ADVANCED

the length of a single chain, i.e., approximately one micro-
meter or less. Relevant to this is our finding that trapping of
holes on the polymer chains themselves does not appear to
occur.

Experimental

Oxygen saturated, dilute benzene solutions (corresponding to ca. 1 mM
monomer units) of the polymers shown in Figure 1 were contained in a micro-
wave cell of internal dimensions 3.5 x 7.1 x 24 mm®. The solutions were irra-
diated with 5 or 10 ns pulses of 3 MeV electrons from a Van de Graaff accelera-
tor with a total absorbed dose per pulse, D, of approximately 1 x 10* J/m® which
was accurately measured for each experiment. This resulted initially in the for-
mation of a uniform concentration of ca. 0.1 uM of excess electrons and ben-
zene radical cations. The resulting change in the conductivity of the solution
was measured as the change in the power of microwaves (26-38 GHz) reflected
by the cell. Using only a single pulse the radiation-induced conductivity could
be monitored from 10 ns to 1 ms using a pseudo-logarithmic time-base. The ex-
perimental methodology and data reduction procedures have been described in
detail previously [4,5].
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Arrays of Magnetic Nanoparticles Patterned
via “Dip-Pen” Nanolithography**

By Xiaogang Liu, Lei Fu, Seunghun Hong,
Vinayak P. Dravid,* and Chad A. Mirkin*

There has been considerable recent interest in developing
methods for patterning ultrafine magnetic particles because of
their potential technological applications in molecular elec-
tronics, magnetic storage devices, and biosensors."* Ad-
vances in nanofabrication technology and lithographic meth-
ods have made it possible to: 1) develop new magnetic storage
devices with higher storage densities and faster speeds, 2) pre-
pare arrays of interactive magnetic nanoparticles with pre-
cisely controlled magnetization orientation and interparticle
spacing, and 3) obtain a better understanding of the relation-
ship between magnetic feature size and magnetism. A variety
of techniques, including electron-beam lithography,”®! micro-
contact printing,[6] scanning tunneling microscope lithogra-
phy,"! electrochemical etching, and electrodeposition,® have
been used to fabricate arrays of magnetic structures on semi-
conductor substrates with dimensions in the sub-100 nm to
micrometer length scale. However, there are some inherent
limitations associated with these methods including the need
for complex instrumentation, costly fabrication procedures,
and complex and time-consuming processing steps. Herein,
we present a new and straightforward strategy, based upon
dip-pen nanolithography (DPN), for preparing nanometer-
scale magnetic structures with precise feature size control.

DPN allows one to transport molecules to a surface, much
like a macroscopic dip-pen transfers ink to paper, but with the
resolution of a conventional atomic force microscope
(AFM),” " Scheme 1. Chemisorption of an ink (e.g., 16-mer-
captohexadecanoic acid, MHA) onto the substrate leads to
stable nanostructures, which can subsequently be used as
templates to assemble different types of molecules or nano-
structures of interest, including magnetic nanoparticles and
alkylamine-modified deoxyribonucleic acid (DNA).!""]

Magnetic iron oxide nanoparticles were prepared by the
slow addition of an aqueous solution of ferrous chloride (2 g
FeCl, in 5 mL 2 M HCI) to an aqueous solution of ferric chlo-
ride (3.2 g FeCls in 20 mL 2 M HCl) at room temperature.!'°
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Scheme 1. Schematic representation of the procedure used to prepare magnetic
nanostructures on a Au substrate.

The solution was stirred vigorously for 30 min, and then am-
monium hydroxide (30 mL, 28 % NH; in water) was added
dropwise to it, resulting in the concomitant formation of a
precipitate. The precipitate was centrifuged, and the superna-
tant was decanted to afford the iron oxide particles (magne-
tite, Fe30,4). The particles were then mixed with a solution of
tetramethylammonium hydroxide (20 mL, 25 wt.-% solution
in water), which was used as a surfactant to stabilize the parti-
cles in an aqueous environment by repulsive double-layer in-
teractions and to increase their affinity for negatively charged
surfaces (e.g., deprotonated MHA). To ensure adequate dis-
persion of the magnetic particles, the solution was vigorously
stirred prior to each pattern modification step (see below).
Transmission electron microscopy (TEM), Figure 1, shows
that the magnetic particles are nearly spherical in shape and
exhibit a size distribution from 4 to 16 nm. The mean particle
size is 9.58 nm with a standard deviation of 2.53 nm. The sur-
factant coating on the surface of the magnetic particles was
confirmed by thermogravimetric analysis (TGA) measure-
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Fig. 1. Size histogram (left) and TEM image (right) of the surfactant-stabilized
iron oxide nanoparticles.
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ments, which show an 18 % weight loss over a temperature
range of 150-360 °C. The weight loss was attributed to the de-
sorption and evaporation of the surfactant from the particles.
The magnetization loop of the coated nanoparticles was
measured at 10 K, Figure 2a. The magnetic nanoparticles
exhibit hysteresis with a coercivity (150 G) and a remanent
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Fig. 2. Magnetization measurements of the coated iron oxide nanoparticles.
a) Magnetization as a function of magnetic field. b) ZFC/FC curves.

magnetization (13.2 emu/g) at 10 K, indicating the loss of
superparamagnetism at this temperature. The temperature
dependence of magnetization of the coated nanoparticles
exhibits a cusp around 90 K in the zero-field-cooled (ZFC)
susceptibility, and a blocking temperature 7 determined at
the point where the ZFC and field-cooled (FC) curves merge,
Figure 2b. Consistent with literature accounts,''®! below Tg,
the thermal energy is not sufficient to overcome the magnetic
anisotropy energy and magnetic interactions within the parti-
cles, and the superparamagnetism disappears.

In a typical patterning experiment, a silicon nitride tip was
coated with MHA by dipping the entire cantilever into a satu-
rated solution of MHA in acetonitrile for 30 s The cantilever
was blown dry with compressed difluoroethane before being
used. MHA patterns were generated on an Au substrate by
bringing the tip in contact with the surface and traversing the
tip over the surface in the form of the desired pattern,
Scheme 1. The patterned Au substrates were then dipped into
a saturated solution of 1-octadecanethiol (ODT) in acetoni-
trile for 30 s to form a passivating layer on the Au around the
MHA nanostructures. After rinsing with acetonitrile and dry-
ing with compressed difluoroethane, the samples were dipped
into a suspension of the iron oxide particles for 30 s and then
dried under a flow of nitrogen overnight.[w] In a series of con-
trol experiments, which probed the importance of the basicity
of the iron oxide solution, we confirmed that there was no
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measurable effect on the resulting nanoparticle patterns over
the pH 10-12.6 range. Finally, we observed that if one ex-
ceeded the specified concentration of the nanoparticle solu-
tions, an increase in the thickness of the nanopatterns and
non-specific particle binding often was observed.

With this strategy, magnetic dot- and line-features from
45 nm to many micrometers in length could be routinely gen-
erated, Figure 3a and b. The average height of each feature is
10 nm, consistent with monolayer formation. As expected,
the size of the magnetic dots and lines generated in these
experiments correlate with the size of the MHA dot and line
templates. Significantly, the template dot diameter could be
controlled by tuning the tip-substrate contact time, which
exhibits the expected 1> dependence,!'>'® Figure 3¢, and the
line width could be controlled by adjusting the scan speed,
Figure 3d. These experiments demonstrate that one can use
DPN to generate structures routinely on this length scale with
precise control over feature size and shape.

Significantly, using this method we can generate arrays of
nearly identical magnetic dots, Figure 4. In a typical experi-
ment, an 8 x 8 square array of 75 nm MHA dots is generated
via DPN and treated with the magnetic nanoparticles as de-
scribed above. Topography AFM of the substrate shows that
the iron oxide particles attach almost exclusively to the MHA

(c)

MATERIALS

template, generating iron oxide features of consistent size and
shape (diameter = 75 + 5 nm, height = 10 nm), Figure 4a—c. In
an effort to demonstrate the generality of this approach, we
also studied the assembly of magnetic nanoparticles (10 *
5 nm) composed of manganese ferrite (MnFe,O,) using the
procedure used for iron oxide.” Figure 5a shows magnetic
dot- and line-nanostructures formed from the MnFe,O, ad-
sorbed onto an MHA template. Linewidth and dot size were
intentionally changed (from 60 to 160 nm) to demonstrate the
level of control this strategy offers. In addition, a 21 x 22 dot
array of nanostructures was generated with a fixed dot diame-
ter of 85 nm (5) to demonstrate the reproducibility of the
technique, Figure 5b.

In conclusion, we have presented a versatile new method
for generating magnetic nanostructures with dimensions rang-
ing from several hundred nanometers to sub-100 nm. In prin-
ciple, this strategy could be extended to a wide variety of mag-
netic nanostructures comprised of different materials with
precise control over feature size and shape as well as inter-fea-
ture distance. Significantly, this technique and the nanostruc-
tures generated by it point towards a straightforward route
for studying the relationship between feature size, shape, and
composition and inter-feature distance in nanomagnetics.
Efforts in this direction are underway.
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Fig. 3. Iron oxide nanostructures prepared according to Scheme 1. a) AFM topography image of mag-
netic structures formed on MHA dots generated via increasing tip-substrate contact times (A-I). The
identification letter, time of MHA deposition, and measured diameter of the dots are the following:
A:0.05 s, 45 nm; B: 0.1 s, 60 nm; C: 0.2 s, 100 nm; D: 0.4 s, 130 nm; E: 0.8 s, 160 nm; F: 1.6 s, 250 nm;
G:3.2'5,500 nm; H: 6.4 5,670 nm; and I: 12.8 s, 920 nm. Image recorded at a scan rate of 1 Hz. b) AFM
topography image of lines of magnetic nanostructures formed on lines of MHA generated at different
tip writing speeds. The identification letter, speed of MHA deposition, and measured full width at half
maximum (FWHM) of the magnetic lines are the following: A: 0.1 um/s, 120 nm; B: 0.4 um/s, 96 nm;
C: 0.7 um/s, 82 nm; D: 1.0 um/s, 70 nm; E: 1.3 um/s, 60 nm; F: 1.6 um/s, 45 nm. Image recorded at a
scan rate of 1 Hz. ¢) MHA dot diameter plotted as a function of deposition time. d) MHA linewidth
plotted as a function of tip writing speed.
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Fig. 4. An array of iron oxide dots prepared according to Scheme 1. a) AFM topography image of the

Experimental

The size and morphology of the surfactant stabilized
iron oxide particles were determined with a HF-2000
field TEM (Hitachi, Japan). The size distribution was
determined by measuring the diameters of 400 particles.
Magnetic measurements were performed with a super-
conducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS). Blocking
temperature (7) measurements were based on ZFC
and FC (magnetization vs. temperature) curves with an
external magnetic field of 1000 G. TGA measurements
were taken using a TGA 2850 thermogravimetric ana-
lyzer (TA instruments) under N,. The temperature
range studied was from 30 to 700°C at a rate of 5°C/
min. Au substrates were prepared by literature methods
[12]. All DPN and imaging experiments were carried
out with a Thermomicroscopes CP AFM and commer-
cial cantilevers (Thermomicroscopes sharpened Micro-
lever A, force constant = 0.05 N/m, Si3Ny). To minimize
piezo tube drift problems, a 100 um scanner with closed
loop scan control was used for all of the experiments.
Typical ambient imaging conditions are 31 % humidity
and 24 °C unless reported otherwise. Customized nano-
lithography software was utilized to make all array

structures.
dots. The MHA template used to assemble the magnetic nanostructures was fabricated with a tip—sub-
strate contact time of 0.15s. b) Three-dimensional topography image for a selected area (marked Received: August 16, 2001
square) from Figure 4a. c) Cross-sectional topography trace of a line (marked by the arrows in (b)) Final version: November 6, 2001

through the centers of the dots.
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Fig. 5. Manganese ferrite nanostructures prepared according to Scheme 1.a) AFM
topography image of the structures prepared on dots and lines of MHA, generated
via various tip—substrate contact times or tip writing speeds. The identification
letter, speed, or time of MHA deposition, and measured diameter of the dots or
linewidth of the lines are the following: A: 0.06 um/s, 160 nm; B: 0.08 um/s,
140 nm; C: 0.1 um/s, 120 nm; D: 0.8 um/s, 75 nm; E: 1.4 5,140 nm; F: 0.15 s, 80 nm;
G: 0.1 5,60 nm. Recorded at a scan rate of 1 Hz. b) AFM topography image of an
array of the dots via a tip-substrate contact time of 0.18 s. Recorded at a scan rate
of 1 Hz.
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