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Enhanced magnetic coercivities in Fe nanowires
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We describe a way of generating filnis:2 mn?; <40um thick) of aligned Fe-filled carbon
nanotubes. These Fe nanowires are usually composed of single Fe crystals, and have dimensions
from 5—40 nm outer diameter ard10xm in length. The carbon tubes, which coat the wires, have
external diameters of 20—70 nm and areZ40«m in length. High-resolution electron energy loss
spectroscopy, x-ray powder diffraction, and elemental mapping of the tubular structures reveal only
characteristic metallic signals and the effective absence of oxygerany other nonmetallic
elemeny within the wires. The material exhibits coercivities in the 430-1070 Oe range, i.e., greater
than those reported for Ni and Co nanowires. 1899 American Institute of Physics.
[S0003-695(199)00247-9

Two-dimensional arrays of ferromagnetic nanowires  Thermolysis of feedstocks, such as hydrocarbons and tri-
(reminiscent of a carpet pilewhich can be magnetized, have azines, over metal nanocluster cataly®ts Co, and Fé¢ pro-
significant potential as data storage devices due to their sizédes a route to nanotube arrdy5 which can, under certain
and anisotropic magnetic response. Such film structuregonditions as described here, also lead to the formation of
based on single-domain elements, exhibit the best available
storage densitieg.g., 65 Gb/irf).! Here we describe a way
of generating filmg<2 mn?; <40um thick) of aligned Fe-
filled carbon nanotubes, their nanoscale structure and com-
position, as well as their magnetic properties. The results
suggest that the material may have novel magnetic properties
and applications.

The generation of very small Fe nanowires has proved
difficult due to the facile oxidation tendency displayed by
finely divided metals such as Fe. The idea of encapsulating
Fe nanowires within carbon nanotubes, whereby the protec-
tive carbon coating ensures that the metal is retained in a
reduced staté,is shown here to be feasible. Ferromagnetic
material has been produced in which the nanoscale crystal-
line iron domains are prevented from developing antiferro-
magnetic oxide layer$In this context, various attempts have
been made to encapsulate ferromagnetic metals within nano-
tubes, using graphite plasma arc techniques, but with little
success. To date, only ferromagnetic nanocrystals have been
encapsulated within “graphitic” polyhedral cage¥. It has
also been reported that very low concentrations of S
(~0.25% by weight, present as an impurity in the graphite
rods, are responsible for the continuous filling of long tubes
with metal sulphide phasé$.Furthermore, chemical/wetting
approache$? aimed at determining the conditions necessary
to fill nanotubes by capillarity, demonstrated that high sur-
face tension metalge.g., F¢ will not spontaneously fill

nanotubes in the liquid state. FIG. 1. SEM images of flake-like particlegilms) consisting of aligned
Fe-filled nanotubes at lower) and higher(b) magnification. The material
was grown by pyrolyzing ferrocenedgmixtures(e.g., 1:3 at 900—1050 °C
¥Electronic mail: d.walton@sussex.ac.uk in an argon flow using a conventional two-stage furrate.
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FIG. 2. (a) HRTEM image of two crossed Fe-filled nanotubes exhibiting -
different diameters and high degrees of graphitizatimterlayer spacing 400 - . | | . ‘ . L]
~0.34 nm; (b) Concentration profiles of C and Fe across the diameter of an o s0 10 150 200 250 . 300
Fe-filled tube derived from EELS line scafsee white arrow These dis- (b) Temperature (K)

play the chemical profile perpendicular to the tube axis and indicate the
presence of C on the periphery and Fe within the inner core of the structure?t
The central dip in the carbon profile is commensurate with an internal core
filled with metallic Fe.

IG. 3. (8) Magnetization vs applied field curves, measured parallel and
perpendicular to the applied field on individual carpets, exhibiting saturation
fields of ~14 000 Oe. By increasing the applied field, the hysteresis curve
also undergoes a decrease in magnetizationThe coercive fields at dif-

. . . erent temperatures, which decrease in a linear fashion with increasing tem-
metal-filled tubes, provided an excess of catalyst is used. Werature and reveal traces of anisotropy due to the geometric orientation of

has been reported recently that the thermolysis of ferrocenehe tubes. When the field is applied parallel and perpendicular to the nanow-
under vacuum, results in the formation of carbon-coated Fées’ axis, the demagnetization factor is zero and closertor@spectively.
nanowires:> However, the nanoscale composition and mag-
netic properties of these nanowires do not appear to havéhow that~40%—60% of these tubes are filled with Eee
been reported. In addition, their degree of “graphitization” Fig. 2). We also note that the degree of graphitization exhib-
seems to be low and the carbon coating tends to be veryed by the nanotube walls is extremely htgland is com-
thick.!? Here, we show that thermolysis of;§Xpure carbon parable to that observed in high temperature nanotube gen-
source at 900—1050°C under an Ar flow at atmosphericeration processes, such as arc discharge techniques. In
pressure, in the presence of ferrocene, generates arrays addition, the average number of concentric carbon coated
aligned, Fe-filled, carbon nanotubes of uniform dimensionsayers (<25) is lower (40-50 layers than reported
and high crystallinity. The material was grown by pyrolyzing previously® [Fig. 2@@)]. The near edge electron energy loss
(1:1 by weighy mixtures of powdered ferroceridicyclopen-  spectroscopyEELS fine structure of the carbon K shell
tadienyliron, Aldrich 98%~20—-100 mg and G, (Hoechst, (~284 eV) confirms that the material is highly graphitic, the
gold grad¢, at 900-1050°C in an argon flo@g0—40 ml/ L edge (~708eV) being characteristic of metallic Fe.
min) using a conventional two-stage furnace. HREELS line scans across individual tubes reveal that the C
Scanning electron microscop¢SEM) images of the and Fe concentration profiles anticorrelate, indicating that
products, indicate that the material consists mainly of carpetpure Fe is indeed encapsulated within the C layétig.
like flakes or films(2 mn? and <40um thick) where the  2(b)]. These measurements also confirm that nonmetallic el-
“pile” is composed of aligned, carbon-coated tubulgsg.  ements, such as oxygen and sulphur, are absent.
1). X-ray powder diffraction studies of the bulk sample re- Plots of the magnetization versus applied fiéidea-
veal the presence of graphite together with body-centeredsured parallel and perpendicular to the field for an individual
cubic iron. Transmission electron microscopy, high-“carpet”), Fig. 3a), exhibit saturation at fields of
resolution transmission electron microscogiHRTEM), ~14000 Oe. At high fields, the hysteresis loop also exhibits
nanoscale elemental mapping, and high-resolution electroa decrease in magnetizatidirig. 3@]. This observation
energy loss spectroscopiiREELS studies of the material may be due to a diamagnetic influence caused by graphitic
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material coating the Fe wires. The plots of the coercive fieldJapan(N.G.), CONACYT-Mexico (H.T.), DGAPA- UNAM
versus temperaturgFig. 3(b)], indicate that the field de- IN 107-296 (H.T., and the TWAS No. 97-178 RG/
creases linearly with increasing temperature, revealing th@HYS/LA (H.T.), Mexican Academy of SciencgH.T.) for
presence of anisotropy, possibly due to tube geometry anfihancial assistance.
orientation.
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