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Magnetic properties of Ni nanowires in self-assembled arrays
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Magnetic properties of Ni nanowires electrodeposited into self-assembled porous alumina arrays have been
investigated. By anodizing aluminum in sulfuric acid and immersing the as-anodized template into phosphoric
acid for different lengths of time, we are able to vary the diameters of the subsequently deposited nanowires
between 8 and 25 nm. The coercivity measured along wire axis first increases with the wire diameter, reaches
a maximum of 950 Oe near a diameter of 18 nm, and then decreases with further increase of wire diameter.
The dependence of the magnetization of Ni nanowires is found to follow Bloch’s law at low temperature but
with the Bloch exponent decreasing from the bulk value and the Bloch constant increasing from the bulk value
by an order of magnitude.
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I. INTRODUCTION

There has been increasing interest in the fabrication
nanostructured magnetic materials because of their unu
properties compared to bulk materials. They may also h
applications in magnetic recording media, sensors and o
devices.1–3 Many different techniques have been employ
to produce nanoscaled materials. Among them, electrod
sition of nanodots or nanowires into self-assembled alum
is a simple, low-cost and high throughput technique.4–6

When aluminum is anodized in an acidic electrolyte,
forms porous alumina membranes with excellent uniform
in diameter and spacing of the ordered hexagonal hole7,8

The diameter and spacing can be controlled by the anodi
conditions such as the electrolyte selected, anodizing ti
temperature, and voltage. For example, when anodizing A
sulfuric acid, the diameter of the pores is about 8 nm with
interpore distance of around 35 nm; the diameter increase
about 70 nm with spacing 110 nm when oxalic acid is e
ployed. The diameter can also be increased by anodizing
Al in sulfuric acid and immersing the as-made template
phosphoric acid for different lengths of time. We call th
process ‘‘pore widening.’’ Usually magnetic properties va
with the wire diameter, length and wire separation. In t
paper, we investigate the size effect on the magnetic pro
ties of Ni nanowires deposited in alumites.

II. EXPERIMENTAL METHODS

A 99.997% purity Al sheet was used as a starting ma
rial. It was first electropolished in a mixed solution of 165 m
65% HClO4, 700 ml ethanol, 100 ml 2-butoxyethanol, an
137 ml H2O. Then it was anodized in acidic solutions. Tw
different anodization procedures were used. To obtain hig
ordered pores, a prolonged three-step anodization8 was em-
ployed. ~1! Anodize Al at 40 V dc in 3% oxalic acid for
about 10 min to form textures on Al surface and then rem
the formed oxide layer by immersing anodized Al into
mixed solution of 0.2 M chromic acid and 0.4 M phospho
PRB 620163-1829/2000/62~18!/12282~5!/$15.00
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acid for 15 min. ~2! Anodize under the same anodizatio
condition for longer time, e.g., 12 h and remove the t
oxide layer again in the same way mentioned above.~3!
Perform a third three-minute anodization. Figure 1 shows
atomic force microscopy~AFM! top view of the template
after this three-step anodization. Uniform pores with an
erage pore diameter of about 70 nm and center-to-ce
spacing of about 110 nm were achieved. To obtain sma
diameter and center-to-center spacing of the nanopore
second procedure was employed where sulfuric acid
used as the anodization solution.

In this study, all the samples were first anodized in 15
sulfuric acid under constant voltage of 10 V for 30 min. T
pores of the anodic alumina were widened by immersing
as-made template in 1% phosphoric acid for different leng
of time. Ni was electrodeposited in the as-made or po
widened template using an electrolyte containi
0.1 M NiSO4•6H2O and 45 g/L boric acid. The electrodepo
sition was carried out at 55 °C using an alternating curr
with a voltage of 15 V and frequency of 250 Hz.

Transmission electron microscopy~TEM! and AFM were
used to determine the topography, diameter, spacing,
length of the alumites pores. The TEM plan-view samp
were prepared by standard dimpling and ion-milling pr
cesses. The nanowires were released for TEM study by
merging the specimen in a mixed solution of 0.2 M chrom
acid and 0.4 M phosphoric acid and caught by carbon g
Magnetic measurements were carried out with an alternat
gradient force magnetometer~AGFM!. Low-temperature
magnetization measurements were carried out using a su
conducting quantum interference device~SQUID!.

III. RESULTS AND DISCUSSION

A. Morphology and structure

When anodizing Al in 15% sulfuric acid, the diameter a
spacing were about 8 and 35 nm, respectively, and the p
density exceeds 1011/cm2. These features are much small
than those obtained with oxalic-acid-anodized samples. A
12 282 ©2000 The American Physical Society
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anodization, the as-anodized sample was immersed into
phosphoric acid for different lengths of time to widen t
pores without changing the center-to-center spacing. Fig
2~a! shows a plan-view TEM micrograph of the sample po
widened for 17 min. The average center to center dista
between adjacent pores is about 35 nm. The darker con
at the upper-left corner is due to the thickness of the sp

FIG. 1. AFM top view of a nanopore array in anodic alumi
prepared by three-step anodization. Anodization was conducte
3% oxalic acid at 40 V.

FIG. 2. ~a! TEM plan-view of the sample anodized in 15%
sulfuric acid for 30 min and followed by pore widening in 1%
phosphoric acid for 17 min.~b! TEM micrograph of Ni nanowires
freed from the alumites.
%

re
-
ce
ast
i-

men. Figure 2~b! shows the TEM image of Ni nanowire
liberated from anodic films, revealing that the nanowires
cylindrical with lengths around 1mm. Each wire is polycrys-
talline as revealed by high-resolution imaging and elect
diffraction. Though the freed wires may be oxidized, we e
timate the oxidized layer to be less than 1–2 monoato
layers, which is 0.2–0.4 nm. Considering that the smal
diameter of these nanowires is about 10 nm, the error will
less than 4%. So we can determine the diameters by T
The average diameter of the wires is plotted as a function
pore-widening time in Fig. 3. The diameter increases linea
with pore widening time for a short duration up to about
min and then the increase nearly saturates. This is bec
the maximum diameter is limited by the separation betwe
two wires. Detailed TEM investigation will be reported in
forthcoming paper.

X-ray diffraction ~XRD! analysis cannot directly be use
to determine the structure of the embedded Ni nanowire
alumina since some of the diffraction peaks of Ni are ve
close to those of Al and the intensities of the Al peaks fro
the substrate are much greater than those of Ni. Specim
were immersed in 3% mercuric chloride solution and
lowed to stand for half an hour at room temperature to s
the oxide. The stripped oxide films were then washed, dr
and measured by XRD. Figure 4 shows the typical XR
pattern of the Ni nanowires deposited in an as-made temp
(d;8 nm) and those with pore widened for 17 and 30 m
(d;18,21 nm). The crystal structure of the Ni wires is fc
From the figure, one can see that the half-width of the d
fraction peak decreases with the pore widening time, s
gesting an increase of grain size with pore widening. T
grain sizes estimated from Scherrer’s formula, which cor
spond to a coherence length along the wire axis, are 13, 1
and 24.8 nm for Ni nanowires with diameter of 8, 18, and
nm, respectively. It is interesting that this coherence len
scales approximately with the wire diameter.

B. Magnetic reversal

Thermal stability and time-dependent coercivity are i
portant issues in magnetic nanostructures and their app

in

FIG. 3. The mean diameter of nanowiresd as a function of pore
widening time.
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12 284 PRB 62M. ZHENG et al.
tions. Both effects are related to thermally activated mag
tization processes. Magnetic viscosityS, activation volume
V* , andDM plots measurements are often used to determ
thermal stability and magnetic interactions in nanosca
particles and grains.9

Figure 5 gives the coercivity as a function of pore wide
ing time, i.e., wire diameters. The coercivity is measur
with the magnetic field applied along the wire axis. The c
responding hysteresis loops for Ni nanowires with diame
of 8, 18, and 21 nm are shown as insets. The Ni nanow
have easy axes along the wire axis, i.e., perpendicular to
film plane due to the shape anisotropy. For Ni nanowi
deposited into an as-made template, the coercivity is ab
480 Oe. The coercivity increases with pore-widening tim
and reaches the highest value, 950 Oe, for Ni deposited
a template which had been pore-widened for 17 min~wire
diameter about 18 nm and spacing of 35 nm!. The coercivity
then decreases with further increase of pore diameter.
remanence ratiosMr /Ms for these three samples are 0.7
0.84, and 0.33, respectively.

The coercivity dependence of Ni nanowire diameters
been studied by other groups.10,11 Ni nanowires with diam-
eter between 30 to 200 nm were electrodeposited into
dom arrays of track-etched polycarbonate membranes. W
ney et al.10 found that the coercivities of Ni nanowire
increase with decreasing wire diameter. They attributed
the multidomains formed for the larger-diameter wires wh
degrades the coercivity. The authors suggested that coe
ity can be further enhanced by improving the process
fabricating wires with diameter less than 50 nm, which h
been proved by our results. Ferre´ et al.11 also found a similar
coercivity dependence on wire diameters. They observed
thoughHc takes on values that are not far from those p
dicted by the curling or buckling nucleation mechanism
the infinite cylinder, the dependence ofHc on wire diameter
does not agree with any of the nucleation mechanisms
posed. Although the characteristic coercivity of nanowires
mainly determined by their diameters, it has been found
coercivity also depends on the packing density of the alum

FIG. 4. XRD pattern of Ni nanowires in as-made and po
widened for 17 and 30 min templates. The corresponding diam
of nanowires for the three samples is 8, 18, 21 nm separately.
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template.6,12 Coercivity of nanowires decreases slightly wi
increasing packing density, and this can be explained
terms of interwire magnetostatic interactions.6,12

Previous studies on magnetization reversal of nanow
treated the wires as single-domain infinite cylindrical p
ticles. Two reversal modes have been suggested as b
important, curling and the coherent rotation mode.12 There
exists a critical radiusRc : If R,Rc , reversal occurs by
coherent-rotation, and ifR.Rc , the reversal occurs by curl
ing ~see, e.g., Refs. 9, 13, and references therein!. The criti-
cal radiusRc is given by

Rc5S kA

m0Ms
2D 1/2

, ~1!

wherek is a constant depending on the length/diameter ra
of the particles, ranging from 1.08 for an infinite cylinder
1.38 for a sphere.A is the exchange constant, 0
31026 erg/cm for Ni. Using the saturation magnetizatio
value of bulk Ni, the calculatedRc is about 13 nm. For an
ideal system, the variation of coercivity is relatively flat fo
diameters smaller than the critical diameter and it decrea
for diameter larger than the critical diameter. In reality, b
cause of defects and thermally activated processes, the v
tion of the coercivity usually shows an increase before
creasing rapidly when the particle radius crosses the crit
radius.13

Although the dependence of the coercivity on wire dia
eter can be qualitatively explained by the above reve
mechanism, Eq.~1! estimates the critical radius to be 13 nm
while our data suggest thatRc'9 nm. In particular, the
maximum coercivity in Fig. 5 is about three times smal
than the predicted value from coherent rotation. Recent
oretical work14 and experimental results15 showed that, when
the crystalline anisotropy is small and the dipolar contrib
tion dominates, the switching filed could be less than
switching filed for coherent rotation, by a factor of 3. R
cently Skomskiet al. suggested that the onset of magnetiz

-
er

FIG. 5. Dependence of the coercivity vs the pore-widening tim
i.e., nanowire diameter. The corresponding hysteresis loops fo
nanowires with diameter of 8, 18, and 21 nm are shown as ins
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tion reversal is localized, as opposed to the assumed delo
ized coherent rotation and curling modes.16 The localization
caused by morphological inhomogenities is largely resp
sible for the observed hysteretic behavior. Polycrystalline
nanowires can be treated as random-anisotropy ferromag
where the random-anisotropy forces associated with the l
uniaxial anisotropy compete with the interatomic exchan
and external fields, which favor magnetization alignment.
a result, the magnetization processes become locali
Quantitative theoretical calculations, which involve scali
law and crossover, are under way and will be published e
where.

DM plots,17 derived from dc demagnetization remanen
and isothermal remanence curves, show negative peak
all the samples investigated. This reveals that a predomi
interaction for our samples is magnetostatic. Figure 6 gi
three representativeDM plots for Ni nanowires with diam-
eter of 8, 18, and 21 nm, respectively.

C. Temperature dependence

Figure 7~a! shows the low-temperature magnetization b
havior for Ni nanowires with diameter of about 8 nm a
length of about 1.4mm. The magnetization was measur
with a SQUID at 5000 Oe to ensure that the magnetiza
was saturated. An alumite template prepared under the s
anodization conditions has been measured to subtract
background signal, which was about two orders of mag
tude smaller than that due to the Ni nanowires. The mag
tization for bulk Ni is shown for comparison.

Aside from anisotropy effects, the spontaneous magn
zation of bulk magnetic materials at low temperature is
termined by spin-wave and follows the Bloch law18

M ~T!5M ~0!~12BTl!, ~2!

where B is the Bloch constant andl5 3
2 , is the three-

dimensional Bloch exponent.
Previous investigations of low-temperature behavior

nanoparticles showed mixed results. Mills and Maradu
considered the surface and calculated the spin-wave co

FIG. 6. Three representativeDM plots for Ni nanowires with
diameter of 8, 18, and 21 nm.
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bution of the ‘‘nonbulk’’ system and found the Bloch expo
nent remainedl5 3

2 as in the bulk, but the Bloch constant o
the surface was predicted to be twice that of the bulk,Bsurf
52Bbulk .19 Xiao and Chien obtainedl5 3

2 with Bsurf
510Bbulk for 2 nm Fe nanoparticles embedded in SiO2 at
50% volume fraction.20 Recently, Zhanget al.21 found that
Fe nanoscaled particles obey the form of Bloch’s law
written above. However, with size decreasing from 18 to
nm, the Bloch exponent falls from the bulk value to smal
values at diameter of about 6 nm and the Bloch constant r
from the bulk value by an order of magnitude.

Using Eq.~2!, we fitted our results for Ni nanowires. Th
fitted results are shown in Fig. 7~b!. We obtainedl51.21
60.04 andB5631025 which is about an order bigger tha
the bulk value. Our results are quite consistent with Ref.
One possible explanation21 is that the reduced coordinatio
at the surface causes the spins at the surface to be m
susceptible to thermal excitation which leads to larger te
perature dependence of the magnetization. Note, howe
that the three-dimensional integration yielding Bloch’s la
breaks down for very small wave vectors. This regim
where all spin waves are parallel to the wire axes yie
deviations from Bloch’s law at extreme low temperatur
~Fig. 7!.

In summary, the coercivity of Ni nanowires was found
depend on wire diameter, increasing from 480 Oe at dia
eter of 8 nm to 950 Oe near 18 nm and then decreasing

FIG. 7. ~a! The low-temperature magnetization dependence
Ni nanowires, where the behavior of bulk Ni is shown as compa
son. The measurement was conducted by SQUID at a field of 5
Oe. ~b! The experimental curve and fitting result usin
M (T)/M (20k)512BTl of Ni nanowires, the fittedB and l are
B563105 andl51.2160.04, respectively.
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further increasing wire diameter. At low temperature, ma
netization of Ni nanowires can be described by Bloch’s l
with a higher stiffness constant and a lower exponent t
that of the bulk Ni. We ascribe these phenomena to the
duced dimensionality and the surface effects in the
nanowires.
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