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The interest in arrays of pseudo-one-dimensional ferromagnetic
nanoobjects stems from their potential application to high-density
data storagé This communication reports on the fabrication of iron
oxide nanotubes by atomic layer deposition (ALD) and the
opportunities thus afforded in the magnetic realm.

Among the different geometric types of objects, tubes offer an
additional degree of freedom in their design as compared to wires,
in that not only the length and diameter can be varied but also the
thickness. Changes in thickness are expected to strongly affect the
mechanism of magnetization reversal and thereby the overall
magnetic responssein particular, the remnant magnetizatidihe
physics of ferromagnetic nanotubes, however, have remained ill-
defined to date for lack of systems amenable to systematic
experimental variations in the geometric parameters and study of
the corresponding variations in the magnetic beha¥i@emmon
experimental limitations include difficult synthesis of magnetic tubes
of sub-100 nm diametép,granularity of the tube structufe,and Figu_re 1. I_Electron micrographs (scanning, SEM; transmission, TEM) of
inhomogeneities in thickness and/or diaméter.contrast to this, "€ iron oxide tubes. Scale bars: 100 nm. (a) SEM of an array of narrow

. o . . ., tubes (1144) nm FeOs, green circles) embedded in the alumina template;
atomic layer deposition (ALD) of magnetic materials can be applied ¢onirast enhanced by colorization (original micrograph provided in Figure
to ordered porous substrates to yield arrays of smooth tubes withss). (b) TEM of a single thick and short tube (42) nm FeQy,) isolated
a geometry that isd) tightly controlled and I§) widely tunable® by dissolution of the template; the inset zooms in on the very smooth wall.
Our focus on iron oxides results from their unique position among (€) SEM of an array of thick ZrgFe0y/Zr0, tubes (1242)/26¢:4)/
the magnetic materials in terms of abundant availability and 12(&:2) nm) embedded in the template: edge view at a crack, with tubes

. o broken in their length and emerging on the top side of the membrane.
biocompatibility.

Water and the homoleptic dinuclear iron(lltert-butoxide
complex, Fg(OBu)s,” were used for ALD of Fg€s. When the
Fe(O'Bu)s precursor was heated to 100, a temperature window

and H or on an iron(lll) acetylacetonate and ©r Oz,° the novel
method simultaneously improves the growth rate, the smoothness,
; ; : o and the aspect ratios accessed vastly. Its low deposition temperature
was found between 130 and 170 in which the solid deposits in 555 makes it attractive for nanostructuring applications based on
amounts proportional to the number of reaction cycles. At lower selected biotemplatés.

temperatures, deposition does not occur as judged from the absence Reduction of the F©; nanotubes in the AD; matrix by 5%

of color. The onset of €OBu)s thermal. decor.nposition.sets the H,/95% Ar at 400°C converts FgO; to FeO,, !t as substantiated
upper limit of ALD.” When the process is carried out with a self- , xpg (Figure S6). The transformation is accompanied by a color
ordered porous anodic alumina membrage the substrate, the )26 from golden or coppery brown to black, commensurate with
internal walls are covered conformally with a smooth layer ofJze the decrease in band gap. The reduced tubes are air-sensitive and
yielding arrays of tubes of aspect ratios up to 100, the growth rate e e kept under inert atmosphere by depositing a macroscopic layer

being 0.26¢:0.04) A cycle™, as di_spl_ayed in Figures 1 and S9. of polystyrene onto the membranes. This protection allows for their
The results are unaffected by preliminary and/or subsequent ALD . enient handling in air without appreciable degradation over a
of ZrO, or TiO,, which can be used to facilitate the preparation of period of days to weeks.

samples for electron microscopy (see Suppprting Inf_ormgtion). The FgO, tubes behave as hard ferromagnets at 300 K, as shown
X-ray photoelectron spectroscopy (XPS) confirms the identity of by SQUID data (Figure 2). At lower temperatures, the magnetic

the deposited material to be £, albeit with a high carbon content |\ qtereses widen, an approximate doubling in coercive field being
(Figure S6). The amount of C decreases with depth, which could g5l ohserved between 30085 K (Figure S2). Temperature-

be due to residual superficigdrt-butoxide ligands unhydrolyzed dependent magnetization data (Figure S4) do not show any abrupt

by their firs_t exposure to water. Selected-area e_Iectro_n diffraction change indicative of a crystallographic phase transition (Verwey
(SAED) indicates that the tubes are nanocrystalline, with only very angitiony12 an observation consistent with a glassy structural state.

sho.rt-range order. Relgtive to the AITD processes reporteq tp date Coercive fields (H') as high as 76.5¢1.5) mT (7654-15) Oe)

for iron metal or its oxides, based either on an iron(ll) amidinate ... pe obtained at room temperature for thgCreube arrays (in
 Max Planck Institute. parallel applied field), a value which compares favorably to the
* Leibniz Institute. largest reported to date for §®& zero- and one-dimensional
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Figure 2. Magnetic hystereses of K&, tube arrays (50£5) nm outer
diameter, 105£10) nm center-to-center distance, various wall thicknesses
dw) in porous alumina at 300 K, in a magnetic field H applied along the
tubes g); a paramagnetic contribution due to the template was subtracted,
and thez momentu, was normalized. Inset: properties (blue, coercivity
H¢; red, remanence relative to 1 T) for 2481.7) < dy < 18.24-1.9) nm.

Relative 1,

-800

nanoobjectgP-513More importantly, our synthetic approach offers
the unique opportunity to vary the geometry of the tubes at will
and in a tightly controlled fashion. Figure 2 focuses ogdzdubes

of 50 nm outer diameter and shows the dramatic evolution of their
magnetic properties when the wall thicknedg is varied. Soft
ferromagnetism is observed in the limit of very thin tubes, with
vanishing remnant magnetization and coercive field. Increasing the
thickness of the F©, tubes yields a monotonic improvement of
their magnetic properties up to an optimum situated niga+ 13

nm. Further thickness increases are accompanied by receding

remanence and coercivity. While our semiquantitative micromag-
netic (Oommf}* simulations of a single tube isolated in vacuum
allow one to expect the initial increase in/Hvith d,, they do not
reproduce the trend observed for 13 nimd,, < 20 nm (Figure
S7). Consequently, we ascribe the latter to the interaction of each
tube with the stray fields produced by the arran effective
antiferromagnetic coupling between neighboring tubes, which
reduces | as previously demonstrated for the case of nickel
nanowiresid15 Indeed, the stray field produced by the ensembles
of nanotubes at magnetic saturation are significant, on the order of
45 mT ford,, = 7 nm and 85 mT fod,, = 15 nm (see Supporting
Information). The experimental magnetic anisotropy of the tube
arrays further corroborates our interpretation, in that applying the
external field H perpendicular to the long axi® of the tubes
instead of parallel to it results in large,Hvalues (on the order of
60—70 mT, virtually independent al,, Figure S3). This observa-
tion, which contrasts the situation of isolated tubes (presenting the
easy magnetization axis @), is a recognized hallmark of strong
interactions between magnetic neighb®rs.

The results of this communication highlight the importance of a
well-controlled chemical synthesis in the context of solid-state
physics!” For the preparation of well-defined, tunable, ordered
nanostructures, ALD has proven to be the ideal method. It has

enabled us to observe a strong size dependence in the magnetism

of F&O,4 nanotubes and identify an optimal thickness. A more
thorough understanding of the phenomenon unveiled here will be
required for engineering future high-density data storage systems.
Our findings warrant detailed analytical investigation of the ALD
reaction (particularly with regard to the C content of the deposited
film), further experimental study on the magnetism of nanotube
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