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on aluminum oxide prepared by nanoimprint lithography and nanomolding in
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Owing to the superior dielectric property of aluminum oxide, precise patterning of self-assembled

monolayers (SAMs) and nanoparticles (NPs) on aluminum oxide substrates is highly interesting for

generating SAM- or NP-based electronic devices. This study employed nanoimprint lithography (NIL)

and nanomolding in capillaries (NAMIC) for patterning ferromagnetic NPs on aluminum oxide

substrates. We demonstrated the fabrication of structured arrays of various SAMs and NPs in

micrometre and nanometre ranges. The polymer template generated by NIL behaved as a physical

barrier and defined the pattern areas on the substrate. FePtAu NPs were assembled on phosph(on)ate

SAM-modified polymer patterned substrates. After polymer removal, nano- and microscale line and

dot NP patterns, with controlled layer thickness, were obtained on aluminum oxide substrates. Thick

nanolines of NPs were obtained by NAMIC. PO3-terminated FePtAu NPs were assembled on alumina

without need of a linker. The magnetic properties of the NPs were addressed by vibrating sample

magnetometry and those of the patterned NPs by magnetic force microscopy.
Introduction

Since the discovery of giant magnetoresistance and tunnel

magnetoresistance in thin-film structures of alternating

magnetic and non-magnetic layers, the field of spintronics has

acquired massive scientific and industrial attention.1 Driven by

the need for higher integration density in magnetic and spin-

tronic devices, spin-dependent transport in magnetic nano-

structures has been extensively studied.2,3 Most of the

miniaturized spintronic devices were fabricated via top-down
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approaches involving metal/oxide deposition, lithography and

etching, etc. Magnetic nanoparticle (NP) assembly potentially

offers an alternative, cost-effective bottom-up approach to build

nanoscale spintronic devices.4–7 For instance, monolayers of

magnetic nanoparticles can potentially replace the magnetic

layers in conventional magnetic tunnel junctions. Moreover,

magnetic nanoparticles may lead to ultra-small magnetic devices

(ultimately down to the size of a single nanoparticle), thus

offering high integration density.8,9 To achieve this, it is essential

to have a well-controlled patterning and assembly method to

position the magnetic NPs on metal-oxide substrates, such as

aluminum oxide which is widely used as the dielectric material

in spintronics devices.4,10–12

Several attempts have been reported to address this issue,

however those methods have their limitations. For instance,

photo-patterned SAMs on metal oxides have been used to attach

nanoparticles13,14 and a contact printing method was demon-

strated to create Pt@Fe2O3 core–shell nanoparticle patterns on

silicon substrates.15 In these cases, the dimensions, thickness and

shape of the patterns are limited by the constraints of the

fabrication process. In our previous study,4 the directed assembly

of nanoparticles on pre-patterned alumina substrates was

introduced where the assembly of FePt NPs took place prefer-

entially on the chemically active patterned regions. However, the

selectivity was not optimal since some non-specific binding

occurred on undesired areas as well.
This journal is ª The Royal Society of Chemistry 2011
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In this study, we demonstrate a robust approach to form

patterned magnetic nanoparticle assemblies with high resolution

and high selectivity on aluminum oxide substrates. Ferromag-

netic NP patterns of micrometre and nanometre scale on

aluminum oxide substrates were prepared by combining nano-

imprint lithography (NIL) or nanomolding in capillaries

(NAMIC) with self-assembled monolayers (SAMs). FePtAu and

FePt NPs were used because they have a high chemical stability,

a strong magnetocrystalline anisotropy, and a narrow size

distribution.16,17 Various PO3-terminated molecular linkers were

used to anchor the NPs onto alumina. Ferromagnetic properties

of the NPs and NP patterns were addressed with a vibrating

sample magnetometer (VSM) and magnetic force microscopy

(MFM), respectively.
Experimental section

Materials

Polished substrates of R-(1–102) Al2O3 (1x10x10 mm) were

purchased from SurfaceNet GmbH, Germany. These substrates

were cleaned by ultrasonication in acetone and ethanol for

30 min each. Tetradecylphosphoric acid (TDP) was supplied by

A. Wagenaar and J. Engbersen (RUG, Groningen). Phospho-

noundecanoic acid (PUD, purity 96%), PMMA (weight-average

molecular weight, Mw 350kD), N-[3-(trimethoxysilyl)propyl]

ethylenediamine, Pt(acac)2, oleic acid and silver enhancer solu-

tions a and b were purchased from Sigma-Aldrich. Oleyl amine

was purchased from Fluka. Hexadecanediol and iron

pentacarbonyl were purchased from ABCR. Mercaptoundecyl-

phosphonic acid (MUP) was synthesized according to a literature

method.18

The syntheses of the FePtAu NPs and PO3-terminated FePtAu

NPs are based on modification of the procedures reported by Jia

et al.19 and Bagaria et al.16,20 respectively. The details are

described in the Supporting Information.
Nanoimprint lithography (NIL)

The molds were fabricated by photolithography followed by

reactive-ion etching (RIE, Elektrotech Twin system PF 340) or

by EBL followed by titanium evaporation and lift-off. They

consisted of 5 mm wide lines at 15 mm period, 3 mm lines with

8 mm period with a height of 570 nm or 100 nm lines with around

4 mm period with a height of 125 nm.

1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane was used as an

anti-adherent layer to facilitate the stamp-imprint separation.

Al2O3 substrates were cleaned by oxygen-plasma for 7 min and

covered with a 460 nm thick layer of PMMA by spin-coating in

case of micron size patterning. Stamp and substrate were put in

contact and pressure of 40 bar was appliedat 180 �C using

a hydraulic press (Specac). The residual layer was removed by

dipping the samples in acetone for 25 s or by oxygen-plasma for

90 s using a RIE system. For nano patterns 120 nm thick PMMA

and 18 s RIE was done. In the last step of NP pattern fabrication,

the polymer layer was removed by 5 min acetone followed by

5 min chloroform immersion. For TDP SAM patterns, polymer

layer was removed by 3 h ultrasonication in acetone. The imprint

cycle was 30 min.
This journal is ª The Royal Society of Chemistry 2011
Monolayer patterning using NIL

PMMA paterned Al2O3 substrates were immersed into

0.125 mM TDP solution in 100 : 1 v/v hexane:isopropanol,

a 1 mM PUD solution in 50 : 50 v/v ethanol : H2O or a 0.5 mM

mM MUP solution in ethanol for 2 days at room temperature.

Afterwards, the samples were rinsed with the corresponding pure

solvents or solvent mixtures, and dried under a flow of N2.

Nanoparticle assembly

Al2O3 substrates covered with PMMA and self-assembled

monolayer (SAM) patterns of PUD or MUP were immersed into

a FePtAu (0.250 mg ml�1) NP solution for 10–95 min to assemble

NPs on the modified Al2O3 surfaces. For VSM measurements,

fully MUP-covered Al2O3 substrates were immersed into a FeP-

tAu (0.250 mg ml�1) solution for 10 min. Subsequently the

samples were rinsed with pure hexane to wash off physisorbed

particles. After PMMA removal by acetone, patterns of NP

monolayer was formed.

FePt NP multilayer patterns were prepared by using

a concentrated solution of NPs. A drop of a 20 mg ml�1 solution

of FePt NPs in hexane was deposited on the PMMA-PUD SAM-

patterned alumina substrate. The sample was dried for 30 min

under ambient conditions in a fume hood. The NPs precipitated

on the surface upon evaporation of hexane and formed a multi-

layer due to the high concentration. Then the sample was gently

immersed in acetone to remove PMMA without damaging the

NP multilayer patterns.

Electroless deposition of Ag

The sample having FePtAu NP patterns attached to Al2O3 by

MUP were immersed into a mixture of silver enhancer solutions

for 20 min. Afterwards, the samples were rinsed with H2O and

ethanol, and dried under a flow of N2. For the activation of SH

end groups, a similar sample was immersed in AgNO3 and

NaBH4 solutions for 1 min prior to Ag electroless deposition.

Nanomolding in capillaries (NAMIC)

Before NAMIC, the PDMS nanomold was shortly treated with

oxygen plasma to to promote adhesion upon contacting the

substrate.21 100 nm line features with 100 nm height was brought

into conformal contact with PUD-functionalized alumina

substrates. A drop of PO3-terminated FePtAu NPs functional-

ized with MUP and dispersed in ethanol:Et3N was put at one

part of the PDMS for filling in the channels through capillary

force. Here, FePtAu dispersed in hexane was not used since

hexane causes swelling of PDMS which would cause non-

uniform contact between the stamp and the substrate.

The sample was left for solvent evaporation and NP precipi-

tation in the nano-channels. After 10 h the PDMS was removed,

the residual polymeric material was rinsed with xylene followed

by oxygen plasma and the substrate with line patterns of FePtAu

was imaged by AFM and optical microscopy.

Measurements

Atomic force microscopy (AFM). The morphology of the

nanoparticle-covered surfaces was observed by a digital
J. Mater. Chem., 2011, 21, 14800–14806 | 14801
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multimode Nanoscope III (Digital Instruments, Santa Barbara,

CA) scanning force microscope, equipped with a J-scanner. All

measurements were done at ambient in tapping mode, contact

mode. The magnetic force microscopy (MFM) was done by

a Dimension 3100 (Digital Instruments, Santa Barbara, CA).

The MFM tips were provided by SmartTip (type SC-20-M). The

approximate nanoparticle densities were calculated by counting

particles in a certain area. A standard deviation of 5% was

assumed based on our previous study.4

Contact angle (CA). Measurements were done with a Kruss

G10 goniometer, equipped with a CCD camera. Contact angles

were determined automatically during growth of the droplet by

a drop shape analysis. Milli-Q water (>18.4 MOhm cm) was used

as a probe liquid.

Vibrating sample magnetometry (VSM).Magnetic studies were

carried out using a DMS Vibrating Sample Magnetometer

(model VSM10) with fields up to 1500 kAm�1 and a sensitivity of

10�6 mAm2. Measurements were done on NP assembly onMUP-

modified Al2O3 substrate.

X-Ray diffractometry (XRD). The nanoparticle samples

after annealing were analyzed by powder X-ray diffraction

(XRD) analysis using a Philips X’Pert diffractometer (Cu-Kal¼
1.5418 �A).

High-resolution transmission electron microscopy (HRTEM-

EDX). Particle sizes were analyzed by TEM (Philips CM-30 Twin

operating at 200 kV voltage). A drop of hexane solution of the

NPs was deposited on a carbon-coated copper grid.
Results and discussion

To prepare patterns of SAMs and FePt or FePtAu NPs on Al2O3

substrates, a combined NIL and self-assembly method was used.

NIL enables high resolution and prevents non-specific assembly.

The NPs were stabilized with the surfactants oleic acid and oleyl

amine (Fig. 1). Oleyl amine binds to Pt through the amino group

and oleic acid binds to Fe through the carboxylic acid group.22

They can be replaced by other acids or amines, or by surfactants

with a higher affinity to either Fe or Pt.22 Thus, adsorbates with

amine or carboxylic acid terminations were chosen (Fig. 1). By

using FePtAu NPs prepared with solution annealing as described

in ref. 4 instead of FePt, thermal annealing after assembling the

NPs on the surface is not necessary to obtain ferromagnetic

properties at room temperature, preventing possible aggregation

which has been reported as a common problem due to thermal

annealing.23–25
FePtAu nanoparticles

NPs were prepared by reduction of Pt(acac)2 and Au(acac),

decomposition of iron pentacarbonyl in the presence of oleyl

amine and oleic acid surfactants and solution annealing,

followed by precipitation of the NPs by using ethanol and

redispersion in hexane. A drop of a solution of the NPs in hexane

was deposited on a carbon-coated copper grid for TEM-EDX

analysis. EDX analysis showed an elemental composition of
14802 | J. Mater. Chem., 2011, 21, 14800–14806
Fe57Pt31Au12. The particle size was determined by TEM to be

�4 nm (Fig. 2b). From Scherrer analysis from an XRD

measurement made on a thick layer of FePtAu, a diameter of

3.56 nm was calculated, close to the TEM value (Fig. 2a) (NPs

prepared by casting a 20 mg ml�1 FePtAu solution on a glass

substrate followed by evaporation of the solvent without

rinsing). FePtAu NP assembly on an MUP-modified Al2O3

substrate resulted in a monolayer coverage of NPs with a density

of (1.44 � 0.1)x1010 NPs/cm2 (AFM not shown).

PO3-terminated FePtAu nanoparticles (PO3-NPs)

The PO3-NPs were prepared from methyl-terminated FePtAu

NPs (Fig. 1a) through ligand exchange with MUP (Fig. 1b) using

a modification of the procedure reported by Bagaria et al.20 The

particles were dispersed in ethanol:Et3N (10 : 1). The particle size

is assumed to be the same as the FePtAu NPs (�4 nm).

SAM formation

The preparation and characterization of TDP, ABP and PUD

monolayer-modified Al2O3 substrates have been discussed

previously.4 These monolayers, including MUP, were prepared

according to literature procedures.14,31–36 The water contact angle

(CA) for MUP-covered Al2O3 was 87� similar to reported

values.36 Angle-dependent XPS measurements on MUP SAMs

on alumina showed that the binding occurs via the PO3 head-

group (see Fig. S1, ESI‡). In conclusion, our measurements

indicate the successful formation of the monolayers on alumina.

Magnetic properties of a full monolayer of FePtAu NPs

assembled on a PUD SAM

FePtAu NPs assembled on an MUP-modified Al2O3 substrate

were ferromagnetic, as studied by VSM. At room temperature

a coercive field of 65 Oe was found (Fig. 3a). This is lower than

previously reported values16,26–28 probably due to the existence of

a rich Fe phase in the FePtAu NPs, which forms a paramagnetic

ion oxide shell around the FePt core.29 FePt nanoparticles with

�4 nm diameter were prepared by a similar method as described

previously.4 The composition determined by XPS was Fe48Pt52.

To investigate the effect of thermal annealing on the magnetic

properties, a thick layer of FePt NPs was prepared by casting

a 20 mg ml�1 FePt hexane solution on an alumina substrate

followed by evaporation of the solvent. Then the sample was

annealed under reducing conditions (96%N2/4%H2) for 1 h at

800 �C to transfer the NPs into the ferromagnetic L10 phase. The

VSMmeasurements indicate the external maximal magnetic field

was not strong enough to saturate the sample, thus the coercive

field is larger than 10 kOe (Fig. 3b). This agrees with previously

reported values, thus confirming the phase transformation. It is

known that this high-temperature annealing procedure leads to

a certain degree of clustering between neighboring FePt nano-

particles, since the organic ligands around the nanoparticles are

destroyed at very high temperatures.30

SAM patterns prepared by NIL

Tetradecylphosphate (TDP) SAM lines were prepared as

described in Fig. 1. The residual layer was removed by oxygen
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a) FePtAu NPs stabilized with oleic acid and oleyl amine. (b) The organic molecules used to attach NPs. (c) Patterns of NPs are formed by

attachment through ligand exchange onto amino (aminobutylphosphonic acid, ABP), carboxylic acid (phosphonoundecanoic acid, PUD), and thiol

(mercaptoundecylphosphonic acid, MUP) functionalized monolayer-modified substrates.

Fig. 2 (a) TEM image of FePtAu NPs. (b) Histogram of FePtAu NPs

stabilized with oleyl amine and oleic acid.

Fig. 3 (a) In-plane field hysteresis loop of FePtAu NPs assembled on an

MUP-modified Al2O3 substrate. The inset of (a) is a zoom-in around zero

field. The horizontal and vertical axis ranges are 0.25 kOe and 25 nAm2,

respectively. (b) In-plane field hysteresis loop of FePt NPs cast on an

Al2O3 substrate after annealing.

Fig. 4 Contact-mode height (a) and friction (b) AFM images of 5 mm

lines of tetradecylphosphate (TDP) on Al2O3 with 8 mm period; (c) fric-

tion AFM image after subsequent evaporation of an amino alkyl silane.

In the friction images, brighter areas indicate higher friction.
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plasma which enabled anisotropic etching and positive transfer

of the mold features onto the substrate. A uniform TDP pattern

was formed with homogeneous thickness, corresponding to one

SAM layer (Fig. 4a). Nanopatterns of TDP SAMs were also

prepared with a similar method but it was not possible to get

a clear image probably due to the quite small size of the patterns.

Alumina appears bright in the friction image (Fig. 4) because of
This journal is ª The Royal Society of Chemistry 2011
a higher friction force relative to the TDP area. The TDP pattern

was back-filled with N-[3-(trimethoxysilyl)propyl]ethylenedi-

amine from gas phase to chemically pattern the substrate with

two different kinds of SAMs. The friction force of the more

hydrophilic NH2-terminated area is higher compared to the

CH3-terminated TDP region (Fig. 4c).
Nanoparticle pattern preparation by NIL and SAMs

Fig. 5 shows the morphologies of the FePtAu patterns on Al2O3

substrates prepared by NIL and self-assembly as described in

Fig. 1. PMMA was spin-coated on Al2O3 substrates with 460 nm
J. Mater. Chem., 2011, 21, 14800–14806 | 14803
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Fig. 5 Tapping-mode (TM) AFM height images of nanoparticles

adsorbed on SAM-modified Al2O3 substrates. FePtAu nanoparticles, (a,

b) 130 nm wide PUD lines, 10 min immersion, (c) 3 mmPUD lines, 10 min

immersion, (d) 10 mm MUP dots, 10 min immersion.
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and 120 nm thickness for micron and nanosize patterning,

respectively. NIL was performed at a pressure of 40 bar at

180 �C. The residual layer was removed by oxygen plasma

etching (RIE). The particles assembled on NH2, SH and COOH

terminated SAM patterns. Fig. 5 a,b shows that lines of FePtAu

below 200 nm width formed by using a nano-mold and PUD as

the linker. The heights of the FePtAu NP patterns were around

6 nm which shows a monolayer coverage. For the micron

patterns, a similar height of FePtAu NP features was observed

(not shown). An important advantage of nanoimprint lithog-

raphy is the good edge definition. When compared to NP

patterns prepared by using microcontact printing,4 NIL patterns

have well defined edges, and better contrast between patterned

and bare regions. The FePtAu NP densities, calculated from

AFM images, were similar for MUP and PUD-patterned

surfaces, (1.6 � 00.1) � 1010 and (1.5 � 00.1) � 1010 NPs/cm2,

respectively. Since a similar coverage was reached with immer-

sion time of 10 min for –SH and –COOH-modified surfaces, the

relative rates of binding of NPs on modified surfaces are similar

for MUP and PUD. The shape of the patterns are defined by the

shape of the mold. As seen in Fig. 5d, dot patterns can also be

prepared as well as lines. The lateral dimensions of the patterns

were in good agreement with the feature size of the molds. The

process is not limited to FePt NPs, any particle or molecule

which has affinity to the end group of the SAM layer can bind to

the surface to form a pattern.
Fig. 6 Tapping-mode (TM) height AFM images of Ag lines prepared by

electroless deposition on MUP-FePtAu patterns on alumina, by (a)

forming SAg nucleation sites, (b) direct growth without activation.
Electroless deposition of Ag

Ag was grown by electroless deposition on NP patterns prepared

by NIL and linked to Al2O3 by MUP. AgNO3 and NaBH4
14804 | J. Mater. Chem., 2011, 21, 14800–14806
solutions were used to deposit Ag ions and form SAg nucleation

sites there to initiate Ag electroless deposition (Fig. 6a). In

another experiment, Ag was grown directly, relying on possible

surfactant free sites on FePtAu NP surfaces which would initiate

the Ag electroless deposition (Fig. 6b). In both cases, a Ag layer

of 30–60 nm was formed only in the patterned area with the FePt

NPs. There was no Ag observed in the unpatterned area, which

indicates a good selectivity of our patterning method.
Magnetic properties of multilayer of FePt NPs prepared by NIL

Magnetic force microscopy (MFM) is known to be a powerful

technique for studying patterned magnetic structures.15 It can

effectively separate the magnetic from the topographical infor-

mation of the sample. Due to the magnetic interaction between

the magnetic dipoles of the sample and the oscillating tip, a phase

contrast is observed which gives information on the magnetic

state independent of the topography.15 The phase contrast can be

either positive or negative which corresponds to attractive or

repulsive forces between the tip and the sample. Instead of

a monolayer, a patterned FePt NP multilayer was used to have

a strong enough magnetic signal for MFMmeasurements. Fig. 7

shows the AFM and corresponding MFM image of the FePt

lines after annealing, which were recorded simultaneously. The

height of the patterns was about 35 nm which corresponds to 8–9

layers of NPs and the width was around 5 mm (Fig. 7a). The

magnetic contrast in the MFM phase image (Fig. 7b) is clearly

visible and as expected, is not identical to the AFM height image

(Fig. 7a). This is due to the random momentum directions of the

NPs giving a non-homogeneous magnetic contrast. In other

words, some NPs attract the magnetic tip while others repel it.

The magnetization direction of the tip is perpendicular to the

sample surface. At some regions the magnetic contrast is weaker

than at other places which may be due to the small particle size,

differences in coverage, or to the momentum direction of NPs

being perpendicular to the magnetization of the tip.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 AFM height (a) and MFM phase (b) images of FePt NP multi-

layer patterns after annealing under reducing environment (96%Ar/4%

H2) for 2 h at 800 �C.

Fig. 9 (a) The NAMIC process. FePtAu patterns prepared by NAMIC

on a PUD-modified alumina substrate, (b) optical image, (c,e) AFM

height image with section analysis, (d) 3D AFM topography image.
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Assembly of PO3-terminated FePtAu NPs

MUP-stabilized PO3-NPs (Fig. 8a) allow the direct assembly of

NPs onto an Al2O3 surface without the need for a linker. PO3-

NPs are expected to bind to the alumina surface via the PO3 head

groups. Fig. 8 shows the morphology of the alumina sample after

immersion in the PO3-NP solution for 180 min. The NP density,

calculated from AFM image, is (4.2 � 0.2) � 1010 NPs/cm2. This

is 5 times higher than the NP density for FePt on bare Al2O3 after

90 min immersion4 which shows that the PO3-NPs are probably

attached to the surface through the PO3 groups and that the high

density is not due to non-specific adsorption. This kind of

particles may be assembled on pre-patterned surfaces protected

by methyl terminated regions to create NP patterns.

Multilayers of PO3-terminated FePtAu NP patterns prepared by

NAMIC

PO3-NPs were used to create NP patterns on PUD-modified

alumina, by nanomolding in capillaries (NAMIC), as illustrated

in Fig. 9a. The main reason to use PO3-NPs dispersed in

ethanol + Et3N is to prevent swelling of PDMS. Hexane was not

used as a solvent, because it would destroy uniform contact and

cause pattern deformation upon swelling. As seen in Fig. 9b,c

continuous nanolines of FePtAu NPs were prepared without

obvious defects over a large area. The shape of the pattern is in

good agreement with the stamp used. The width of the NP

patterns are close to the width of the nano-channels (Fig. 9e).

Multilayers were achieved probably due to irreversible aggrega-

tion during drying. The height of the NP patterns was around 70

nmwhich corresponds to 15–20 layers of NPs. This value is lower

than the nano-channel height (100 nm). This may be due to

shrinkage after drying, to a low concentration of particles in the

NP dispersion, or to the use of oxygen plasma on the mold before

NAMIC. NAMIC enables to prepare densely packed NP
Fig. 8 (a) MUP-stabilized PO3-terminated FePtAu NPs (PO3-NP) (b)

AFM image and section analysis of the PO3-NPs assembled on a bare

Al2O3 substrate after 180 min immersion.

This journal is ª The Royal Society of Chemistry 2011
multilayers, the height can be controlled by the height of the

channels.
Conclusions

By combining NIL or NAMIC with SAMs of phosph(on)ate

molecular linkers, FePtAu NP mono/multilayer patterns with

resolutions ranging from below 150 nm to the micron range have

been demonstrated. High selectivity between the patterned and

non-patterned regions was achieved. The ability to pattern

magnetic nanoparticles at the nanoscale with high selectivity on

metal oxide substrates can be considered as an important step

towards the realization of ultra-small and cost-effective magnetic

nanoparticle based spintronic devices.
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