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Magnetic properties of Ni nanowires in self-assembled arrays

M. Zheng!* L. Menon?*H. Zeng*Y. Liu,®>* S. Bandyopadhya$? R. D. Kirby,'* and D. J. Sellmyér*
IDepartment of Physics & Astronomy, University of Nebraska, Lincoln, Nebraska 68588
2Department of Electrical Engineering, University of Nebraska, Lincoln, Nebraska 68588
3Department of Mechanical Engineering, University of Nebraska, Lincoln, Nebraska 68588
4Center for Materials Research and Analysis, University of Nebraska, Lincoln, Nebraska 68588
(Received 6 April 200D

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.

I. INTRODUCTION acid for 15 min.(2) Anodize under the same anodization
condition for longer time, e.g., 12 h and remove the top
There has been increasing interest in the fabrication obxide layer again in the same way mentioned abdq@g.
nanostructured magnetic materials because of their unusuBerform a third three-minute anodization. Figure 1 shows an
properties compared to bulk materials. They may also havatomic force microscopyAFM) top view of the template
applications in magnetic recording media, sensors and othefter this three-step anodization. Uniform pores with an av-
devices'~® Many different techniques have been employederage pore diameter of about 70 nm and center-to-center
to produce nanoscaled materials. Among them, electrodepspacing of about 110 nm were achieved. To obtain smaller
sition of nanodots or nanowires into self-assembled alumitegiameter and center-to-center spacing of the nanopores, a
is a simple, low-cost and high throughput technidtfe. second procedure was employed where sulfuric acid was
When aluminum is anodized in an acidic electrolyte, itused as the anodization solution.
forms porous alumina membranes with excellent uniformity In this study, all the samples were first anodized in 15%
in diameter and spacing of the ordered hexagonal Héles. sulfuric acid under constant voltage of 10 V for 30 min. The
The diameter and spacing can be controlled by the anodizingores of the anodic alumina were widened by immersing the
conditions such as the electrolyte selected, anodizing timegs-made template in 1% phosphoric acid for different lengths
temperature, and voltage. For example, when anodizing Al imf time. Ni was electrodeposited in the as-made or pore-
sulfuric acid, the diameter of the pores is about 8 nm with arwidened template using an electrolyte containing
interpore distance of around 35 nm; the diameter increases th1 M NiSQ,- 6H,0 and 45 g/L boric acid. The electrodepo-
about 70 nm with spacing 110 nm when oxalic acid is em-sition was carried out at 55 °C using an alternating current
ployed. The diameter can also be increased by anodizing theith a voltage of 15 V and frequency of 250 Hz.
Al in sulfuric acid and immersing the as-made template in Transmission electron microscopyEM) and AFM were
phosphoric acid for different lengths of time. We call this used to determine the topography, diameter, spacing, and
process “pore widening.” Usually magnetic properties varylength of the alumites pores. The TEM plan-view samples
with the wire diameter, length and wire separation. In thiswere prepared by standard dimpling and ion-milling pro-
paper, we investigate the size effect on the magnetic propecesses. The nanowires were released for TEM study by sub-
ties of Ni nanowires deposited in alumites. merging the specimen in a mixed solution of 0.2 M chromic
acid and 0.4 M phosphoric acid and caught by carbon grid.
Magnetic measurements were carried out with an alternating-
gradient force magnetometelAGFM). Low-temperature

A 99.997% purity Al sheet was used as a starting matemagnetization measurements were carried out using a super-
rial. It was first electropolished in a mixed solution of 165 ml conducting quantum interference devi&QUID).
65% HCIQ,, 700 ml ethanol, 100 ml 2-butoxyethanol, and
137 mIH,0. Then it was anodized in acidic solutions. Two [ll. RESULTS AND DISCUSSION
different anodization procedures were used. To obtain highly
ordered pores, a prolonged three-step anodiZatias em-
ployed. (1) Anodize Al at 40 V dc in 3% oxalic acid for When anodizing Al in 15% sulfuric acid, the diameter and
about 10 min to form textures on Al surface and then removespacing were about 8 and 35 nm, respectively, and the pore
the formed oxide layer by immersing anodized Al into adensity exceeds 1®cn?. These features are much smaller
mixed solution of 0.2 M chromic acid and 0.4 M phosphoric than those obtained with oxalic-acid-anodized samples. After

II. EXPERIMENTAL METHODS

A. Morphology and structure
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FIG. 3. The mean diameter of nanowiras a function of pore
widening time.

men. Figure th) shows the TEM image of Ni nanowires

FIG. 1. AFM top view of a nanopore array in anodic alumina liberated from anodic films, revealing that the nanowires are
prepared by three-step anodization. Anodization was conducted igylindrical with lengths around Zm. Each wire is polycrys-

3% oxalic acid at 40 V.

talline as revealed by high-resolution imaging and electron
diffraction. Though the freed wires may be oxidized, we es-

anodization, the as-anodized sample was immersed into 1¥%mate the oxidized layer to be less than 1-2 monoatomic
phosphoric acid for different lengths of time to widen the Jayers, which is 0.2—0.4 nm. Considering that the smallest
pores without changing the center-to-center spacing. Figurgiameter of these nanowires is about 10 nm, the error will be
2(a) shows a plan-view TEM micrograph of the sample pore-less than 4%. So we can determine the diameters by TEM.
widened for 17 min. The average center to center distanc&he average diameter of the wires is plotted as a function of
between adjacent pores is about 35 nm. The darker contragbre-widening time in Fig. 3. The diameter increases linearly
at the upper-left corner is due to the thickness of the speciith pore widening time for a short duration up to about 20

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 minb) TEM micrograph of Ni nanowires

freed from the alumites.

200nm

min and then the increase nearly saturates. This is because
the maximum diameter is limited by the separation between
two wires. Detailed TEM investigation will be reported in a
forthcoming paper.

X-ray diffraction (XRD) analysis cannot directly be used
to determine the structure of the embedded Ni nanowires in
alumina since some of the diffraction peaks of Ni are very
close to those of Al and the intensities of the Al peaks from
the substrate are much greater than those of Ni. Specimens
were immersed in 3% mercuric chloride solution and al-
lowed to stand for half an hour at room temperature to strip
the oxide. The stripped oxide films were then washed, dried
and measured by XRD. Figure 4 shows the typical XRD
pattern of the Ni nhanowires deposited in an as-made template
(d~8 nm) and those with pore widened for 17 and 30 min
(d~18,21 nm). The crystal structure of the Ni wires is fcc.
From the figure, one can see that the half-width of the dif-
fraction peak decreases with the pore widening time, sug-
gesting an increase of grain size with pore widening. The
grain sizes estimated from Scherrer’s formula, which corre-
spond to a coherence length along the wire axis, are 13, 18.6,
and 24.8 nm for Ni nanowires with diameter of 8, 18, and 21
nm, respectively. It is interesting that this coherence length
scales approximately with the wire diameter.

B. Magnetic reversal

Thermal stability and time-dependent coercivity are im-
portant issues in magnetic nanostructures and their applica-
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FIG. 4. XRD pattern of Ni nanowires in as-made and pore- Pore Widenning Time (min.)

widened for 17 and 30 min templates. The corresponding diameter

of nanowires for the three samples is 8, 18, 21 nm separately. FIG. 5. Dependence of the coercivity vs the pore-widening time,

i.e., nanowire diameter. The corresponding hysteresis loops for Ni
nanowires with diameter of 8, 18, and 21 nm are shown as inset.
tions. Both effects are related to thermally activated magne-
tization processes. Magnetic viscosBy activation volume template®1? Coercivity of nanowires decreases slightly with
V*, andAM plots measurements are often used to determinéncreasing packing density, and this can be explained in
thermal stability and magnetic interactions in nanoscalederms of interwire magnetostatic interactidhg.
particles and grain3. Previous studies on magnetization reversal of nanowires
Figure 5 gives the coercivity as a function of pore widen-treated the wires as single-domain infinite cylindrical par-
ing time, i.e., wire diameters. The coercivity is measuredticles. Two reversal modes have been suggested as being
with the magnetic field applied along the wire axis. The cor-important, curling and the coherent rotation md#i@here
responding hysteresis loops for Ni nanowires with diametergxists a critical radiusR.: If R<R., reversal occurs by
of 8, 18, and 21 nm are shown as insets. The Ni nanowiresoherent-rotation, and R>R., the reversal occurs by curl-
have easy axes along the wire axis, i.e., perpendicular to thieg (see, e.g., Refs. 9, 13, and references thgrdine criti-
film plane due to the shape anisotropy. For Ni nanowiresal radiusR, is given by
deposited into an as-made template, the coercivity is about
480 Oe. The coercivity increases with pore-widening time kA 1?2
and reaches the highest value, 950 Oe, for Ni deposited into c™ m '
a template which had been pore-widened for 17 imvre
diameter about 18 nm and spacing of 35)nithe coercivity — wherek is a constant depending on the length/diameter ratio
then decreases with further increase of pore diameter. Thef the particles, ranging from 1.08 for an infinite cylinder to
remanence ratiodM, /Mg for these three samples are 0.77,1.38 for a sphere.A is the exchange constant, 0.3
0.84, and 0.33, respectively. % 10 8erg/cm for Ni. Using the saturation magnetization
The coercivity dependence of Ni nanowire diameters havalue of bulk Ni, the calculate®, is about 13 nm. For an
been studied by other group** Ni nanowires with diam- ideal system, the variation of coercivity is relatively flat for
eter between 30 to 200 nm were electrodeposited into rardiameters smaller than the critical diameter and it decreases
dom arrays of track-etched polycarbonate membranes. Whiter diameter larger than the critical diameter. In reality, be-
ney et al!® found that the coercivities of Ni nanowires cause of defects and thermally activated processes, the varia-
increase with decreasing wire diameter. They attributed taion of the coercivity usually shows an increase before de-
the multidomains formed for the larger-diameter wires whichcreasing rapidly when the patrticle radius crosses the critical
degrades the coercivity. The authors suggested that coercivadius®®
ity can be further enhanced by improving the process for Although the dependence of the coercivity on wire diam-
fabricating wires with diameter less than 50 nm, which haseter can be qualitatively explained by the above reversal
been proved by our results. Fegeal M also found a similar  mechanism, Eq(1) estimates the critical radius to be 13 nm,
coercivity dependence on wire diameters. They observed thathile our data suggest th&.~9 nm. In particular, the
thoughH_ takes on values that are not far from those pre-maximum coercivity in Fig. 5 is about three times smaller
dicted by the curling or buckling nucleation mechanism inthan the predicted value from coherent rotation. Recent the-
the infinite cylinder, the dependenceldf on wire diameter  oretical work* and experimental resulfsshowed that, when
does not agree with any of the nucleation mechanisms prahe crystalline anisotropy is small and the dipolar contribu-
posed. Although the characteristic coercivity of nanowires igion dominates, the switching filed could be less than the
mainly determined by their diameters, it has been found thaswitching filed for coherent rotation, by a factor of 3. Re-
coercivity also depends on the packing density of the alumiteently Skomskiet al. suggested that the onset of magnetiza-
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FIG. 6. Three representativ&M plots for Ni nanowires with "‘-..‘
diameter of 8, 18, and 21 nm. 0.99 | "'.-...._
I-.,-..‘
0.98 | .
tion reversal is localized, as opposed to the assumed delocal- ‘*1.,-
ized coherent rotation and curling mod&sThe localization 0.97 - B experimental N
caused by morphological inhomogenities is largely respon- oos L T fit by M= 1-BT
sible for the observed hysteretic behavior. Polycrystalline Ni | . . . | ) . . .
nanowires can be treated as random-anisotropy ferromagnets 20 40 60 80 100 120 140 160
where the random-anisotropy forces associated with the local
Temperature (K)

uniaxial anisotropy compete with the interatomic exchange
and external fields, which favor magnetization alignment. As £ 7. (a) The low-temperature magnetization dependence of
a result, the magnetization processes become localizefj nanowires, where the behavior of bulk Ni is shown as compari-
Quantitative theoretical Ca|Cu|ati0nS, which involve Scalingson_ The measurement was conducted by SQU|D at a field of 5000
law and crossover, are under way and will be published elsede. (b) The experimental curve and fitting result using
where. M(T)/M(20k)=1—BT" of Ni nanowires, the fitted®® and \ are

AM plots}’ derived from dc demagnetization remanenceB=6x 10° and\ = 1.21+0.04, respectively.
and isothermal remanence curves, show negative peaks for
all the samples investigated. This reveals that a predominant
interaction for our samples is magnetostatic. Figure 6 givesution of the “nonbulk” system and found the Bloch expo-
three representativdAM plots for Ni nanowires with diam- nent remained = 2 as in the bulk, but the Bloch constant of
eter of 8, 18, and 21 nm, respectively. the surface was predicted to be twice that of the bBl,;
=2Bpuk.*° Xiao and Chien obtained\=32 with By
=10By,k for 2 nm Fe nanoparticles embedded in Si&
50% volume fractiorf’ Recently, Zhanget al? found that

Figure Ta) shows the low-temperature magnetization be_Fe nanoscaled particles obey the form of Bloch's law as
9 . , X np 9 written above. However, with size decreasing from 18 to 3
havior for Ni nanowires with diameter of about 8 nm and

length of about 1.4um. The magnetization was measured nm, the Bloch exponent falls from the bulk value to smaller
. : ' - -~ values at diameter of about 6 nm and the Bloch constant rises
with a SQUID at 5000 Oe to ensure that the magnetizatio

turated. An alumite t lat d under th rom the bulk value by an order of magnitude.
was salurated. An alumite template prepared under the same Using Eq.(2), we fitted our results for Ni nanowires. The

anodization conditions has been measured to subtract tr}ﬁted results are shown in Fig(t). We obtained =1.21

background signal, which was about two orders of magni-, 0.04 andB=6x10"° which is. ab.out an order bigger. than

:iuzi?i;rzn]?ol :et;L}IrI](aRIitihsatsﬁgv?/rﬁotrio'\rlrz n;?:c\)/¥1|res. The MagNGhe pulk value. Our results are quite consistent with Ref. 20.
b ) One possible explanatiéhis that the reduced coordination

Aside from anisotropy effects, the spontaneous magnetlét the surface causes the spins at the surface to be more

zation of bulk magnetic materials at low temperature is de'susceptible to thermal excitation which leads to larger tem-
termined by spin-wave and follows the Bloch 4w

perature dependence of the magnetization. Note, however,
that the three-dimensional integration yielding Bloch’s law
breaks down for very small wave vectors. This regime,
where all spin waves are parallel to the wire axes yields
where B is the Bloch constant and =32, is the three- deviations from Bloch’s law at extreme low temperatures
dimensional Bloch exponent. (Fig. 7).

Previous investigations of low-temperature behavior of In summary, the coercivity of Ni nanowires was found to
nanoparticles showed mixed results. Mills and Maradudirdepend on wire diameter, increasing from 480 Oe at diam-
considered the surface and calculated the spin-wave contréter of 8 nm to 950 Oe near 18 nm and then decreasing with

C. Temperature dependence

M(T)=M(0)(1-BT"), )
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further increasing wire diameter. At low temperature, mag- ACKNOWLEDGMENTS
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