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Abstract—Acid-anodized aluminum forms amorphous alumina
with long and columnar nanopores with approximately hexagonal
ordering (“alumite”). Excellent hexagonal ordering of these
nanopores has been achieved by 24 hours of anodization, but with
restricted domain size (2–4 µm2), which can be increased to 100
µm2 with longer anodization. We have deposited Fe in disordered
pores and Co in ordered pores; we can control the average length
and diameter of these nanowires, but there is still a distribution
of nanowire lengths. Previously, we described Fe nanowires with
diameters down to 11 nm in disordered pores. Here we focus on
longer (770 nm) and shorter (64 nm) Co nanowires with diameters
of 25 nm in ordered pores with 100 nm pore-to-pore separation.
The longer wires have an easy axis out-of-plane, with squareness
0.9, coercivity = 1900 Oe, and a fluctuation field of 5.3 Oe. The
shorter wires are more isotropic, with lower coercivities ( 1300
Oe) and larger fluctuation fields 8.4 Oe.
Index Terms—Alumite, anodized aluminum, cobalt nanowires,
coercivity, extra-high density magnetic recording, fluctuation field, iron nanowires, nanopores, perpendicular magnetic
recording, squareness.

I. INTRODUCTION

T

HE THERMAL stability limit for magnetic recording
density in conventional longitudinal recording may be
50 Gb in
[1], but more recent calculations are more
optimistic [2]. Linear density limits are currently determined
by the medium noise. The power signal-to-noise-ratio (SNR)
is determined by the number of grains which constitute the
single bit. For a fixed bit size, the number of grains and the
SNR could be increased by decreasing their dimensions, but
this approach is limited by the thermal stability of the written
magnetization transition, which is mainly determined by the
demagnetizing fields and by the energy barrier to magnetization
reversal for a magnetic grain. This limit could be relaxed to
the superparamagnetic limit for the material of interest, if a bit
cell consisted of a single and isolated magnetic unit. Such an
ideal magnetic medium would consist of ferromagnetic islands
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of nm dimensions, placed in an ordered fashion on the sites
of a nm-sized 2-dimensional lattice (magnetic array). Current
approaches to such magnetic arrays employ e-beam lithography
to define the array geometry [3]–[5].
Anodization of aluminum is a much cheaper process for
the synthesis of a nm-scale porous structure, consisting of
close-packed cells in a local hexagonal arrangement, with pores
at their centers. Hexagonally ordered patterns on micrometer-sized domains can be obtained by cycles of anodization
and successive removal of the porous oxide. Such a method
appears very promising for the production of hexagonal patterns with extended long-range order. Magnetic materials can
be electrodeposited into these pores by AC electrodeposition
[6], producing isolated needle-like particles which have been of
interest for perpendicular magnetic recording. The implication
for magnetic recording is that an ordered perpendicular (or longitudinal) medium should exhibit much lower noise, compared
to a disordered medium, thus increasing the signal-to-noise
ratio [7], although this has been debated [8]. The nanowires
that can be introduced into the pores by electrodeposition may
potentially produce bit densities in excess of 100 Gbit in .
The controlled anodization of aluminum has been an industrial process since the 1920’s [9], but the main emphasis was
anodization at pH above 7, to yield thick corrosion-resistant
passivated oxide “barrier type films.” When Al is anodized in
acidic solutions, pores form which have only an approximately
hexagonal order [10], which is idealized as truly hexagonal in
Fig. 1: this structure has been called “alumite” [6]. Since the
pores were relatively uniform (Fig. 2), their use as hosts for magnetic nanowires of Fe or Co received early attention by many
groups worldwide [6], [11]–[15], including our own [16]–[18].
The mechanism for pore formation and its hexagonal ordering (a
mesoscopic phenomenon) remains unknown. Early interest by
the hard disk industry in magnetic nanowires in alumite faded
in the early 1990’s.
Since then, a dramatic breakthrough was achieved when
Masuda and co-worker showed that prolonged anodization,
followed by stripping of the thick oxide, and re-anodization
produced ordered nanopores with perfectly hexagonal domains
[19]. This result was confirmed by us [20], [21] (Fig. 3), and
by others [22], [23].
The Al surface is usually flattened before anodization by an
initial electropolishing step, which removes some of the “hills”
in the sample, and may leave local thin spots in the air-formed
oxide layer [21]. Ordering within this electropolishing step has
received experimental [24] and theoretical [25], [26] attention:
ordered patterns of small hillocks or stripes (not pores) can
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Fig. 1. Idealized hexagonal array [10] of porous Al O film formed by DC
anodization of Al in acid (sulfuric, oxalic, or phosphoric, below pH 4).
( 11
to 100 nm), is the pore diameter;
( 30 to 150 nm) is the spacing between
the pores; t ( 10 nm) is the thickness of the barrier-type film at the bottom
of each pore, t ( 0 to hundreds of µm) is the length of the pore. Both D
and D have very narrow distributions, selectable by controlling the pH and the
anodization voltage. As anodization proceeds, the Al metal is consumed, and
the pore length t increases, while t stays constant.
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Fig. 3. Atomic force micrograph (1:5
1:5 m ) of ordered aluminum
Al (plus Al O formed in air) after anodizing in H C O for 25 hours, then
stripping Al O porous film with H PO /H CrO . The darker spots are the
pore bottoms. From [21].

2 nm at 20 V DC and 62 2 nm at 40 V DC) were found to
extend uniformly throughout a 1 cm sample [27]: this was
true macroscopic ordering. A detailed theory explains when
stripes, hexagonal mounds, or unstable patterns appear, by
implicating the adsorption of alcohols on the surface [25], [26];
this theory may not apply to hexagonally ordered nanopores,
whose periodicities only share the same order of magnitude as
the structures formed by electropolishing.
III. ANODIZATION IN ACIDS: DISORDERED PORES

Fig. 2. TEM top view of disordered alumite film formed in 15%H SO [18].

be observed. Stripes can extend throughout the sample when
a single crystal Al (110) substrate is used [27]. Ordered hills
or stripes are also seen when an Al sample is heated for a long
time within 50 C of its melting point [28].
We review here the synthesis of highly ordered hexagonal
patterns on mesoscopic scales, and the electrodeposition of
Co magnetic arrays with thickness of interest for magnetic
recording; we summarize our published results [16]–[18], [21],
[27] and report on recent progress in extending the ordered
domains, probing the mechanism for ordering, to prepare Co
nanowires, and analyzing their magnetic properties.
II. ELECTROPOLISHING AND PATTERN FORMATION ON Al
Electropolishing is an essential step for forming ordered
hexagonal patterns [22]. Other patterns are also formed during
electropolishing [24], [25]. Using single-crystal Al (110)
samples, stripes (1–7 nm high, with repeat distances of 42

The recipe for forming porous structures in Al by anodizing in
acidissimple. Usingpure Al (oreventhe Al–1% Mg alloy used for
commercial soda cans, but not commercial Al plate [16]), acids
such as H SO , H C O , H PO , or H CrO (but not HCl) and
a DC power supply, prolonged anodization (e.g., for a 3 cm Al
surface, a Pb or Al cathode, in 3% H C O or 4% H PO at potentials between 10 and 60 V DC) creates a porous structure (Fig. 2)
that only crudely resembles the structure depicted in Fig. 1. The
pore growth rate is 0.1 µm min . Amorphous and anhydrous
Al O forms, but the pore bottom of Al O may be partially
crystalline. The reaction at the metal/oxide interface (anode) is
; the probable reaction at the pore bottom/elecAl Al
H O ; the
trolyte interface is water splitting: 2 H O → O
reaction at the cathode is hydrogen evolution: 2 H O
→ 2 H O H . For polybasic acids, the side walls of the pores
contain some HSO , HC O , or HPO : the acid equilibria
probably compete with the water-splitting reaction. Within 10 s
of anodization, the pore bottoms become highly resistive (10 M
cm [30]). Thereafter, the current increases about five-fold and
remains steady over time, as pores form, untilthe Al is exhausted.
is independent of the electrolyte and
The pore spacing
, where is the applied voltage
pH, and is about 2.8 nm
varies somewhat with acid, con[29]. The pore diameter
ratios are 1.74 to 2.15
centration, and temperature: the
for H PO , 3.33 for H CrO , 4.88 for H SO , and 3.01 for
H C O [29].
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Fig. 5. TEM micrograph of -Fe particles freed from the alumite film [18].

“right” spacing, then anodizing at the voltage and pH needed for
pore growth at that spacing [33].
Electropolishing is essential for ordered pore growth [23];
etch pits, local stresses, or locally thinner oxide may initiate
pore growth. A kinetic theory for single pore growth was presented [34], [35], but no satisfactory mechanism for hexagonal
ordering of the pores has been developed. Ordered pores only
occur in Al, and in no other metals to our knowledge. Pores
must “migrate” during long-term anodization [21]. We therefore suggest that pore ordering may be a solid-state phenomenon in the barrier layer between the pore bottom and the Al
metal, rather than any electrodynamical process in the solution
above the pore bottoms. Any mutual “repulsion” between pore
bottoms will produce pore ordering [23].

2

Fig. 4. AFM (10 10 m ) of Al after 87 h of anodization and removing the
oxide, as in Fig. 3 (left). 2-D Fourier transform of AFM (right).

It was originally suggested that the pores initiated at cracks
or other defects in oxide initially produced during anodization
[31]. It appears, however, that any process that thins the oxide
locally can initiate pore formation.
IV. ANODIZATION IN ACIDS: ORDERED PORES
Masuda and Fukuda achieved a trulyhexagonalordered pattern
by first electropolishing (to eliminate the major “mountains” in
the substrate), then anodizing for 24 hours, then stripping off the
oxide (in 0.2 M H CrO and 0.4 M H PO at 60 C), and finally
anodizing again for a relatively short time [19]. We have produced
similar results (Fig. 3) [21]: we can form hexagonal domains with
a domain size of 2 to 4 µm2 [21]. By extending the anodization to
87 h, we have found domains of between 10 and 100 µm2 (Fig. 4),
but the defects at the grain boundaries become deeper [32]. To
obtain macroscopic ordering in alumite, one can nanoindent
an electropolished Al substrate with a Si template prepared by
electron beam lithography to produce small concavities at the

V. ELECTRODEPOSITION OF Fe AND Co
It is easy to electrodeposit, using alternating current (AC), various metals into the pores of Al O [6], [12]–[14], [16], [17]. For
instance, Co can be electrodeposited by using a sulfate electrolyte
(CoSO /H BO ) [15], and 20 V rms at 200 Hz. Homogeneous
nucleation at high current density can be favored by applying a
short initial pulse (40–50 V for 1 s), promoting homogenenous
growth of nanowires. Filling of the nanometric pores can also
be initiated by sonication. Alternating current is needed either
because of the rectifying nature of the Al metal/oxide junction,
or because of diffusion barriers with the deep nanopores. The
lengths of the nanowires can be sampled by transmission electron
microscopy (TEM, after dissolving the Al O matrix away from
the -FeinH SO /H CrO [18],seeFig. 5),byscanningelectron
microscopy (SEM using back-scattered electrons to maximize
atomic number contrast, Fig. 6). If their diameters are known,
can be obtained from magnetization data
their average length
(using the bulk magnetization of -Fe or Co), or by measuring the
mass gain (Mettler Model AT20 microbalance). Both methods
yield a particle length averaged over the sample area. As seen in
Fig. 7, there isa distributionof particle lengthsfor both disordered
pores [18] and for ordered pores.
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Fig. 8. X-ray powder diffractogram of alumite without Co nanowires (left
ordinate) and with Co nanowires (right ordinate).
TABLE I
MAGNETIC VISCOSITY DATA, NOT
CORRECTED FOR DEMAGNETIZING FIELD, FOR LONGER (hLi 770 nm) AND
SHORTER (hLi = 64 nm) Co NANOPARTICLES ELECTRODEPOSITED IN 24.5 nm
DIAMETER HEXAGONALLY ORDERED POROUS Al O : AVERAGE VOLUME
hV i, COERCIVITY H , REMANENT COERCIVITY H , PERCENT REMANENT
MAGNETIZATION DECAY  PER DECADE IN TIME (s), FLUCTUATION
FIELD H AND ACTIVATION VOLUME V

=

Fig. 6. Cross-sectional SEM image of ordered anodic aluminum oxide
partially filled with Co nanowires. Al has been removed with aq. HgCl .

Fig. 7. Distribution of Fe particle lengths (TEM) in disordered alumite (left)
[18] and of Co particle lengths (SEM) in ordered alumite (right).

AC electrodeposition from a 0.1 M CoSO , 0.5 M H BO
solution at 25 V rms and 200 Hz yields nanowires with a hexagonal structure and, for 1 µm nanowires, by X-ray diffraction,
orientation, i.e., the crystallographic -axis is in-plane,
a
perpendicular to the long direction of the nanowire (Fig. 8). The
in-plane orientation is discussed in Section VI.
VI. MAGNETIC MEASUREMENTS OF Fe AND Co NANOWIRES
IN POROUS ALUMINUM OXIDE
In previous work, -Fe nanowires were electroplated into approximately hexagonal 11 nm nanopores (Fig. 2) in alumite; the
average Fe particle lengths were varied from 200 to 400 nm [18].
The magnetic viscosity was found to be independent of particle
length. The measured activation volume was about 1100 nm ,

i.e., slightly above the estimated volume for superparamagnetic
-Fe particles [18].
In the present work, a series of Co nanowires were electroplated into highly ordered alumite porous films. The length was
varied by controlling the electroplating time from 30 to 500
s. Magnetic measurements of hysteresis, time-dependent coer, viscosity , and susceptibility were made. In
civity
every case, the bulk value for Co of the saturation magnetization
emu cm was assumed. The results are summarized in Table I.
Fig. 9(a) shows the out-of-plane and in-plane hysteresis loops
for the longer particles with the average length calculated to be
nm. The large differences in the remanences show
that the easy axis is out-of-plane. The effect of the demagne, whose maximum value is 1200 Oe along the
tizing field
-axis, is clearly evident in the sheared loop [Fig. 9(a)] and provides a convenient way to estimate the maximum particle di, therefore
, which
ameter. Since
we take to be the average value over the length of the wire. An
and
for the hexagonal array as
analytical calculation of
to pore
a function of the ratio of average particle length
(Fig. 10) shows that
corresponds to a
spacing
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(a)
Fig. 10. Average demagnetization coefficients N = N ; N (along the
cylinder axis) for a hexagonal array of cylinders of diameter D = 0:245 times
the distance between cylinders D , as a function of the ratio hLi=D of the
cylinder length hLi to the distance between cylinders D .

guish the relative orientation of the -axis in the plane from wire
to wire, or within a wire.
If all the -axes in all wires were aligned (completely unphysical), and if one assumes for Co an anisotropy constant
erg cm , then the total anisotropy field
would be 1420 Oe, a factor of 3 less than observed. Also, no
in-plane anisotropy is observed. A more realistic model is one
in which the orientation is uniform in a wire, but varies randomly in direction from wire to wire. We have calculated the
initial in-plane susceptibility for this case, and find
(1)
(b)
Fig. 9. In-plane (- - -) and out-of-plane (—) hysteresis loops, of Co
nanoparticles with calculated diameter of 24.5 nm, average lengths hLi 770
nm (A: top) and 64 nm (B: bottom). The out-of-plane loops were corrected
for the maximum demagnetizing field of 1200 Oe; also shown for the 770 nm
particles (A) is the linear extrapolation of the in-plane low-field susceptibility
to a total anisotropy field of 4400 Oe.

=

diameter of 24.5 nm, in reasonable agreement with the AFM estimate of 30 nm (Fig. 3). Taking into account the fractional area
, the approximate average length of
coverage
the wires (Table I) was estimated from the saturation moment
cm of the sample. For a cylinder, since
, then using
yields
. The
erg cm ,
shape anisotropy
resulting in a shape anisotropy field
Oe perpendicular to the wires. Clearly, an anisotropy field of
4400 Oe, obtained by extrapolation of the low-field susceptibility to saturation [Fig. 9(a)], is much less than the value of
7000 Oe predicted from shape alone. The X-ray data reported
above evidenced an in-plane -axis in hexagonal Co, and so the
associated crystalline anisotropy is the obvious choice to explain
the discrepancy. However, the X-ray data alone cannot distin-

and
Oe,
For the values assumed above,
still much different than the observed values of 0.32 and 4400
Oe, respectively.
The most likely explanation is that the wires are polycrystalline, with a few grains, each of which has a random in-plane
-axis. The magnetization, assumed to be uniform within the
wire, will average these uniaxial terms. However, because of
the finite number of grains, the average will not be zero but
, and random in direction. Without addiwill be less than
tional structural data, it is impossible to estimate this effective
. From (1), with equal to the observed value of
anisotropy
erg cm , suggesting relatively
0.32, we find
few grains in each wire.
The hysteresis loops for the shorter particles are less
anisotropic [Fig. 9(b)]. The average length calculated from
nm, assuming that the Co
the magnetic moment is
cross-sectional area, divided by the total surface area, is 24.7%,
the same as for the longer particles. The squarenesses are
relatively high in both directions, suggesting, because of the
“skyline effect,” a mixture of wires with varying lengths, resulting in some with easy axis out-of-plane and some with easy
, when
.
axis in-plane. In fact,
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From Fig. 10, this corresponds to
nm, in good
agreement with the experimentally calculated average value.
, measured in-plane for the
The remanent viscosity
nm, was essentially zero, as exarray with
was
pected from symmetry. Perpendicular to the plane,
0.98%/dec. However, it is well known [35] that the intrinsic
is related to
, and to the total susceptiviscosity
, after correcting for the demagnetization field by
bility,
. However, from Fig. 9(a) it is
not possible to determine how much of the slope is due to the
. Neverthedemagnetizing field and how much is due to
less, from the measured values of the remanent viscosity
and the irreversible susceptibility
the fluctuation field
can be calculated, which should be related
to the slope of the time-dependent remanent coercivity
versus log at the measurement time. For the longer particles,
Oe out-of-plane, and for the shorter particles,
Oe in both directions. The larger fluctuation field
for the smaller particles is correlated with increased thermal
switching.
The activation volume for the Co samples is between
nm and
nm , i.e., well above the superparamagnetic limit for Co. In contrast, a previous study found
nm for -Fe, close to the
an activation volume of
paramagnetic limit for -Fe [18].

VII. CONCLUSION
Co nanowires can be homogeneously distributed in a controlled fashion over many µm2 in hexagonally ordered Al O
nanopores, but have a distribution of lengths. These systems
represent an ideal system for studying time-dependent magnetic
phenomena. Theory and experiment provide a convergent view
nm or 64 nm, dithat the Co nanowires studied here (
ameter 24.5 nm), have a distribution of crystallographic -axis
orientations in the plane of the film, which are randomized in
orientations within the plane, both within a single nanowire and
between adjacent nanowires.
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