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onsiderable efforts have been in-

vested in the past years into the de-

velopment of methods for the
preparation of pseudo-one-dimensional
nano-objects with well-defined and homo-
geneous diameters.'? Indeed, confinement
effects (which by nature depend on geom-
etry) are strongly affected by structural ir-
regularities. Conversely, introducing
changes in diameter in a controlled man-
ner into nanowires or tubes should give rise
to novel physical properties as well as novel
possibilities to fine-tune them.3# In the
magnetism realm, diameter modulations
should provide a handle over the motion
of magnetic domain walls, a phenomenon
proposed as a future data storage platform,”
but the basic physics of which remain to
be explored in detail. To date, no general
method is available for the large-scale fabri-
cation of such structures in ordered arrays.

To obtain wires or tubes with controlled

diameter modulations, we propose to uti-
lize as template the system reported re-
cently in which porous alumina is obtained
by combining “mild” and “hard” conditions
of aluminum anodization.®~8 In this letter,
we demonstrate the possibility of exploit-
ing this porous framework to create struc-
tures replicating the diameter modulations.
Atomic layer deposition (ALD) is particularly
suited to the conformal coating of the pore
walls for the creation of tubes of oxidic ma-
terials,? given that it relies on a self-limiting
chemical reaction at the surface. In fact, we
contend that for the synthesis of inorganic
nanotubes, ALD is superior to the other pre-
parative approaches proposed to date
(sol—gel coatings, direct coatings by sur-
face chemistry in solution, epitaxial CVD
coating of VLS wires, electrodeposition in
pores, direct anodization of electropositive
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ABSTRACT To date, no large-scale preparative method for arrays of nanotube enables the experimentalist to
arbitrarily define changes in the tubes’ diameter along their length. To this goal, we start with anodic alumina
substrates displaying controlled modulations in pore diameter obtained by alternating “mild” and “hard”
electrochemical etching conditions. We then utilize atomic layer deposition (ALD) to coat the internal pore walls
with conformal layers of an oxide. Ferromagnetic Fe;0, tubes of 10 nm wall thickness and 10—30 pm in length
are thus prepared, which replicate the modulated silhouette of the template. Their magnetic properties strongly
depend on the presence of diameter modulations. Introducing one or several very short segments of large
diameter (150 nm) into an otherwise thin tube (70 nm diameter) brings its initially large coercive field down to a
value close to the case of a homogeneously thick tube. Theoretical modeling emphasizes the major influence of the
magnetostatic interactions between neighboring tubes. They are enhanced locally at the sites of diameter
modulations, which directly translates into a reduction in coercive field.

KEYWORDS: nanotubes - iron oxide - magnetism - diameter modulations - porous
template

metals, and solvothermal crystallization of
solids)' 8 in terms of versatility and/or wall
thickness control.

Thus, our preparation begins with an im-
print which defines a perfectly ordered pe-
riodic structure on the aluminum surface.
Subsequently, the aluminum is electro-
chemically oxidized under high voltage
(70—100 V) to create the elongated pores.
Key to the success of this step is the match
between the periodicities of the imprint
stamp, on the one hand, and of the self-
ordering anodizations (hard and mild), on
the other hand.57 At last, homogeneous
deposition of magnetic material into the
pores is achieved by ALD. In this way, large
arrays of parallel objects (108) are obtained
with geometric parameters (length, width,
and number of modulations) defined at the
experimentalist’s discretion.
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Nanoimprinting of aluminum is the

first step of our procedure (Scheme 1a). © 2009 American Chemical Society
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Scheme 1. Schematic presentation of the preparative steps for the creation of modulated magnetic nanotubes. (a) A polished Al chip is
imprinted with a hexagonal pattern of 235 nm period; (b) mild anodization is performed under 72 V in phosphoric acid; (c) hard anodiza-
tion follows under 93 V in oxalic acid; (d) mild and hard anodizations are repeated as needed to obtain the desired silhouette. (e) The
pore walls are coated with successive layers of oxides by ALD: SiO,, Fe,0;, and again SiO,. (f) Reduction by H, at 400°C converts Fe,0;
to Fe;0,; (g) isolated tubes are optionally obtained for structural investigation by dissolution of the alumina matrix in chromic acid.

This pretexturing defines the subsequent nucle-
ation of the pores during anodization. We used an
imprint stamp consisting of hexagonally arranged
SiN pyramids with a period of 235 nm. An electropol-
ished aluminum chip was stamped with it under 9
tons mm~2 For the subsequent anodizations
(Scheme 1b—d), we adapted the applied voltages U
to match the period Dj,; = 235 nm. The optimal volt-
ages are Unig = 72 V in phosphoric acid (0.40 M)
and Unag = 93 V in oxalic acid (0.15 M) for the mild
and hard conditions, respectively. The former value
deviates from the commonly accepted slope of the
Dint VS Umilg curve (2.5 nm V™'). We attribute this de-
viation to the comparatively very low voltage used
here (72 V)—far from the self-ordered range of mild
phosphoric acid anodization (160—196 V). Con-
versely, hard anodization is carried out at a drasti-
cally higher voltage (93 V) than usually done for the
mild anodization in oxalic acid (40 V). In this case,
stabilization of the unusually high electric field is
achieved by combining two approaches: (1) forma-
tion of a thin oxide layer by a preliminary mild anod-

Figure 1. Scanning electron micrographs of a modulated porous an-
odic alumina template. The membrane is displayed in section; pores
are broken in halves along their z axis: (a) end of the pores with hemi-
spherical barrier layer; (b) the last 4 um of a perfectly ordered “hard”
segment; the pore diameter is absolutely constant and homogeneous;
(c) a section of membrane displaying two changes in diameter, from
“hard” anodization (narrow pores) to “mild” (thicker pores) and back
to “hard”; the interfaces between the different segments are sharply
defined. The scale bar is common for panels b and c.
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ization, and (2) use of a water/ethanol mixture for
hard anodization at —5 °C. This allows for the litho-
graphically defined 235-nm order to be maintained
throughout the anodization. Figure S1 in the Sup-
porting Information compares the top and bottom
sides of a 20 pm thick porous alumina membrane
prepared under those conditions: the pores of 70 nm
diameter and aspect ratio 300 have retained their
large-scale perfectly periodic arrangement. Mild and
hard anodizations yield different porosities (approxi-
mately 20% and 6%, respectively). Accordingly, they
deliver distinct values of the pore diameter, namely,
150 and 70 nm. Therefore, several switches be-
tween the mild and hard conditions over the course
of the anodization result in as many diameter modu-
lations of the pores, as evident in Figure 1. The
length L of each segment is controlled by the inte-
grated current density Q passed through the system,
with growth rates of Ly¢/Q = 0.3 um/(C/cm?) and
Lhara/Q = 0.6 um/(C/cm?) (for Q = 20 C/cm?).

The preparation of tubes of high aspect ratio
(>1000) from this template implies coating the
pores with a homogeneous thickness of the desired
material without clogging their entrance. ALD
(atomic layer deposition) is ideally suited to that pur-
pose since it relies on a self-limited surface reaction
between reactants provided in large excess from the
gas phase. Indeed, applying our standard ALD reac-
tions for Fe,05 (from ferrocene and ozone)'® and for
SiO; (from 3-aminopropyltriethoxysilane, water, and
ozone)? to the structured template yields multilay-
ered SiO,/Fe,05/Si0; nanotubes embedded in the
alumina membrane (Scheme 1e). Annealing the
sample under Ar/H; at 400 °C converts Fe,0; to the
ferrimagnetic Fes0,4 (Scheme 1f). The silica layers en-
closing the magnetic material in the resulting con-
centric SiO,/Fe,03/Si0, nanotubes (Figure 2b) serve
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Figure 2. Structures of the modulated iron oxide nanotubes. (a) Scan-

The nanotubes fabricated by this
method behave ferromagnetically. As en-
sembles, they can be characterized in vari-
ous orientations with respect to the applied
field, as exemplified by the hysteresis loops
of Figure 3a. When the sample is magne-
tized to saturation in a magnetic field H =
6 kOe applied along the long axis
(z axis) of the tubes, H|z, and the field is
then turned off, 90% of the saturated mag-
netization is retained (remanence }Luem =0.9
Wsat)- In @ perpendicularly applied field, HL1z,
the same experiment yields a remanence
Wiem = 0.4 wsar. The large difference be-
tween plem and pim defines z as the “easy”
axis of the sample, as expected from the
strong shape anisotropy. Accordingly, the
effects of the diameter modulations can

ning electron micrograph of a tube array imbedded in the alumina ma- clearly be observed by the same method.

trix, displayed in section; the tubes’ walls appear white on the darker
Al,0; background, one tube was colored green for clarity. (b) Trans-
mission electron micrograph of a Fe;0, tube (after hydrogen reduc-
tion) protected by two thin silica layers. (c) TEM view of an isolated
Si0,/Fe,03/Si0; tube (layer thicknesses: 6 nm/10 nm/6 nm) near a tran-
sition between a narrow segment and a wide one. Its silhouette re-

flects that of the arrayed objects from panel a.

two purposes. First, they act as chemically inert
sheaths allowing for the dissolution of the alumina
matrix (Scheme 1g) without damaging the magnetic
objects. Second, they protect Fe;0, from aerobic re-
oxidation. Modulated Fe3;04 tubes are displayed in
Figure 2a,c. Electron microscopic investigation of the
arrays shows the conformality of the deposition
and the exact parallelism between the geometries
of neighboring tubes. In transmission, isolated tubes
display their multilayered structure, as well as clear
transitions between the 70-nm wide “hard” seg-
ments and their 150-nm wide “mild” counterparts.

Figure 3b summarizes the results of SQUID
magnetic hysteresis loops recorded on five
samples of Fe;s0,4 nanotube arrays with dif-
ferent types of diameter modulations (as
shown in Figure 3c). The coercive field is
only marginally affected by the geometry
of the tubes when the field is applied HLZ. In the
H|z orientation, however, a monotonic increase
emerges when the coercive fields are considered as
a function of the hard/mild ratio. Tubes with smaller
diameter (Figure 3c-E) have much larger values of
Hl than the wider ones (Figure 3c-A). This is due to
the more pronounced geometric anisotropy, as well
as alleviated dipolar interactions between neighbor-
ing tubes.?" More interestingly, comparing the last
two samples (D and E on the right of Figure 3) re-
veals that the introduction of a single short wide
segment in the middle of a long narrow tube causes
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Figure 3. (a) Magnetic hysteresis loops of an array of Fe;0, nanotubes (10 nm wall thickness) in a field applied parallel or perpendicular
to the long axis (z axis) of the tubes at 300 K. Both the coercive field H. (x intercept) and the remanence e, (y intercept) are strongly af-
fected by the orientation of the sample (Hl = 660 Oe; H: = 480 O€; plem = 0.9 Msaty Miem = 0.4 psar. Anodization conditions of the tem-
plate: mild, 0.5 wm; hard, 20 m. (b) Comparison of the coercive fields H. of different types of modulated Fe;0, tubes (as arrays). The un-
certainty on H_ is evaluated as 50 Oe approximately. The experimental data points show a strong effect of geometry on H. when the
field is applied parallel to the long axis (full squares), in contrast to the case of H. considered in the orthogonal orientation (empty circles).
The gray line corresponds to coercive fields calculated for isolated objects as an interpolation between the values of thin and thick tubes.
The x axis quantifies the volume fraction of magnetic material in the thin segment (from 0 to 1). Anodization parameters of the tem-
plate: (A) mild, 15 pum; (B) mild, 10 pum —hard, 8 pm—mild, 1 um; (C) mild, 0.5 pm—hard, 8 pm—mild, 1 pm—hard, 8 pm— mild,

1 pm—hard, 8 pm; (D) mild, 0.5 pm—hard, 10 pm—mild, 1 pm—hard, 5 pm; (E) mild, 0.5 pm—hard, 20 pm. (c) Schematic of the five ge-
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Figure 4. Theoretical modeling of the modulated magnetic tube
arrays. (a) Stray field direction (arrows) and intensity (levels of red)
generated by a modulated tube magnetized in the +z direction,
as exemplified for structure D. (b) Coercive fields calculated for the
different types of tubes, taking into account the strength of the di-
polar interactions between neighboring tubes. The theoretical val-
ues (stars) are compared with the measured ones (squares). Labels
A—E refer to the geometries described in Figure 3, and the geom-
etry parameter equals the volume fraction of thin segments.

geometry parameter

a drop in coercive field by more than 30%. This is a
token that the diameter modulations influence the
magnetic reversal phenomena beyond the linear
regime.

THEORETICAL MODELING

This suspicion is corroborated by simple models of
the magnetization reversal based on published meth-
ods. For isolated magnetic nanotubes, the magnetiza-
tion reversal, that is, the change of the magnetization
from one of its energy minima (/\7/ = My2) to the other
(M = —M,2), can occur by one of only three idealized
mechanisms: a “coherent rotation” (C), defined by a si-
multaneous rotation of all spins (local magnetic mo-
ments), the “vortex mode” (V), whereby spins in rota-
tion remain tangent to the tube wall, and the
“transverse mode” (T), in which a net magnetization
component in the (x, y) plane appears.?? For any given
geometry (diameter R and wall thickness d,,) of a long
tube, coercive fields H. can be calculated based on each
mode from simple equations based on analytical mod-
els:?' for C, the classical Stoner—Wobhlfarth model,?
HS  2(KW) — K,)

C

(1)
Mo FLOMOZ

for T, an adapted version of it considering the width of
the domain boundary wr,?!

HL  2(Kwy) — K,)

"' & 2)
Mo l~LoMo2

and for V, the model proposed by Chang et al.,**

H! 2K L,
T R (e (3)
0 oMo R

where K, is the anisotropy constant, K(/) = "/4poMo*
1 — 3N,(N), N,(I) is the demagnetizing factor along z, B
1 — (dw/R), and Lex = (2A/(oMo?) "% the function a(B)

—
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TABLE 1. Comparison of the Magnetostatic Interaction
Energies E;,; Calculated from eq 6 for Different Types of
Nanotube Arrays”®

tube type ii(d,0) normalized E;y
A 542 X 107° Q)]
B 1.20 X 1074 1.14
C 8.56 X 107° 134
D 1.80 X 107* 1.06
E 1.05 % 1074 0.63

“The values are then normalized to the amount of magnetic material and reported
with respect to case A. Thin tubes (E) interact with their neighbors less strongly than
thicker ones (A); additionally, the presence of short thick segments (C, D) intro-
duces major increases in the interaction due to the nonvertical surfaces at the diam-
eter modulations. The geometries A—E are as defined in Figure 3.

is described in the reference. We use the material pa-
rameters Mo = 48 X 10°Am—3,A=10"Jm™’, and
K, = —11 X 10% J m 3.2 This analysis shows that of the
three conceivable mechanisms for the magnetization
reversal, V prevails (that is, yields the lowest values of
H,) for all geometries considered here (Figure S2). As ex-
pected, it also yields a larger H. for the thinner (“hard”)
diameter than the thicker (“mild”) one: H. = 530 and
900 Oe for R = 35 and 75 nm, respectively, with d,, =
10 nm.

Considering a purely additive behavior of our
samples combining mild and hard segments of tubes,
one would expect a linear relationship between H. and
the relative amounts of thick and thin segments: it is the
gray line of Figure 3b. Although the positive trend ob-
tained in this way corresponds to the observations for
samples A, B, and E, the calculated values are signifi-
cantly higher than experimental ones. We ascribe these
effects to the interaction of each tube with the stray
field produced by its neighbors, which reduces the co-
ercive field. Indeed, the stray field of a simple tube is
most intense at its extremities, therefore in a modulated
tube, the presence of additional nonvertical surfaces
strongly reinforces the stray field at the modulations.
This is shown in Figure 4a for the example of geometry
D, and for all geometries in Figure S3. We can quantita-
tively compare the strength of the dipolar interaction
between neighbors for various types of modulations by
adding contributions for each pair of segments. The
magnetostatic interaction of segment j with the stray
field H; generated by segment i in the neighboring tube
of the tubes can be calculated from?

Eie = —Ho [ M(P)-F(F) dv @)

Geometric considerations (presented in full detail in
the Supporting Information) deliver the values of the in-
teraction energy presented in Table 1 for the five types
of tubes investigated experimentally, A—E. Even
though thinner tubes intrinsically interact less strongly
with one another than thicker ones do, this tendency
can be overcome by the presence of diameter modula-
tions: the nonvertical surfaces give rise to locally in-
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tense stray fields and enhance the magnetostatic inter-
action between neighbors. The coercive field expected
macroscopically for the ensemble is then reduced ac-
cording to

H! — H

C C

(5)

int

where HY denotes the intrinsic coercivity calculated for
an isolated tube and H,y is the stray field within the
array:?'

(6)

int

_ 2K(L)(M)1/z
T oM\ KD

Here, Ei(d,0) = El(d,0)/(neMo2V) is the magnetostatic
interaction between two identical nanotubes separated
by an interaxis distance d.

Using eq 5 and eq 6 we can calculate the stray fields
Hi: and macroscopic coercive fields H. for our array of
nanotubes of geometries A—E. Because of the modula-
tions, the stray field in the arrays may become signifi-
cant (it increases from 140 Oe for A to 260 Oe for D). The
final results are reported as stars in Figure 4b, along
with the measured data points as squares. The agree-
ment of the modeled values with the experiment is
much improved as compared with the dashed gray line
of Figure 3. Residual differences between calculated
and measured values most likely originate from struc-
tural imperfections of the tubes prepared here, in par-
ticular the fact that the transition between thick and
thin segments is not perfectly abrupt. Other factors not

METHODS

Preparation. Aluminum chips (99.999% from Goodfellow) are
electropolished under +20 V in a 1—4 mixture of 60% HCIO,
and EtOH for 3 min. A stamp with hexagonally ordered SiN pyra-
mids and a period of 235 nm is used to imprint the Al chips
with a commercial hydraulic press under 9 tons mm~2. The po-
rous anodic alumina membrane is produced in several steps. The
first anodization must be mild. Mild anodization is performed un-
der 72 Vin 0.4 M aqueous H3PO,4 at 10 °C. The hard segments
are anodized under 93 Vin 0.15 M H,C,0,4 at —5 °Cin a 4:1 water/
ethanol mixture.?’ Atomic layer deposition of Fe,0; and SiO; is
performed in a Savannah 100 Reactor by Cambridge Nanotech
according to the published procedures from ferrocene and
ozone'? and from 3-aminopropyltriethoxysilane, water, and
ozone,? respectively.

Instrumental Methods. Scanning electron micrographs are taken
on a Supra 55 or an Evo 50 by Zeiss under an acceleration volt-
age of 10 kV. Transmission microscopy was performed on a Jeol
JEM1010 operating at 100 kV. TEM samples are prepared by dis-
solving the alumina matrix in an acidic 0.18 M Cr(VI) solution
for 40 h at 45 °C, diluting the resulting suspension, and letting a
drop of it evaporate on a holey carbon/Cu grid. The magnetic
measurements are recorded at 300 K using a SQUID (supercon-
ducting quantum interference device) magnetometer MPMS2 by
Quantum Design reaching magnetic fields between +50 and
—50 kOe.
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accounted for in our theoretical model include thermal
effects, imperfect distribution of diameters, and the in-
fluence of finite lengths.

CONCLUSIONS

Our results demonstrate the validity of utilizing po-
rous alumina as a template system for the creation of
pseudo-one-dimensional nano-objects with the con-
trolled introduction of changes in diameter. Such de-
signed structural irregularities have consequences of
prime importance on the magnetic characteristics of
the tubes. Ensemble measurements combined with
theoretical modeling enabled us to shed light onto the
special properties of diameter changes with respect to
the stray field of elongated magnetic nano-objects. In
future studies, single-object measurements (magneto-
optical Kerr effect, magnetic force microscopy) will be
used to study the magnetic switching events in the in-
dividual segments, on the one hand, and in the absence
of stray field, on the other hand. In this way, domain
walls pinned at the structural irregularities could be
observed.

But the preparative method delineated above is
not limited to magnetic objects. Similar principles can
be applied to the synthesis of modulated nanostruc-
tures with novel thermoelectric, electronic, or optical
properties, as well. The ability to tune the modulations
should enable one to highlight novel aspects of con-
finement in those areas of research.
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