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Abstract
We propose a method for preparing magnetically anisotropic soft materials that includes chemical loading (in situ synthesis)
of iron oxide nanoparticles in a matrix composed of κ-carrageenan (Car) and poly(vinyl alcohol) (PVA) followed by
mechanical stretching of the hybrid in a wet process. Anionic Car was used to accommodate the iron oxide nanoparticles and
was blended in advance with PVA, which has the ability of high orientation. Scanning electron microscopy revealed that the
loaded granular iron oxide nanoparticles (50–100 nm) formed elliptical clusters upon stretching of the hybrid composite.
Wide-angle X-ray diffraction measurements indicated that the PVA constituent was oriented in the draw direction. With the
orientation of the composite matrix, the incorporated iron oxide nanoparticles gathered to form elliptical clusters. The drawn
samples showed different amplitudes in the magnetization (M|| >M⊥) when measured in two setups in which the applied field
was parallel (||) or perpendicular (⊥) to the draw direction. The specific responses of the drawn sheets to an external magnetic
stimulus were visualized and were reasonably attributed to an effect of the magnetic anisotropy created by the preferred
orientation of the nanoparticle aggregates.

Introduction

Magnetic nanocomposites of eco-friendly or biocompatible
polysaccharides [1–21] have potential for use in various
applications. The possible applications include green fil-
tration and separation systems, information transfer and
storage media, fabrics for electromagnetic wave shielding,
field-sensitive actuators and sensors, magnetic drug-
delivery systems, and other biomedical products.

We have reported a series of studies in which iron ions
were chelated to anionic polysaccharides and then oxidized
in situ via Fe(OH)2 production to form iron oxide nano-
particles [9, 12, 17, 21]. We previously established condi-
tions for regulating the amount and size of the magnetic iron

oxide nanoparticles; therefore, it was possible to obtain
hybrids containing superparamagnetic (SPM) iron oxide
particles of several tens of nanometers. For instance, by
repeating the in situ synthetic cycle three–four times within
a carrageenan (Car) matrix, magnetic composites that pos-
sessed a high saturation magnetization (Ms) reaching ~25
emu/g sample at 298 K were easily obtained without
impairing the SPM character [17].

In a recent study using a combination of cellulose
nanocrystals (CNCs) and Car as the matrix, we reported that
the iron oxide-containing nanocomposites exhibited “shape
magnetic anisotropy” after an appropriate treatment to array
the magnetic nanoparticles [21]. The concept of material
design was based on the following idea: the magnetic iron
oxide nanoparticles were synthesized in situ in the CNC/Car
matrix; the nanocomposites obtained in sheet form were
subjected to a drawing process to induce a specific orien-
tation; thus, the distance between magnetic nanoparticles,
which were originally finely dispersed, decreased enough to
allow the magnetic walls to move even though completely
separate magnetic domains were present before the orien-
tation treatment. The resulting spheroidal clusters approxi-
mately behaved as ferromagnets, although the original
magnetic nanoparticles themselves were isotropic granules
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and imparted SPM properties [21]. Eventually, different
amplitudes of a demagnetizing field were induced inside the
nanocomposite samples by varying with the external mag-
netic vector, and macroscopic anisotropic magnetization
was accomplished.

In the present study, we propose a simpler method for
preparing nanocomposites with magnetic anisotropy. For
this purpose, Car (κ-type) was blended with poly(vinyl
alcohol) (PVA) and used as a matrix. Both the component
polymers are supplied as general industrial raw materials.
The microcomposition can be done in a simple process of
mixing Car and PVA aqueous solutions. For this combi-
nation, the compatibility was evaluated based on the melt-
ing point depression of the PVA component [22]. Recently,
an attempt was made to prepare Car/PVA composites as
adsorbents for cationic dyes; magnetite nanoparticles were
incorporated into the composites to easily recover the
absorbent with a magnet [23]. On the other hand, here, we
expect that Car possessing sulfo groups is a necessary
component for intercalating iron ions to produce magnetic
iron oxide, while the PVA constituent allows the entire
matrix to stretch to provide an anisotropically aggregated
array structure of iron oxide particles. The microcrystals and
hydrogen bonding interactions of PVA behave as cross-
linking points, so it is assumed that high deformation of the
entire matrix, including the amorphous regions, is possible.
For PVA gel alone, it was impossible to effectively incor-
porate iron oxide by this in situ method [9]. Meanwhile, it is
difficult to dramatically deform the matrix of κ-type Car,
which gives elastic gels [24, 25]. The combination of Car
and PVA is thus useful.

To demonstrate this concept, we first examined the
compatibility of Car and PVA based on the glass transition
behavior determined by differential scanning calorimetry
(DSC). After that, magnetic iron oxide was synthesized
in situ in the composite matrix in a manner similar to that of
our previous studies. We sought to optimize the process of
stretching the gel-like nanocomposites containing iron
oxide nanoparticles. The nanocomposites were then sub-
jected to wide-angle X-ray diffraction and morphological
observations to characterize the orientation behavior of the
composites and the distribution of iron oxide nanoparticles.
The magnetic anisotropy was evaluated with a super-
conducting quantum interference device (SQUID). We also
demonstrated several patterns of anisotropic response of the
products to external magnetic stimuli.

Experimental procedures

Original materials

The carbohydrate polymer sample of Car was a commercial
product of κ-carrageenan (CP Kelco ApS (Lille Skensved,
Denmark), GENUGEL WR-78-J, lot no. 035400), and the
molecular weight and sulfur content (S) were determined in
the preceding study as follows: [17] Mw= 8.28× 105,
Mw/Mn= 2.21, and S= 5.97 wt%. PVA was supplied as
PVA-HC by Kuraray Co.; the nominal degree of poly-
merization was 1750, and the saponification value was 99.9
mol%.

Ferrous chloride tetrahydrate (FeCl2·4H2O) and H2O2

aqueous solutions were obtained from Wako Pure Chemical
Ind., Ltd., and all other chemicals and solvents used were
guaranteed reagent grade and employed without further
purification. However, the water (usually distilled) and
ethanol involved in the synthesis of iron oxides in the
polymer composite gels were degassed by bubbling N2

through them prior to use.

Iron oxide incorporation into Car/PVA gels

Aqueous solutions of Car and PVA were prepared sepa-
rately at concentrations of 5.0 and 10 wt%, respectively, by
dissolving the original polymer materials in water at 95 °C
under continuous stirring. The solutions were mixed at
95 °C such that the solid weight ratio of Car/PVA was
20/80, and the mixture was stirred for 30 min at that tem-
perature. The Car/PVA weight ratio (20/80) was adopted in
consideration of the stretchability of the composite (see later
discussion). The hot mixture was poured into a rectangular
Teflon tray and transformed into a hydrogel by cooling
naturally to room temperature (23 °C).

The Car/PVA gel was then immersed in an excess of an
ethanol/water mixture (23 °C) containing FeCl2 at a con-
centration of 0.10M. The ethanol/water mixture used in this
study was prepared by mixing the two solvents in a volume
ratio of 1:1. After immersion in the salt solution for 2 h, the
Fe2+-intercalated gel was lightly washed with ethanol/water
and soaked in a 1.0 M NaOH solution in ethanol/water
(pH ≈13) for 2 h to produce ferrous hydroxide in the
polymer composite network. The entire system (300 mL
flask) was heated to 65 °C, and a 2.0 wt% H2O2 solution in
ethanol/water was added dropwise into the alkaline medium
over a period of 15 min. The oxidized gel (dark red–brown
color) was removed from the container and washed with
ethanol/water. The gel samples oxidized one time by this
method were further oxidized in two subsequent cycles
involving ferrous ion intercalation, alkali treatment, and
oxidization with hydrogen peroxide. The sequence of the
procedures for the in situ synthesis of iron oxide in the gel

252 R. Sakai et al.



matrix was similar to that applied in the preparation of
PVA-free carrageenan gels in the preceding study [17]. A
portion of the respective gel products (Car/PVA/Fe) was cut
away and stored in a refrigerator until use for magnetometry
measurements, and the rest of the sample was utilized in the
step for preparing drawn sheets.

Preparation of drawn sheets of Car/PVA/Fe

An iron oxide-containing gel sample with a moisture con-
tent of ~90 wt% was cut into small pieces and placed in a
50-mL beaker. The beaker was placed in a water bath at 65 °
C, and the sample in the beaker was stirred with a glass rod
to facilitate its transition to the sol state. The sol sample was
transferred to a micropipette and then discharged from the
pipette into t-butyl alcohol (t-BuOH) (30 °C) stirred at 800
rpm. The stirring was continued for 10 min. Thereafter, the
resulting fibrous, cylindrical samples were removed from
the t-BuOH, and the wet samples were each stretched to
~four times their original lengths using tweezers in the air at
23 °C. The samples after stretching had a diameter of 1.8
mm and were cut to 12 mm lengths. The stretched sample
was fixed on a glass slide with adhesive tape, air- and
vacuum-dried, and then subjected to subsequent measure-
ments. Even though the wet sample had the form of a
fibrous cylinder, the sample after drying became a sheet
with a smooth surface and a size of 12 mm long, 2 mm
wide, and 0.45 mm thick. Similarly, sheet samples from the
as-spun state were also prepared. The diameter immediately
after extrusion from the micropipette was ~5 mm, and after
drying with the ends fixed, the sample became a sheet with
a width of 5.5 mm and a thickness of ~1 mm.

Measurements

DSC was conducted for the Car/PVA composites with
different weight ratios on a Hitachi High-Tech Science
Corporation DSC6200/EXSTAR6000 apparatus. The mea-
surements were performed on 7-mg samples under a
nitrogen atmosphere after calibrating the temperature read-
ings with an indium standard. The samples were first heated
to 250 °C and immediately quenched to −140 °C. Then, the
second scans were collected from −140 °C to 260 °C to
record stable thermograms. The glass transition temperature
(Tg) was determined from the midpoint of the discontinuity
in the heat flow.

The content of iron in the Car/PVA/Fe composite was
measured by a redox titration method similar to that pre-
viously reported [17].

Magnetometry measurements were carried out on air-
dried sheet samples 2 mm wide and 5 mm long with a
superconducting quantum interference device (SQUID),
MPMS-5 from Quantum Design Inc. The applied magnetic

field (H) was varied through a cycle of 0 T→ 5 T→−0.1
T→ 0 T at a constant temperature. For a given sample, the
magnetization (M) vs. H data were collected at 298 and 100
K. With regard to the drawn sheets, the draw direction (DD,
the major axis of the specimens in this case) was set parallel
(||) or perpendicular (⊥) to the applied field; thus, two
definable magnetizations, M|| and M⊥, were estimated. The
temperature dependence of magnetization (M vs. T) was
also examined in the so-called zero-field-cooled (ZFC) and
field-cooled (FC) conditions. The field strength applied was
0.01 T, and the experimental procedure was described in
previous papers [17, 21, 26].

Morphological observations were performed using a field
emission scanning electron microscope (FE-SEM), Hitachi
S-4800. The samples were sputter coated with Pt before
observation.

Wide-angle X-ray diffraction (WAXD) measurements
were conducted using a Rigaku diffractometer, R-AXIS
RAPID II. The apparatus was operated at 50 kV and 100
mA, and Ni-filtered CuKα radiation (0.154 nm) was
utilized.

Evaluation of the macroscopic response behavior to
an external magnetic field

For visual observation of the magnetic field response, larger
specimens were prepared. For this purpose, a Car/PVA sol
sample containing iron oxide at 65 °C was poured into a
Teflon container (interior dimensions of 20 mm wide× 40
mm long× 10 mm deep), and 30 °C t-BuOH was gradually
added into the vessel to form a gel. The gel sample was
allowed to stand for 10 min in the t-BuOH bath, stretched to
three times its original length using a hand-cranked drawing
device in the air at 23 °C, and air-dried while attached to the
drawing device to prepare a sheet specimen. The obtained
samples were appropriately cut to size and used. Gels that
were air-dried without being stretched were used as as-cast
samples for reference. In addition, gels that were stretched
and then cut without drying were subjected to observation
as water-swollen Car/PVA/Fe specimens.

Several test pieces cut from the drawn sheets were uti-
lized for observation of the macroscopic response behavior
to an external magnetic field. The observation was per-
formed by the following two methods: (1) The test pieces
were floated on ethanol in a Petri dish, and a bar magnet of
0.15 T was employed for the field application. (2) A rec-
tangular, water-swollen Car/PVA/Fe sample was cut so that
the bottom was nearly square, and two different color tapes
were affixed to the opposing side faces. A thread was
attached to one end of the sample, and the entire sample was
suspended, such that the DD was perpendicular to the
gravitational field. A 0.15-T bar magnet was brought close
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to the sample, and the movement of the sample was
observed.

Results and discussion

In the present study, anionic Car was responsible for
incorporating iron oxide nanoparticles and was combined
with PVA, which shows an ability for high orientation. We
thereby attempted to control the distribution of the magnetic
iron oxide nanoparticles by stretching the entire nano-
composite to produce magnetically anisotropic materials.

To evaluate the compatibility of Car and PVA and
determine an appropriate proportion, different compositions
of Car/PVA were subjected to DSC measurements to detect
possible variations in the glass transition temperature (Tg)
with changing composition. The composites were prepared
by solution casting from mixtures of the respective aqueous
solutions. The DSC thermograms obtained in the second
heating scan are shown in Fig. 1. As seen in Fig. 1a, the Tg
values of Car alone and the Car-rich composites were
unclear, but the Tg of the PVA component rose as the Car
content increased. Based on such a systematic Tg shift, we
concluded that there was good compatibility between the
components in the amorphous regions of the composite
series. For the PVA-rich composites (Car/PVA= 30/70–0/
100), the melting point of PVA appeared at 200 °C or
higher, as shown in Fig. 1b. Depression and broadening of
the melting point were clearly observed as the Car content
increased, and the crystalline domains of PVA disappeared
in the Car-rich blends. This result is similar to the general
behavior of amorphous/crystalline polymer pairs showing
good compatibility. On the other hand, we found a gap in
the Tg shift between 20 and 30 wt% Car. When the Car
content was 20 wt% or less, it appeared that the physical
properties, such as the thermal transition of the composites,

were similar to those of PVA. Therefore, in the present
study, the Car/PVA proportion was fixed at 20/80 by weight
in anticipation of achieving high orientation in the nano-
composites and maximizing the iron oxide loading. The
validity of selecting this composition will be demonstrated
by the stretching behavior described below.

Based on the redox titration, the iron content was
determined to be 9.2 wt% for the Car/PVA/Fe nano-
composite prepared by repeating the in situ synthesis of iron
oxide three times. Because Car possesses sulfate groups, it
was possible to prepare a composite in which iron ions were
easily incorporated into the matrix, and the iron oxide
particles were accommodated in large quantities.

In the drawing process, an aqueous sol-like sample (Car/
PVA= 20/80 in weight) containing iron oxide was extruded
from a micropipette into a t-BuOH bath to form a gel, and
after a given amount of time, the gel was removed and
stretched in the air. The optimum time for immersion of the
gel in t-BuOH was 10 min. When the gel was stretched with
tweezers, it could be extended to four times its original
length. Preliminary experiments showed that the composi-
tions containing more than 20% Car could not be deformed
by more than 1.5 times; the κ-type of Car gives a highly
elastic gel [24, 25]. Incidentally, other coagulation baths
(methanol, ethanol, and 2-propanol) were also utilized, but
t-BuOH was the most suitable based on the stretchability of
the wet nanocomposites. This result may be attributable to
the speed of coagulation; the coagulation rate of the present
sample decreased in the order of methanol, ethanol, 2-pro-
panol, and t-BuOH. Slower coagulation and precipitation in
t-BuOH were also advantageous for maintaining the flex-
ibility and deformability of the polymer network in the gel
sample for a longer time. Thus, the Car/PVA/Fe nano-
composites could be easily stretched.

The samples subjected to the following various char-
acterizations were the as-spun samples (via micropipette

Fig. 1 DSC thermograms of the
Car/PVA composites in the
second heating scan. The
midpoint Tg positions are
indicated by arrows for the
respective compositions
illustrated in a. Part b represents
the enlarged thermograms
around the melting point of PVA
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extrusion) and those stretched with tweezers; each was air-
dried with both ends fixed to a glass slide to form a nearly
rectangular sheet. For comparison, we also show data for
the as-cast sheets obtained by air drying the sol.

FE-SEM images of the surfaces of the as-cast, as-spun,
and drawn samples are shown in Fig. 2. For the as-cast
sample, granular particles of iron oxide were randomly
dispersed, as shown in Fig. 2a. In contrast, the image in
Fig. 2b indicates that iron oxide particles were distributed

on the surface of the as-spun sample. The size of the par-
ticles estimated from the image was 50–100 nm, and these
particles seemed to partially aggregate and slightly align
along the extrusion direction (ED). With regard to the sur-
face of the sample stretched to four times its original length
(Fig. 2c), it was confirmed that the iron oxide particles were
gathered and arranged along the drawing direction (DD) to
form array structures (typically <1 μm length and <200 nm
diameter). The diameters of the individual iron oxide

Fig. 2 FE-SEM images of the surfaces of a as-cast, b as-spun, and c drawn (fourfold) sheets of Car/PVA/Fe. The images labeled with a prime
symbol are the enlarged views

Fig. 3 WAXD results for the sheets of Car/PVA/Fe: a WAXD pattern of the sheet drawn to four times the original length, and azimuthal intensity
profiles of the b Fe3O4 (311) and c PVA (101) diffractions for the as-cast, as-spun, and drawn (fourfold) sheets
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particles were 50–100 nm, as was the case in the as-spun
specimen. For the drawn sample, a bundle-like morphology
(<1 μm width) was also developed, seemingly exhibiting a
fibrous orientation at low magnification.

Figure 3 illustrates the WAXD data for the sheets of Car/
PVA/Fe. The DD and ED of the samples were set to be
perpendicular to the equator of the WAXD pattern, as
exemplified in Fig. 3a for the sheet drawn to four times the
original length. The diagram was characterized by diffrac-
tions from two kinds of crystals, spinel ferrite of Fe3O4 and

PVA, as indexed from several intense diffractions in the
pattern. As shown in Fig. 3b, a slight preferential orientation
was observed in the diffraction of the (311) plane of the iron
oxide unit in the fourfold stretched sample, although the
peak was broad. However, this peak was barely observable
in the as-spun samples. With regard to the PVA crystals
(Fig. 3c), the azimuthal scanning of the (101) diffraction at
2θ= 19.5° showed no significant change in intensity for the
as-cast sheet. The azimuthal profiles of the as-spun and
drawn sheets, meanwhile, exhibited maxima at the equator

Fig. 4 Magnetization vs. applied field plots at 298 K for the a as-cast,
b as-spun, and c drawn (fourfold) Car/PVA/Fe samples. The plots
labeled with a prime symbol in a–c illustrate the data on an enlarged

scale. Panels b and c include the magnetization data in two sets of the
ED and DD parallel (||) and perpendicular (⊥) to the applied field

Fig. 5 Temperature dependence of the magnetization for the a as-cast,
b as-spun, and c drawn (fourfold) samples examined with a field
strength of 0.01 T in ZFC (open symbols) and FC (solid symbols)

conditions. Panels b and c include the magnetization data in two sets
of ED or DD parallel (||) and perpendicular (⊥) to the applied field
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(azimuthal angles ϕ= 0 and 180°). It was thus found that
the PVA crystals in the as-spun sample preferentially
oriented along the ED during extrusion from the micro-
pipette and regeneration in the coagulation bath. When the
sample was stretched, the peaks in the azimuthal scan
became somewhat sharper. This suggests an improvement
in the crystallinity and orientation in the drawing and drying
processes, although it is necessary to further investigate the
formation and growth of PVA crystals. Additionally, the
orientation of the amorphous chains may have been
improved as well.

SQUID magnetometry was conducted on the samples,
and the effect of the structural anisotropy was evaluated.
For the measurements, we used small, rectangular speci-
mens cut from the oriented sheets with dimensions of 5 mm
in the ED or DD direction and 2 mm in the direction per-
pendicular to the ED or DD. As-cast sheets cut into 2-mm
squares were also provided for the measurements.

Figure 4 shows the magnetization (M) vs. applied field
(H) plots at 298 K for the air-dried specimens. As seen in
the enlarged plots ((a)′–(c)′), all of the samples imparted a
perceptible hysteresis in the range of −0.05–0.05 T, from
which the magnetism at this temperature was judged to be
ferromagnetic (FM), although the extent of the hysteresis
loop was generally small or moderate. We previously

reported that similar FM behavior was observed at 100 K
for parallel composites prepared by three repetitions of the
in situ synthesis of iron oxide in matrices containing Car
[17, 21]. To give FM behavior means that the size of each
iron oxide particle is reasonably large. The magnetism was
consistent with the observation of iron oxide particles with
50–100 nm diameters by FE-SEM.

Figure 5 illustrates the ZFC and FC curves obtained for
the three samples in an applied field of 0.01 T. As seen in
Fig. 5a, no clear maximum was observed in the ZFC curve
for the as-cast sample. The FC and ZFC curves were close
to each other at room temperature (300 K) but separated at
slightly lower temperature, and the divergence became
remarkable with decreasing temperature. The fact that the
temperature at which the FC and ZFC curves separated was
close to room temperature was consistent with the tendency
of the composite to show FM at room temperature. The
tendency remained nearly unchanged regardless of the
processing route and M measuring direction, as seen from
the data in Fig. 5b and 5c.

As for the influence of the orientation, the magnetization
(M||) of the as-spun and drawn sheets in the parallel set was
always larger than that (M⊥) in the perpendicular set. This
result indicates that the axis of easy magnetization lies
parallel to the ED or DD of the sheets. The magnetic ani-
sotropy, represented by the ratio M||/M⊥, was generally
higher in the drawn sample, particularly at lower-field
strengths, when the samples were compared at a constant
temperature of 298 K (see Table 1). In Fig. 5b and 5c, the
ZFC and FC data for the two samples, each shown for both
the parallel and perpendicular sets, demonstrate the aniso-
tropy of magnetization at 0.01 T over a wide range of
temperatures; the drawn sample is superior to the as-spun
sample in the degree of the anisotropy.

Table 1 M||/M⊥ at different magnetic fields obtained by SQUID
magnetometry at 298 K

M||/M⊥

at 0.005 T at 0.050 T at 3 T

As-spun 1.15 1.13 1.12

Drawn 1.82 1.61 1.55

Fig. 6 Pictorial representation
that models the oriented
aggregates of iron oxide
nanoparticles distributed in a
drawn matrix composed of Car
and PVA and the magnetic
anisotropy derived from the
anisotropic microstructure. The
concept of this figure was
reported in Fig. 9 of our
previous paper [21].
(Rearranged with permission
from ref. [21]: Copyright 2016
by Elsevier Ltd.)
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Concerning the magnetic anisotropy observed above, the
anisotropy of the macroscopic shape of the samples likely
partially contributed to the results because the specimens
were cut so that the principal (longer) axis was in the DD or
ED direction. Nevertheless, it should be noted that the
drawn and as-spun specimens were cut into similar rec-
tangular forms for the SQUID measurements. Here we
consider the microscopic scale, i.e., the state of individual
magnetic nanoparticles. Because we observed no substantial
shape anisotropy and no explicit crystallite orientation for
the iron oxide (Fe3O4) nanoparticles by FE-SEM and
WAXD, respectively, each magnetic nanoparticle
(approximately round) can be assumed to hardly show
magnetic anisotropy. To interpret the above observation, we

thus assumed that the distance between magnetic nano-
particles was small enough to allow the domain wall to
move, and the nanoparticles formed a cluster following
deformation of the polymer matrix. This aggregation would
be significant in the drawn specimen, which showed a
particularly high anisotropy of magnetization. Furthermore,
the FE-SEM data (Fig. 2c) indicated that the iron oxide
particles in the drawn sheet assembled to form an array
along the DD. As modeled in Fig. 6, the individual aggre-
gates can be regarded as oriented magnetic bodies of a
prolate ellipsoid. When these bodies are subjected to an
external field, Hex, a so-called demagnetizing field, Hd, is
induced inside the bodies in the direction opposite to Hex;
the intensity of Hd is stronger along the shorter axis than the

Fig. 7 Photographic data
showing the magnetic
orientation behavior of Car/
PVA/Fe rectangular strips cut
from a drawn sheet (draw ratio
of three times) with the DD a
perpendicular and b parallel to
the longer axis of the strip. The
strips were floated on ethanol in
a glass dish. (Color figure
online)
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longer axis of the ellipsoid [27]. This results in anisotropy
(M|| >M⊥) in the magnetization, which is expressed as
M= χ(Hex − Hd) with susceptibility χ.

The formation of such oriented elliptical magnetic bodies
was more clearly supported by visual observation of the
response of the drawn (three times) sample as a whole to an
external magnetic field. Figure 7 illustrates the observations
for rectangular test pieces cut from a drawn sheet. The
longer axes of the strips were perpendicular (Fig. 7a) or
parallel (Fig. 7b) to the DD. The samples were floated on
ethanol in a Petri dish. When the Petri dish was brought
close to a bar magnet (0.15 T), the strips rotated so that the
DD and the force lines of the magnet were parallel to each
other, regardless of the cutting directions.

As a control experiment, the magnetic field response was
similarly evaluated for the as-cast samples as well. When
the in-plane aspect ratio was ~1, the as-cast samples did not
rotate but were attracted to the magnet. For rectangular
shapes, however, the cast samples uniformly moved so that
the longer axes were invariably parallel to the magnetic flux
lines.

The different magnetic responses observed above for the
nanocomposite sheets are interpretable in terms of an effect
of the shape anisotropy [27]. However, the dimensional
scale of the anisotropy and therefore the structural factor
varied substantially between the drawn sheet and the as-cast
one. In the drawn sheets, the loaded iron oxide nano-
particles were assembled in larger aggregates (typically
<1 μm length and <200 nm diameter) to form an array
along the DD. As modeled in Fig. 6, the individual aggre-
gates can be regarded as oriented magnetic bodies of a
prolate ellipsoid. On the other hand, the as-cast sheet had no
preferred arrangement of the granular iron oxide nano-
particles. In this situation, only the macroscopic shape itself
is a source of magnetic anisotropy. Therefore, when the as-

cast sheet was cut into rectangular strips, the longer axes
became the easy axis of magnetization. For the strips of the
drawn sheet, however, it is reasonable to conclude that the
shape anisotropy in the microstructure rather than that of the
entire sample more strongly contributed to the anisotropy of
the material magnetization. This principle was manifested in
the magnetic orientation behavior (Fig. 7a) of the strips in
which the longer axis was cut perpendicular to the DD.

Another magnetic response experiment enabled us to
further confirm the microscopic magnetic anisotropy of our
oriented samples. As shown in the middle of Fig. 8, we
suspended a water-swollen Car/PVA/Fe specimen with a
square basal plane, such that the DD was perpendicular to
the plane of the paper. When a bar magnet was brought
close to the sample, the specimen rotated, and the DD and
magnetic force became parallel. If the N and S poles of the
magnet were exchanged, the specimen rotated in the
opposite direction. Because the bottom of the sample was
nearly square and there was no influence of anisotropy due
to the shape of the whole sample, the effect of the micro-
scopic magnetic anisotropy in the drawn sample was more
clearly confirmed. If the sample DD was in the vertical
direction, namely, perpendicular to the force lines of the
magnet, the sample was simply attracted to the magnet
without rotating.

In extension of these results, we can make a variety of
orientation patterns of strips in a static magnetic field by
cutting strips at various angles relative to the DD from the
drawn nanocomposites. From a more practical standpoint,
the drawn nanocomposites explored here serve as an
example of functional materials that can provide magneto-
responsive microchips of <100 μm, each having a pre-
scribed axis of orientation; the chips would be applicable to
a micro-patterning element controlled by a magnetic force.

Fig. 8 Response of a Car/PVA/Fe drawn sample swollen with water to
a bar magnet. The gel sample was suspended in the vertical direction.
The bottom surface of the sample was essentially square. As shown in

the middle figure, the sample was first positioned so that the DD was
perpendicular to this page
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Conclusion

Magnetic iron oxide nanoparticles were synthesized in situ
in a compatible Car/PVA polymer matrix. By stretching the
obtained magnetic nanocomposite in the gel state, the iron
oxide nanoparticles loaded inside formed approximately
elliptical magnetic clusters. As a result, we succeeded in
making the composites anisotropically responsive to an
external magnetic field. Here, Car and PVA were respon-
sible for coordinating to iron and achieving a high orien-
tation, respectively, in the nanocomposites. These
constituents are industrially common raw materials, and the
preparation process for the nanocomposites was simple.
Although the magnetic iron oxide nanoparticles accom-
modated in the composites were granular and did not show
a remarkable anisotropic magnetization by themselves,
microscopic rearrangement was successfully accomplished
to impart macroscopic magnetization anisotropy. We
believe that this method can be practically applied to easily
obtain magnetically anisotropic materials.
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