup and detailed substrate and the MgO core nanowires.
growth conditions have been described in our previous As an additional test to verify the presence of magnetite
report?®> A typical scanning electron microscope (SEM) rather than maghemitey{Fe:Os), which has an almost
image of the as-prepared samples is shown in Figure 1b,identical XRD diffraction pattern, XPS was used to examine
where the grown MgO nanowires were well separated and the Fe:O stoichiometry of the samples. The experiment was
vertically aligned against the substrate. In addition to their performed using non-monochromatic Alkradiation fw
uniform diameters and controllable lengths, a significant = 1486.6 eV) with the detector at 6€akeoff angle, probing
advantage of using these vertical MgO nanowires as the corea spot size of approximately 0.5 mm diameter. Figures 2b
template is that they do not shadow each other during theand 2c show the XPS signals of the Fe 2p and O 1s regions,
subsequent shell layer deposition, therefore ensuring a hightogether with their spectral deconvolution curves. Two peaks
quality conformal coating of the coreshell nanowires. of Fe 2p,; at 710.6 eV and Fe 2p at 723.9 eV were ob-

The FgO, shell layer deposition was performed in a pulsed served, with the full width at half-maximum (FWHM) being
laser deposition (PLD) system consisting of a tube furnace 2.9 and 3.1 eV, respectively. The absence of the satellite
and a Nd:YAG laser (Figure 1a). The source target was peak situated at719 eV, which is a major characteristic of
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Figure 2. (a) XRD data of the as-obtained sample: MgO nanowires grown on MgO (100) substrate, with an epitaxial coaty@y.of Fe
(Inset) Zoom-in view of the primary peak aff 2= 42° ~ 44°, where a double-peak feature was clearly resolved (upper curve), in contrast
to a single peak obtained with a bare MgO nanowire sample (lower curve). (b) XPS spectra: the lack-efithéshake-up” satellite

peak confirms the material stoichiometry. The two peaks at 723.88 and 710.62 eV correspond ¥8 &ed223/3, respectively. (c) XPS
signal from oxygen.
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Figure 3. (a) TEM image of the coreshell nanowire showing the uniform §& coating on the MgO core. The boxed region has been
enlarged in (b) to inspect the cershell interface. (c) The boxed area in (b) was further enlarged to examine the lattice spacing in the shell

region. (d) SAED pattern of the coreshell nanowire. () EDX data recorded with the nanowire, where signals from Mg, Fe, and O were
detected.

Fe*t in y-FeO;, clearly excluded the formation gfFe,O3 substrates as well. The above characterization thus verifies
in the epitaxial layer. The O core level spectrum in Figure the crystallinity and stoichiometry of both structures.

2c consisted of a mean peak originating from the oxygen in  The morphology of the nanowires has been further
Fe;04 (at 529.7 eV) and a shoulder centered at 531.3 eV, investigated with TEM. Figure 3a shows a typical TEM
which has been ascribed to surface tr&pghe Fe/O ratio image of the coreshell nanowire, indicating the uniform

of the epitaxial layer was estimated as 0.74 with curve FeO,4 coating on the MgO core. The diameter of the MgO
resolution analysis, which matches well with the stoichio- core is~25 nm and the thickness of coated shel-ig nm.
metric ratio of FgO,4 (0.75). We note that in both the XPS By looking at the interface of the core and shell in the high
and the XRD measurements, the signals came from the MgO/resolution transmission electron microscopy (HRTEM) image
Fe;0, core—shell nanowires and the epitaxial film on the (Figure 3b), we can find that the interface between the MgO
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core and epitaxial magnetite shell appears relatively sharp.
The lattice fringes are continuous from the core to the shell,
confirming a perfect single-crystal epitaxial growth of the
Fe;O,4 layer. By analyzing the lattice fringes of the shell
(shown in Figure 3c), the lattice spacing between two planes
is ~2.947 A, corresponding to the distance of two (220)
planes of FgD,. The angle between the interface of core
shell and lattice fringe of (220) plane is determined to be
45°, This indicates that the axial growth direction core is
along [100], consistent with our previous studies on MgO
growth?? Figure 4d shows the [2] zone axis electron
diffracton pattern of the coreshell nanowires, further
confirming the single-crystal nature. The corresponding
nearest three spots in the figure can be indexed to (220),
(111), and (311) planes of E®,;. EDX data (Figure 3e) have
also been recorded with the nanowire, where signals from
Mg, Fe, and O were detected.

These high quality MgO/R©, core—shell nanowires have
rendered a unique opportunity to investigate the electron ~
transport through R©, in a quasi 1D form. The transport é 0
studies have been carried out by measuring the four-probe =
resistance and MR of the cerehell nanowire devices, which
were fabricated via the following techniques. We first =50
sonicated the nanowires off the MgO substrate into 1-2-
propanol, followed by dispersing the suspension onto a Si/

100

Fe;04 Shell

MgO core
SiO, substrate. E-beam lithography and thermoevaporation -100 : :
were then used to pattern and deposit four Ti/Au electrodes -0.2 -0.1 0.0 0.1 0.2
to contact the nanowires. The SEM image shown in Figure \4 (V)

4a is a perspective view of a typical device consisting of a
5 um-long nanowire and four electrodes uniformly distributed
on it. TEM studies performed with nanowires left in the
suspension revealed the MgO diameter and th©JFshell
thickness being~20 nm and~8 nm, respectively. Linear
|-V curves were obtained in four-probe measurements under
a wide range of temperatures (Figure 4b), and the device
resistance was derived as 0.8\t 290 K. Using a channel
length of~1 um (between the middle two electrodes) and a

4 6 8 10 12

cross section of-7 x 10712 cn¥ estimated from the shell 1000/T (K™)
geometry, we have deduced the resistivity of®in this

quasi 1D form as~6 x 102 Q cm, which is in good . :

agreement with the value for epitaxial thin filéd&1! but 100 150 200 250
one order of magnitude higher than the bulk resistivity of 5 T(K)

x 1072 Q cm?® This large discrepancy has been attributed _. ) L )

. - . . Figure 4. (a) SEM image shows a perspective view of the nanowire
to the presence of highly resistive APBs in the epitaxial layer, geyice, with four Ti/Au electrodes evenly distributed on the eore
which are formed as growth defects due to the difference in shell nanowire. (b) The four-proie-V curves taken at five different
the lattice constant betweeng& and the underlying MgO  temperatures & = 290, 240, 200, 150, and 110 K. (Inset) Proposed
substrate. Based upon Eerenstein’s experimental résugs, ~ domain StrUCtur%a'Ong the gﬁf,eneu nanowtre © dR?S'StaTOE)( §

; ; vs temperatureT) measured with the as-fabricated four-electrode
have also.estlmated the thickness of the APBS to-Bexm nanowire device. (Insef plotted as a function of I/in log scale.
and the size of each structural domaii0 nm, for a~8

nm thick epitaxial layer in our case. For simplicity, we can and theoretical studies. In Figure 4c, the four-probe resistance
model the quasi 1D magnetite nanowire as a serial connectionwas recorded as a function of temperature. The Arrhenius

of domains ¢10 nm wide) separated by APBs-2 nm plot (In R vs 1T in the inset) shows a rather linear relation,
wide), as shown in the inset of Figure 4b. The conductivity suggesting a thermally activated hopping transport mecha-
of the APBs can therefore be calculated to dygg = 3 nism along the nanowire. An activation energyef~ 0.1

(Qcm) 1, matched very well with the estimation in ref 8, eV was estimated by fitting the curve usify~ exp(—E4
whereoaps = 2.0-2.3 (Qcm) ! was obtained fo2 D FeO, ksT), whereks is the Boltzmann constant. Also noteworthy
films. We note that detailed distribution of the APBs in these is the absence of Verway transition in these ekell
novel 1D magnetite nanowires awaits further experimental nanowires, which has also been observed in very thin
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0.0 first time, the transport behavior and MR property of this
one-dimensionally structured & was investigated. Room-
temperature MR of1.2% was observed in the nanowire at

-0.5 B = 1.8 T, which has been attributed to the tunneling of
spin-polarized electrons across the APBs.
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