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ABSTRACT

A direct-write method for fabricating “hard” magnetic barium hexaferrite, BaFe;,019 (BaFe), nanostructures, based on dip-pen nanolithography
and a sol—gel process, is presented. This method utilizes a conventional atomic force microscope tip, coated with the BaFe precursor solution,
to generate patterns that can be post-treated at elevated temperature to generate magnetic features consisting of barium ferrite in its hexagonal
magnetoplumbite (M-type) structure. Features ranging from several hundred nm down to below 100 nm were generated and studied using
AFM, magnetic force microscopy, and X-ray photoelectron spectroscopy. The approach offers a new way for patterning functional inorganic
nanostructures with deliberate control over feature size and shape, as well as interfeature distance and location.

Over the past decade, there has been considerable intereshinimal “cross-talk” via physical separation of bit segments.
in methods for synthesizing and patterning nanoscale mag-Perhaps more importantly, magnetic nanostructures are
netic materials. In addition to exhibiting novel size-dependent finding novel applications in the fields of biotechnology and
properties;® these materials (particularly ones with high integrated magnetoelectronitsyhere the ability to pattern
coercivities and mechanical stabilities, i.e., “hard” magnets) magnetic nanostructures is essential.

are being explored as potential media for high-density  Barium hexaferrite (BaFe), in particular, is a good hard
recording®™® Two of the main challenges in this field are:  magnet candidate for high-density media, and it also serves
(a) site- and shape-specific patterning of hard magnetic a5 a “model” hard magnet with complex structure. It is
nanostructure on the sub-100 nm scale, and (b) ability to challenging to achieve high-resolution patterning of BaFe
reliably and reproducibly read/write such minute featdres. by conventional ||thography and etching proce§§é§_
The conventional top-down approach in recording media is Focused ion beam (FIB) patterning is a viable proof-of-
plagued by the difficulties of etching and patterning novel concept approach, as was recently demonstrated by Alsretch,
hard magnetic systems, especially as the individual recordingpyt methods that allow one to pattern such structdiestly
elements approach the superparamagnetic limit at roomyith deliberate control over feature location, size, and shape
temperature operations. The ability to read/write such nano- gre desirable. Herein we report a novel direct-write nano-

structures is equally challenging, but progress is also being patterning method for BaFe, based upon dip-pen nanolithog-
made on this front with new approaches and instrumentation raphy (DPN32-1° and a sot-gel procesg®2!

such as quasistatic write/read testing of perpendicular pat-
terned media and analogous versions of the IBM millipede
reade As the demand for increased areal density for

recording media increases, isolating patterned recordmgconstam: 0.05 N/m, SiN,). To minimize piezo tube drift
segments may prove to be a useful approach to not only roblems, a 9@sm scanner with closed loop scan control

enhance aerial densities of magnetic bits but also to ensur@&laS used for all of the DPN experiments. AEM and MEM

measurements were made in air using a Digital Instruments
* Corresponding author. E-mail: v-dravid@northwestern.edu; camirkin@ ; ; :
chem.northwestern.edu Multlmoc_ie Nar_mscope _IIIa with an extender electronics
 Department of Materials Science and Engineering and Institute for module in tapping and lift modes, respectively.
Nanotechnology. - .
* Department of Chemistry and Institute for Nanotechnology. We generatEd_ BaFe nanostru_ctures on a S'“C_On oxide
8 These authors contributed equally to this work. substrate according to the following procedure (Figure 1).

DPN experiments were carried out under ambient condi-
tions (31% relative humidity and 24C) with a Thermo-
microscopes CP AFM and commercial cantilevers (force
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Figure 1. Schematic diagram depicting the patterning of magnetic
BaFe nanostructures on silicon oxide. (a) An atomic force micro-
scope (AFM) tip coated with a precursor solution of barium ferrite

is brought into contact with the silicon oxide substrate. (b) The
solution is transferred to the substrate as the tip is traversed across
it. (c) Post-annealing yields the desired BaFe nanostructures.
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The surface of a SiglSi wafer is first patterned via DPN
(contact force 2.5 nN) using a conventional atomic force
microscope (AFM) cantilever coated with a BaFe precursor e Fe
solution that contains a mixture of iron nitrate (Fe(jo cu 2 —
9H,0; 0.0115 mol) and barium carbonate (Ba£0.001 o P b
mol) in ethylene glycol (HOCKCH,OH; 25 mL). Unless Energy (KeV) Magnetic Field (Gauss)
otherwise noted, all chemicals and solvents were purchased

from Sigma-Aldrich. The ethylene glycol not only dissolves ;ilggre 2, Cha;racteriz?]tion OgtgerU”‘ B_a::e p?rrutiqledsamplesb (a)d
e - - pattern of as-synthesized BaFe particles. The indexing is base
and stabilizes the starting materials _bu_t also We_ts the on tabulated hexagonal Bag@ys reflections. (b) XRD spectrum
hydroxylated substrate, a factor that is important in the o gare particles synthesized without the preheating step. (c)
nanopatterning process. Indeed, we did not get comparableTransmission electron microscope (TEM) image of as-synthesized

results with 2-propanol, water, methanol, or ethanol as the BaFe particles. (d) High-resolution TEM image showing single-
solvents under nearly identical conditions. The patterns arecfystal nature of these particles. (e) Energy-dispersive X-ray
preheated at 45€C for 4 h and then annealed at 950 in spectroscopy (EDXS) spectrum obtained from these nanoparticles.
. . . The signal for Cu comes from the copper grid on which these
an air atmosphere for 2 h, ultimately yielding BaFe nano- paricles were supported. (f) Magnetic hysteresis loop measurements
structures. Based on literature precedétite key reactions  of the BaFe nanoparticles at room temperature.
involving the BaFe transformation are assumed to be the
following:

Magnetization (emulg)
g
b
g
I kY
$
z

(TEM). The polygonal particles have a mean diameter of
~35 nm (Figure 2c). High resolution TEM shows the lattice

2Fe(NQ); — Fe,0; + 3N,O4f image of a BaFe particle viewed along the [110] projection,
' Figure 2d. Elemental analysis, using energy-dispersive X-ray
BaCQ, + Fe,0,— BaFgO, + CO, spectroscopy (EDS) operating in the STEM mode, confirmed

the presence of Ba, Fe, and O in individual nanoparticles as
well as aggregate structures (Figure 2e). The magnetic
properties of the BaFe nanoparticles were investigated at
To compare the chemical and structural properties of the room temperature by superconducting quantum interference
nanostructures with BaFe, bulk samples of BaFe particles device magnetometry (SQUID, Quantum Design, MPMS).
and films were prepared by the aforementioned—gell The magnetic nanoparticles exhibit a hysteresis loop (though
method. The X-ray diffraction (XRD) pattern of the as- not fully saturated), a reasonably high coercivity (4250 G),
synthesized BaFe particles shows a series of Bragg reflectionsand a large remanent magnetization (32.2 emu/q), which is
that can be well indexed as M-type hexagonal BaFe (Figure reasonably consistent with earlier reports on BaFe particles
2a). In contrast, the XRD pattern of the sample without (Figure 2f)10.11
preheating shows peaks corresponding tooties,0; phase In a typical DPN nanopatterning experiment, the BaFe
(Figure 2b). The size, morphology, and crystal structure of precursor solution in ethylene glycol was prepared and
the BaFe particles were also investigated with a HF-2000 sonicated for 15 min before being used. Silicon oxide wafers
field emission gun (FEG) transmission electron microscope were cleaved into to 0.5 inx 0.5 in. squares and sonicated

BaFgO, + 5Fe0; — BaFg .04
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Figure 3. Scanning probe microscope (SPM) studies of the BaFe < 530 535 540 2p1/2
patterns. (a) Topographic AFM image of magnetic BaFe lines on P
the silicon oxide substrate. The speed for the BaFe precursor 2
deposition is 0.2:m/s. (b) Topographic AFM image of an array of g
magnetic bars. The deposition speed isirils. (c) Cross-sectional =
topography trace of a line (marked by the arrows in b). (d) Magnetic ! ! ! !
force microscope (MFM) image obtained from these magnetic bars. 700 710 720 730
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in dichloromethane, methanol, and Nanopure water for 10

min, respectively. The wafers were then immersed in freshly Figure 4. X-ray photoelectron spectroscopy (XPS) characterization
mixed ammonium hydroxide/peroxide solution (MPH/ of the patterned substrate. (a) Barium peaks were detected from
H,0,/H.0, v:v:v = 1:1:5) far 1 h atabout 100°C, after the silicon oxide sgbstrate using XPS. (b) Iron peaks dete_cted from
. : . . the same sample (inset: oxygen peaks and the deconvolution result).
which time they were rinsed in Nanopure water. The wafers
were dried in N gas before immersion in the different an average area of 215 465 nn? with an average height
solvents. A conventional silicon nitride AFM microcantilever of 6.7 nm were also generated by controlling the—tip
was then dipped into the solution for 1 min. The cantilever substrate scan speed (Figure 3b,c). The magnetic properties
was blown dry with compressed difluoroethane to remove of the nanopatterns were further examined by magnetic force
residual solvent from the ink on the AFM tip. The barium microscopy (MFM) in lift mode. Before imaging, the tip,
ferrite precursor solution was deposited on af8$0substrate  coated with a ferromagnetic thin film of cobalt, was
by bringing the coated AFM tip in contact with the surface magnetized with an external magnetic field. The magnetic
and then moving it across the substrate, using nanolithog-force was then detected by measuring the phase shift in the
raphy software (DPNWrite, Nanolnk, Inc., Chicago, IL).  cantilever oscillation, a consequence of the magnetic inter-
The aforementioned post-treatment procedure was used tactions acting on the tip. The MFM image indicates that these
generate all patterns reported herein (Figure 3). With this patterns are indeed magnetic (Figure 3d), reflected in the
strategy, magnetic nanostructures with dimensions rangingdeflection of the tip during MFM imaging. Note that such
from several hundred nanometers down to 90 nm could beexperiments merely indicate the presence of magnetically
routinely generated. active nanostructures, and detailed information about quan-
When a magnetic material is patterned into arrays in the titative magnetization, and the roles of crystallographic and
form of nanosized dots, bars, or columns on a nonmagneticmagnetic anisotropy are not obtained from such experiments.
matrix, each feature may contain one or, at most, a few The experiment confirms the presence of local magnetism
domains in contrast to the multigrain structure of present in such “nanodisk” features and is consistent with the
conventional storage medium (for example, in magnetic thin structural and chemical analysis of BaFe below.
film media, each bit consists of usually several grains, all  The elemental composition of the BaFe formed via DPN
typically represent single domaih)lhe patterned mediain  was determined by investigating large area features (500
such isolated-patterned structures remain stable down to500um?) by X-ray photoelectron spectroscopy (XPS). XPS
much lower lateral dimensions than conventional bits in spectra were recorded using an Omicron ESCA probe
continuous medi&? Lines of BaFe with an average width operated in vacuum at around 4.8 1071° Torr with
of 90 nm were generated via the combined DPN-sol gel monochromated Al K radiation (1486.6 eV, 300 W).
approach (Figure 3a). Arrays of magnetic BaFe bars that haveBinding energies were corrected by referencing the Cls
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signal of adventitious hydrocarbon to 284.8 eV. The electron- References

pass energy in the analyzer was set at 50 eV. The £a3d
and Ba3¢; peaks were observed at 780.6 and 795.9 eV
respectively, which were the characteristic values for B&ke
(Figure 4a). The Fe2p and Fe2p, peaks were observed at
710.9 and 724.5 eV respectively, which were diagnostic of
BaFe (Figure 4b). The O1s spectrum showed a large fwhm
of 2.5 eV, which was broadened on the low binding-energy
side (Figure 4b (inset)). The O1s spectrum could be resolved
into two peaks using a least-squares curve fitting method
with a mixture of Gaussian and Lorentzian functions on a
Shirley-type backgroun#’. The low binding-energy peak at
530.4 eV represents the?Ocontribution in the BaFg01g,
while the peak at high binding energy of 533.3 eV is
attributed to the OH on hydroxylated surface of silicon
dioxide?®

In summary, proof-of-concept experiments have shown
that it is possible to construct barium ferrite nanostructures,
based on a combination of a novel sglel process and the
DPN method. The combined approach, which takes into
account the versatility and attributes of DPN (direct-writing,
feature shape and size control, and soft matter compatibility),
should pave the way for constructing sophisticated archi-
tectures of magnetic nanostructures that can provide further
insight into the field of magnetoelectronic sensor devices
and may even lead to high-density information storage

systems with proper control over size, shape, and anisotropy

of individual features. Indeed, modest estimates, based on

the feature size attainable via such an approach, suggest a1

potential density of greater than 150 GB/ifihe realization
of such an advance will also depend on the parallelization
of DPN, which is well on its way*
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