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We report an efficient process for controlled fabrication of high-resolution magnetic force
microscope probes using preformed magnetic nanowires. Nickel and cobalt nanowires produced by
electrodeposition were directly assembled onto the tip of a commercial atomic force microscope
cantilever with controlled orientation and length by dielectrophoresis. The properties of these
nanowire-based probes are characterized. © 2005 American Institute of Physics.
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Magnetic force microscopy (MFM) is a nondestructive
experimental technique for investigation of surface magnetic
structure of systems such as magnetic storage media." The
resolution and sensitivity of MFM depend largely on the ge-
ometry and magnetic properties of the probe. A conventional
MEM probe is fabricated by coating the tip of an atomic
force microscope (AFM) cantilever with a layer of hard fer-
romagnetic materials such as a cobalt based alloy. This
method increases the tip radius and limits the spatial resolu-
tion of the MEM to the order of 100 nm."' To fabricate MFM
probes with reduced radii, several techniques have been in-
vestigated which require the use of either electron beam
deposition and/or focused ion beam milling. Attachment/
growth of carbon nanotubes (CNTSs) with nanometer-size di-
ameters and large aspect ratios on the apex of a Si cantilever
has been shown significantly increase the spatial resolution
and the probing depth of an AFM.>® CNT AFM probes are
also found to have better wear resistance compared to the Si
probes.4 Recently the feasibility of using modified CNTs for
high resolution MFM imaging has been reported by several
groups.5

Three different methods have been developed to fabri-
cate the CNT based MFM probes. Arie ef al. mounted a
single multiwall carbon nanotube (MWNT) capped with a
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magnetic catalyst particle onto the apex of a commercial Si
cantilever inside the chamber of a scanning electron micro-
scope (SEM) and reported the first MFM image obtained
from a CNT based probe.5 Cui et al. demonstrated direct
chemical vapor deposition (CVD) growth of a carbon nanofi-
ber on a tipless Si cantilever. In this tip-growth CVD
process,6 the encapsulated magnetic particle remains at the
top of the nanofiber and provides the magnetic force.® In two
recent publications, Kuramochi et al.” and Deng et al® pro-
duced MFM probes by sputtering a layer of magnetic film
onto the outer surface of a CNT either mounted’ or catalyti-
cally grown8 on a Si cantilever. The diameter of the resulting
magnetic tip is about 40 nm.” Lateral resolution up to 10-20
nm was demonstrated. Although the imaging results are very
promising, the processes of manufacturing these nanoscale
CNT magnetic probes still have rooms for improvement.
Mechanically mounting a CNT on a Si cantilever inside a
SEM,>’ although affords good precision, is difficult to scale
up. Direct catalytic growth of CNTs can in principle lead to
wafer-scale production, consistency in the tube length and
orientation from probe to probe has yet to be demonstrated.
Coating magnetic films on the CNT tubes adds additional
complexity in the fabrication process.

Magnetic nanowires can now be synthesized by tech-
niques such as electrodeposition with reasonable purity and
control of the dimension. Some of these intrinsically mag-
netic nanowires have diameters and lengths comparable to
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FIG. 1. TEM image of the Ni nanowires used in this study. The nanowires
were synthesized by electrodeposition using anodized alumina template. The
average diameter is about 40 nm. One side the nanowire has a sawtooth
structure.

those of the MWNTs which make them attractive candidates
for high resolution MFM imaging. In this letter we investi-
gate the feasibility of fabricating MFM probes by direct as-
sembly of preformed magnetic nanowires onto commercial
AFM probes. This is accomplished by a dielectrophoresis
process that we recently demonstrated to be effective for
controlled assembly of CNTs into point probes such as AFM
tips and point emitters.”"" The structure, morphology and
imaging capability of these nanowire based magnetic probes
are investigated.

Nickel nanowires were fabricated by electrodeposition
using anodic alumina template with 15-50 nm diameter
holes.'*" Electrodeposition was carried out at room tem-
perature using 50 Hz ac current and 15-28 V applied voltage.
A water solution containing nickel sulfate and boric acid was
used as the electrolyte. After deposition, the nanowires were
harvested by dissolving the alumina template in phosphoric
acid at room temperature. A representative transmission elec-
tron microscope (TEM) image of the Ni nanowires that are
nominally 500 nm in length is shown in Fig. 1. The nano-
wires have a sawtooth morphology on one side. The length
varies from 300 to 800 nm whereas the diameter is 20—40
nm. Cobalt nanowires of similar dimensions were also syn-
thesized using the same process. The as-synthesized nano-
wires were then dispersed in deionized water without using
any surfactants, centrifuged, and homogenized in an ultra-
sonic bath before use.

The dielectrophoresis setup is similar to that we reported
previously for assembly of CNTs and is not repeated here.”!?
A commercial gold coated Si AFM probe (NSCI18/Cr-Au
from MikroMasch) was used as the working electrode. An ac
field of 2 MHz was applied between the Si cantilever and a
counter electrode, which was immersed into the nanowire
suspension. Under the guidance of an optical microscope, the
Si cantilever was translated to contact the suspension surface
and was then gradually withdrawn under the AC field. The
nanowires were found to assemble into a sharp tip with one
end anchored on the apex of the Si pyramid via the positive
dielectroi)horesis process which is expected from metallic
objects.1 The length of the magnetic tip was controlled by
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FIG. 2. (a) SEM images of a Ni nanowire bundle attached to a commercial
AFM probe by the dielectrophoresis process, (b) high resolution SEM im-
ages of the same tip. The nanowire bundle is about 2 um in length and with
a single nanowire protrusion at the end.

the distance by which the Si cantilever was translated under
the ac field.

SEM images of a probe made using Ni nanowires are
shown in Fig. 2. The Ni tip assembled is straight and aligned
along the cone axis of the Si cantilever, which is also the
direction of the ac electrical field applied during deposition.
This particular tip is ~2 wm in length and ~40 nm in diam-
eter at the very tip. It comprises multiple Ni nanowires form-
ing a bundle. One Ni nanowire protruded out from the very
end of the bundle giving the small tip diameter. The smallest
tip diameter obtained is ~40 nm which is the same as the
diameter of the individual nanowire used for this study. This
is comparable to the reported diameters of the MFM probes
made from either magnetic particle capped MWNT (35 nm)’
or CNTs wrapped with a layer of magnetic film (40 nm).”
Probes made from the Co nanowires have the same structure
and morphology as those by the Ni nanowires. Both are simi-
lar to those of the CNT AFM probes made by the dielectro-
phoresis process.ll

Over 30 nanowire MFM probes were fabricated by this
process and were investigated. The length and the diameter
of the tips formed depend on the deposition conditions in-
cluding the concentration and dispersion of the Ni/Co sus-
pension, the ac field strength and the rate by which the Si
cantilever was withdrawn from the suspension surface. Fig-
ure 3 shows three Ni MFM probes with different length fab-
ricated by this process. In some of the Ni/Co tips, the indi-
vidual Ni/Co nanowires were not closely packed and the
overall structure is not straight. One example is shown in
Fig. 3(a). These probes were subsequently annealed under
107® Torr vacuum. It was found that the Ni and Co nano-
wires recrystallized into large particles when annealed at
temperatures above 800 °C, a temperature substantially
lower than their respective bulk-phase melting temperatures.
This is attributed to the reduction of the melting temperature

FIG. 3. SEM images of three Ni nanowire MFM probes fabricated by this
process with different length and morphology.
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FIG. 4. Topographic and magnetic images of a standard sample measured
using a commercial MFEM tip (a) and (c) and Ni nanowire based probe (b
and d), respectively.

at the nanometer scale. Annealing at 750 °C for ~1 h im-
proved the adhesion between the individual nanowires form-
ing the tip, although conglomeration of the metal coating on
the Si cantilever was observed after annealing.

Topographic and magnetic images of a standard mag-
netic recording tape (from Veeco Instrument) were recorded
using a laboratory AFM (Digital Instruments NanoScope
IITa). The nanowire probe was magnetized using a permanent
magnet prior to imaging. Figure 4 shows two sets of topo-
graphic and MFM images obtained from a commercial MFM
probe coated with 60 nm Co and 20 nm Cr (NSC18/Co-Cr
from MikroMasch) and a Ni probe with ~40 nm tip diam-
eter [shown in Fig. 3(c)] over a 4 um X4 um area, respec-
tively. The nanowire MFM probe gives a better spatial reso-
lution in topographic imaging than the commercial MFM
probe when imaged under the same conditions. Small surface
features that were not seen in Fig. 4(a) were clearly resolved
in Fig. 4(b). MFM imaging was performed in the frequency
mode. As shown in Fig. 4(d), the Ni nanowire tip revealed
subtle structures within the magnetic strips of the recording
tape that was not resolved by the commercial MFM probe
[shown in Fig. 4(c)]. The contrast, however, is lower with the
Ni nanowire probe. The robustness of the nanowire probe
was tested by performing 10 scans of the same sample over
4X4 pm area. SEM image taken after the measurement
shows that tip remained the same.

Figure 5 shows the height profiles of a calibration
sample (from Nanoscience) measured using (a) a regular Si
AFM probe (BS-multi75 from Budget Sensor), (b) a mag-
netic nanowire probe [shown in Fig. 3(a)]; and (c) a CNT
AFM probe fabricated by dielectrophoresis. As shown in the
figures, the three probes give side angles of 68, 78 and 84
degrees, respectively.

The results presented here demonstrate that high-
resolution MFM probes can be readily fabricated by direct
assembly of magnetic nanowires via dielectrophoresis. A tip
diameter of 40 nm was obtained in this study which can be
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FIG. 5. Height profiles of a calibration sample (2 wm pitch lines, 200 nm
deep) measured using (a) regular Si AFM probe (BS-multi75 from budget
sensor); (b) a Ni nanowire probe; and (c) a CNT AFM probe fabricated by
dielectrophoresis. The sidewall angles measured are 68°, 78°, and 84°,
respectively.

further reduced by using smaller diameter magnetic nano-
wires. Attachment of magnetic nanowires to regular AFM
cantilevers not only provides the capability of magnetic im-
aging but also extends its probing depth in the topographic
mode. The dielectrophoresis process affords reasonable con-
trol of the orientation of the magnetic tip.
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