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ABSTRACT We present a microscopic investigation of nanocomposite films of iron oxide
(g-Fe2O3) magnetic nanowires (NWs) aligned into polymers, formed upon evaporation of solutions of
acrylate polymer/magnetic nanoparticles under magnetic field (MF). The field causes the assembly of
the g-Fe2O3 nanoparticles along the direction of the MF lines, resulting in magnetic NWs embedded
throughout the entire volume of the polymer film. The scanning electron microscopy and the trans-
mission electron microscopy studies show that the cylindrical-shaped NWs have �15-lm average
length and are isotropically distributed throughout the film. The study with the MF microscopy tech-
nique not only proves that the composed NWs are magnetic but also makes possible the magnetic
study of each individual NW in a nondestructive way. In this way it becomes possible for the localized
study of the magnetic properties alteration after the binding of various molecules onto individual
NWs, opening up the way of using these films in sensor devices applied in various fields ranging
from biology to environmental purposes.Microsc. Res. Tech. 73:952–958, 2010. VVC 2010 Wiley-Liss, Inc.

INTRODUCTION

The magnetic nanoparticles have generated much in-
terest nowadays because of their unique properties
(e.g., chemical resistance, biocompatibility, electromag-
netic properties, and hardness) that are essential in a
large range of applications in fields such as biology,
magnetic sensors, and microfluidics. For many of these
applications, the ordering of the nanoparticles into
high density and spatially oriented arrays of nanowires
(NWs) is critical, due to the novel collective properties
of the latter, evidently different from those of isolated
nanoparticles (Tang and Kotov, 2005). For the mag-
netic NWs formation, various techniques have been
developed, such as the molecularly linked induced as-
sembly under or not magnetic fields (MFs) (Goubalt
et al., 2005; Singh et al., 2005), templating techniques
using polymer–nanoparticles mixtures (Martin and
Mijangos, 2009), or the use of controllable external
MFs (Lallatone et al., 2004; Park et al., 2007; Sahoo
et al., 2004) during evaporation of nanoparticles/
solvent solutions. Especially, the latter technique is an
attractive option for the fabrication of 1D magnetic
NWs, due to its extreme simplicity, effectiveness, and
speed.

In parallel, the incorporation of nanoparticles or
nanofibers in polymers also attracts particular
research attention because of the synergistic and
hybrid properties derived from the individual compo-
nents (Schmidt and Malwitz, 2003). Specifically, the
fabrication of nanocomposites consisting of aligned
NWs in polymer matrices results into novel materials
with anisotropically enhanced physical properties,
combining the intrinsic properties of the polymers with
the highly anisotropic properties of the aligned units
(Jestin et al., 2008; Kimura et al., 2002), ready to be

used in various polymer-based technological applica-
tions. In particular, the magnetic NWs-based nanocom-
posites have great potentiality in information storage
(Weller and Doerner, 2000), sensing (Kaushik et al.,
2009), actuation (Fahrni et al., 2009), molecular sepa-
ration (Merkel et al., 2002), and electromagnetic wave
absorption (Huo et al., 2009). The use of strong MF
(�10 T) for the alignment of the fillers in the polymers
has been used in the past mostly in the field of the car-
bon nanotube composites where the tubes are oriented
in the matrix during the curing of the polymer or dur-
ing the evaporation of the solvent (Kimura et al.,
2002). Very few studies have used MFs for the orienta-
tion of nanoparticles, in order to form NWs in poly-
mers. This technique has been applied mainly on
particles of micrometer sizes (Martin et al., 2000). The
dispersion of magnetic nanoparticles in polymer/
prepolymer solutions and the subsequent orientation
during evaporation/curing under weak MFs resulted
only to the formation of oriented aggregates (Fahrni
et al., 2009; Jestin et al., 2008).

In this work, we present the simultaneous topo-
graphic and magnetic study of 1D magnetic NWs,
formed by the assembly of iron oxide (g-Fe2O3) colloidal
nanoparticles in polymer matrices under the applica-
tion of MF. The formation of the NWs is done in situ,
during the drying of a casted polymer solution mixed
with g-Fe2O3 nanoparticles, in a weak homogeneous
MF (160 mT). The microscopic investigation of the
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topography and of the magnetic properties of the film
is done with magnetic force microscopy (MFM) showing
that the external MF causes the nanoparticles assem-
bly toward its direction, resulting in magnetic NWs. A
localized magnetic study of each NW was performed in
a nondestructive way, opening up the possibility of
studying the magnetic response after binding such
stripes with various molecules. Moreover, the formed
NWs are studied by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM), where
it is confirmed that the NWs are aligned in the entire
film volume, have cylindrical shape, and average
length �15 lm.

MATERIALS AND METHODS
Samples Preparation

The g-Fe2O3 colloidal nanocrystal spheres of 10-nm
diameter were synthesized by modifying a wet-chemi-
cal synthetic approach reported by Sun et al. (2004).
Fe(CO)5 was used as the precursor, whereas oleic acid,
oleylamine, and hexadecane-1,2-diol were used as both
reactants and capping molecules.

One millimolar solution of the copolymer poly(ethyl-
methacrylate-co-methylacrylate) (PEMMA) in chloro-
form was prepared by dissolving 100 mg of PEMMA
per 1 mL of solvent. For the preparation of the solution
of 1% wt g-Fe2O3 nanoparticles and 99% wt PEMMA,
15 lL of 0.4 M g-Fe2O3/chloroform solution was added
in 1 mL of the PEMMA solution. After sonication for 10
min, to avoid the formation of aggregates, the resulting
solution was drop-casted on a carefully cleaned glass
substrate and left to dry overnight under saturated
chloroform atmosphere. For the alignment of the nano-
particles, the system was subjected to a homogeneous
MF (�160 mT), produced by two permanent magnets,
applied parallel to the substrate during the deposition
and evaporation process.

Samples Characterization

The films were initially studied under an optical
microscope (Olympus BX41). More detailed analysis
was obtained with a SEM (JEOL JSM-6490LA) detect-
ing the backscattered electrons (BSE), and a 100 kV
TEM (JEOL JEM-1011) in bright field mode, imaging
thin film sections, which were cut with a Leica EM
UC6 Ultramicrotome. The NWs average length and di-
ameter were measured from SEM and TEM images,
averaging at least 30 wires.

Sample morphology and magnetic data are acquired
by means of MFP-3D atomic force microscope (Asylum
Research, Santa Barbara CA) using MFM technique to
resolve magnetic structure with nanometer resolution.
Magnetic forces are detected using noncontact cantile-
vers covered with a thin magnetic film on the tip sides
to enhance specific sensitivity, and signal is detected in
a modified dynamic-AFM mode allowing to separate
(long range) magnetic forces from (short range) topog-
raphy ones.

The technique operates in two steps. First, a single
line of a topography map is acquired in amplitude mod-
ulation mode and stored. In this mode, the tip is in
intermittent contact with the surface, whereas the
damping in the free oscillation amplitude is used to
adjust tip-sample distance [slope detection technique

(Marti et al., 1987)]. In this step, the dominating con-
tribution to average force is repulsion, giving the topog-
raphy of the sample.

As a second step, the same line is repeated, whereas
the tip is lifted at a Dz distance from the surface, which
is calculated from the height data measured in previ-
ous step. This mode (called NAP) is remarkably differ-
ent from commonly used constant height technique,
because surface tilt and roughness are point-by-point
compensated using the previously obtained topography
data. In this way, the contribution of short-range forces
is held constant, whereas the long-range forces (at a
known Dz distance) are probed by monitoring oscilla-
tion parameters of the cantilever. Usually, the changes
in free oscillation frequency are considered a good esti-
mation of long-range forces, because in a single har-
monic oscillator model of the cantilever, these quanti-
ties are related as follows:

Df ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0 � dFðzÞ

dz

� �

m

vuut � f0 ð1Þ

where m0, k0, and f0 are mass, spring constant, and
free oscillation amplitude of the oscillator (depending
therefore on the sensor), and Df is a frequency varia-
tion induced by force changes. On a compositionally ho-
mogeneous sample with different magnetic domains
(uniform short-range forces and different long-range
ones), the frequency signal in NAP mode would provide
a direct contrast of force variation at constant distance
from the surface, that is, magnetic features.

To measure the representative parameters of our
films, the right choice of the cantilever is essential. A
proper choice of cantilever properties, as magnetic and
mechanical ones, deeply influences lateral resolution
and sensitivity and defines the best NAP height from
the surface. This height has to be selected to minimize
the short-range repulsive (topography) interaction.
Eventually, the recorded images result by an appropri-
ate compromise between crosstalk, sensitivity, and lat-
eral resolution. In our samples, the influencing param-
eters can be the nanoparticle aggregation, the features
shape, and the distance from the surface. Therefore,
many critical factors such as mechanical properties in
short-range regime or tip-particle distance for long-
range forces have a wide variability. Moreover, the
used g-Fe2O3 nanoparticles of 10-nm diameter are
expected to have paramagnetic behavior, giving a quite
small magnetic response with respect to bulk domains.
To perform cantilever selection, a test sample has been
prepared as follows: a 0.4-M g-Fe2O3/chloroform solu-
tion has been further diluted in its solvent by a factor
104 and drop casted on a freshly cleaved highly ordered
pyrolytic glaphite (ZYB Quality, NT-MDT, Moscow) to
allow isolated particle groups with single-layer thick-
ness on an atomically flat substrate. Comparative
MFM measurements at different Dz distances (data not
shown) lead us to select Nanosensors PPP-MFMR can-
tilevers with the following nominal parameters:

� Hard magnetic coating on the tip side (coercivity of
�300 Oe, remanence magnetization of �300 emu/cm3);

� Effective magnetic moment in the order of 10213

emu;
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� Guaranteed tip radius of curvature <50 nm;
� Magnetic resolution better than 50 nm;
� Spring constant (3 nN/nm).

With this sensors, the best resolution have been
obtained at 30 nm with a free amplitude oscillation of
50 nm. These parameters have been taken as reference
and slightly adjusted on different samples.

RESULTS

Chloroform solutions of 1% wt g-Fe2O3 nanoparticles
and 99% wt PEMMA were drop casted on glass sub-

strates. For some films, a homogeneous MF (�160 mT),
produced by two permanent magnets, was applied par-
allel to their substrate during the deposition and evap-
oration process (Fig. 1). All the films were left to dry
overnight at saturated chloroform atmosphere under
or not MF.

The resulting nanocomposite films were initially
studied under an optical microscope to confirm the for-
mation of the magnetic NWs in the case of MF applica-
tion. Figures 2a and 2b demonstrate the optical micro-
scope images of two films, produced after drop casting
and evaporation of the polymer–nanoparticle solution
under or not MF, respectively. It is clear that the appli-
cation of a MF during the deposition of the solution
and the evaporation process causes the movement of
the nanoparticles toward the direction of the magnetic
lines, forming NWs (Fig. 2a). In contrast, when the
deposition is done without the presence of the MF, the
formed films contain only aggregated structures ran-
domly distributed in the entire volume of the films
(Fig. 2b).

The topography study of the films, which was con-
ducted by the MFM (at the NAP mode with the tip
lifted about 5 nm from the surface of the films), reveals
further microscopic features. The film of 1% wt
g-Fe2O3 nanoparticles in PEMMA, which was left to
dry without external MF, presents on its surface-aggre-
gated structures with spherical shape of few tens nano-
meters diameter (Fig. 3a). Figure 3b illustrates the cor-
responding magnetic image, where it is shown that
these aggregates do not have a significantly different
magnetic behavior compared to the background ma-
trix. This indicates that these structures are mainly
covered by the polymer, which apparently reduces the
strength of their magnetic characteristics. Further-
more, the film of 1% wt g-Fe2O3 nanoparticles in
PEMMA formed under MF has similar homogeneous
surface characteristics. The magnetic NWs that, as the
optical microscopy analysis has revealed, are formed in
the volume of the film hardly appear on the surface. A
surface area of the film, where a NW is present, can be

Fig. 1. Experimental set up for the preparation of nanocomposites
incorporating magnetic NWs formed under the application of a mag-
netic field. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Fig. 2. Optical microscopy image of a PEMMA/g-Fe2O3 film formed (a) under magnetic field, (b) with-
out the application of the magnetic field.
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seen in Figures 4a and 4b, although, as mentioned ear-
lier, the appearance of such features is not very fre-
quent. Specifically, at the presented image is demon-
strated a line with different magnetic behavior com-
pared to the rest of the film, which is attributed to the
magnetic nanoparticles assembly.

After the surface study of the films that gave very lit-
tle information of the formation of the NWs upon MF
application, slices of 200-nm thickness of the formed
films were cut parallel to the MF lines, using an ultra-
microtome. The MFM study was repeated on these sli-
ces, because, following this procedure, the surface layer
was removed, and the examination was performed onto
inner layers of the films. Specifically, Figure 5 shows
the topography, the phase image, and the magnetic
image of an �20 3 20-lm2 area of a cut slice. The long-

aligned NWs clearly appear throughout the surface of
the section, and they exhibit enhanced magnetic prop-
erties, as the phase and magnetic images prove, respec-
tively. The results verify the existence of long-magnetic
NWs aligned throughout the volume of the films
formed under the MF application that do not appear on
the surface layers of the films and can only be moni-
tored by MFM using ultramicrotomed film slices.

To examine further the formation of the NWs
throughout the films and to specify in detail the compo-
sition of the nanocomposites, we performed TEM and
SEM studies. The examination was done on slices cut
from the films with the ultramicrotome. For the TEM
analysis, the slicing of the pieces was done in directions
longitudinal and vertical to the expected orientation of
the NWs (Figs. 6a and 6b). The TEM images confirm

Fig. 3. (a) Topography and (b) magnetic field image of a film of 1% wt g-Fe2O3 nanoparticles
in PEMMA formed upon solvent evaporation of a drop-casted solution without the application of
external MF.

Fig. 4. (a) Topography and (b) magnetic field image of a film of 1% wt g-Fe2O3 nanoparticles in
PEMMA formed upon solvent evaporation of a drop casted solution under an external MF.
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the existence of NWs formed along the lines of MF, hav-
ing cylindrical shapes, and being composed by aligned
bundles of g-Fe2O3 nanoparticles (Fig. 6).

A BSE–SEM cross sectional study on a slice cut par-
allel to the MF direction throughout the entire film
shows that all the formed NWs follow the lines of the
MF and that they are present in the whole film volume
(Fig. 7a). The same study on a film formed without the
application of MF shows that aggregates of g-Fe2O3

nanoparticles are dispersed randomly throughout the
volume of the nanocomposite film (Fig. 7c). An impor-
tant observation is that the surfaces of the all films
consist of a continuous layer of closely packed nanopar-
ticles, independently from the application or not of the
MF (Fig. 7b). We believe that this layer makes hard the
observation of the formed NWs, during the topography

characterization of our films using MFM, as mentioned
previously.

DISCUSSION

The presented study demonstrates the possibility to
create polymeric nanocomposite films incorporating
unidirectional magnetic MWs. We demonstrate the
detailed characterization of these films using a combi-
nation of different microscopic techniques that allows
simultaneous locally selected topographic and mag-
netic measurements. The formation and alignment of
the magnetic NWs occurred upon solvent evaporation
of a drop-casted polymer/nanoparticles solution under
the application of a MF. In detail, the static MF was
applied on a solution of 1% wt g-Fe2O3 colloidal nano-
particles and PEMMA in chloroform, drop casted onto

Fig. 5. (a) Topography, (b) phase image, and (c) magnetic image of a film slice of 200-nm thickness.
The insets correspond to the area indicated with the yellow rectangular. The red mask used at all the
insets indicates the threshold value for the total NAP signal. During NAP mode, the tip is lifted around
9 nm from the surface of the films.
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Fig. 6. (a) BF–TEM longitudinal image of a thin slice of a film (250 nm), where the NWs are shown
parallel to their axis. (b) BF-TEM cross sectional image of a thin slice of the same film, showing the
NWs perpendicular to their axis. Some dispersed particles apparent in this image are due to the cutting
procedure.

Fig. 7. (a) BSE–SEM cross sectional image of the whole film. The
bright lines represent the NWs while the dark area is the polymer
matrix. The bended NWs, observed at the lower part of the film, are
due to the bending of the section. (b) BF–TEM image of the surface of
the films, where a continuous layer of nanoparticles is observed. (c)

BSE–SEM cross sectional image of the whole film formed after drying
of a drop-casted solution without application of external magnetic
field. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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a glass substrate, at room temperature. The assembly
of the nanoparticles is performed during the overnight
solvent-evaporation process, following the direction of
the lines of the MF. After the solvent evaporation, the
obtained NWs remain eventually ‘‘frozen’’ in the solid
film throughout its entire volume. Thus, a plastic film
is formed incorporating well-aligned long NWs of aver-
age length �15 lm and average diameter �80 nm, as
the SEM and TEM studies have shown. Additionally,
the SEM study reveals that the surface layers of all the
formed films are covered with closely packed g-Fe2O3

nanoparticles distributed all over the surface not fol-
lowing the MF lines, even if the volume of these films
contains aligned NWs. The formation of this layer can
be attributed to the evaporation process. In particular,
the very first seconds after the drop-casting procedure,
it is expected that the solvent evaporation occurs much
faster on the top layer of the film than at the rest of the
casted solution. Thus, immediately after the deposition
of the nanocomposite solution, a layer is formed with
very high viscosity on the liquid–air interface,
obstructing the movement of the nanoparticles and,
thus, resulting in their fast immobilization. At the rest
of the film, the viscosity is lower, due to the slower
evaporation process, allowing to the nanoparticles to
move following the magnetic lines, when the MF is
applied, eventually forming NWs in the volume of the
films. Upon subsequent solvent evaporation, the viscos-
ity of the film gradually increases, slowing down the
motion of the nanoparticles/NWs. Eventually, when
the solvent is completely evaporated from the film, the
viscosity becomes high, so that the formed NWs can be
considered stable, being unable to decompose back to
the nanoparticles, even if the MF is removed.

The removal of the surface layer of the films made
possible their simultaneous topographic and magnetic
study. Using a microtome, thin slices from the films
were examined, having the aligned NWs exposed onto
their surface. On these slices, the morphology and the
magnetic properties of each individual NW could be
studied. The formed NWs exhibit enhanced magnetic
contrast revealed by the MFM study, proving that the
NWs preserve the magnetic character of their individ-
ual components (g-Fe2O3 nanoparticles). The study of
the properties of individual stripes opens up the possi-
bility of various applications of these films, related to
the oriented growth and patterning of molecules bound
on the NWs and to the effect of this binding on the
magnetic properties of the NWs. In particular, work is
in progress in our laboratories concerning the binding
of these stripes with various biological molecules such
as DNA, proteins, or cells, and the study in the change

of the magnetic properties of the stripes using the
MFM technique. Applying this method, the use of plas-
tic films in biological applications for the formation of
biological sensors and molecular recognition devices
becomes possible.
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