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Unconventional magnetic behavior of iron-oxide nanoparticles
in polymeric matrices

A. M. Testa,a) S. Foglia, L. Suber, and D. Fiorani
ICMAT-CNR, Area della Ricerca di Roma, Monterotondo Stazione, Rome, Italy

Ll. Casas, A. Roig, and E. Molins
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We report the results of magnetization and57Fe Mössbauer spectroscopy measurements performed
in the temperature range 5–300 K on composites containing iron–oxide nanoparticles encased in
polystyrene type resins. After carrying out a suitable field treatment in order to decouple the
particles from the matrix, a fraction of the particles freely rotate in response to an applied magnetic
field. © 2001 American Institute of Physics.@DOI: 10.1063/1.1383019#
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I. INTRODUCTION

Significant progress has recently been made in prod
ing nanocomposite magnetic materials with superior prop
ties and potential important application. The common feat
of such materials is an interface across which the magn
interactions occur. The detailed nature of such interaction
attracting increased experimental and theoretical attent
Possible magnetic mechanisms operating at the interface
clude dipole–dipole, exchange~isotropic and anisotropic!,
superexchange, and magnetoelastic interactions. At leas
of these mechanisms, and often more than one, are con
porarily operating and the type of such interactions dep
not only on the microstructure, but also on whether itiner
or localized electrons are involved. As a result, a wide ra
of magnetization processes and properties can be obse
depending on the specific composite system. Example
current interest include magnetically hard and soft meta
alloys,1 core–surface nanoparticles,2 and nanocomposite
films.3,4 Recently, a new magnetic behavior has been
served at low temperature~5 K! in insulating composites
based on crystallineg-Fe2O3 ~maghemite! nanoparticles dis-
persed in a solid polymer matrix,5 prepared by freezing a
methanol based ferrofluid of the composite: magnetic p
ticles have been observed rotating freely in response to
applied static magnetic field~i.e., ‘‘free rotor behavior’’! af-
ter conditioning the material in a cycling magnetic field.

To check the existence of such behavior in other type
iron-oxide based nanocomposites, we investigated, in
temperature range 5–300 K, the magnetic properties of c
posite iron-oxide nanoparticles encased in matrices base
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commercial ion-exchange type polystyrene. Global magn
zation measurements and Mo¨ssbauer spectrometry show th
for the nanocomposites based on weak cationic exchan
~i.e., phosphonic resin!, a free rotor-like behavior exists eve
at room temperature for at least a fraction of the particle

II. EXPERIMENT

The composites containing iron-oxide nanopartic
were synthesized using commercial cation exchanger re
which were used as networks. For all the resins the ma
was polystyrene crosslinked with divinylbenzene. The res
labeled ‘‘BR-P’’ have a crosslinkage degree of 1%–2% a
contain phosphonic functional groups; those labeled ‘‘RD-
show a crosslinkage of 2% and contain sulphonic grou
The resins are formed by beads of;100–300mm in diam-
eter, a single bead being made up of microglobules. Inte
tial spaces between these microglobules form
macropores6 in which the iron-oxide nanoparticles can b
fitted. The iron-oxide nanoparticles~magnetite, Fe3O4! syn-
thesis was performed under N2 atmosphere, by dispersing th
resin in a Fe31/Fe21 ~2:1 ratio! chloride solution.

Matrix cations~Na1 or H1! were exchanged with Fe31

and Fe21 ions. The exchange was followed by hydrolysis a
polymerization in an alkaline medium at 65 °C with form
tion of Fe3O4 nanoparticles in the resin macropores. To
crease the iron-oxide nanocomposite loading, the proc
was repeated a number of times up to the desired load
value. After the first loading cycle the iron percentage, de
mined by atomic absorption spectrophotometry, was'3%
and 11% for the BR-P and RD-S based samples, respecti

Scanning electron microscopy as well as energy disp
sive spectra~EDS! measurements were carried out with
Cambridge 360; Transmission electron microscopy~TEM!
il:
4 © 2001 American Institute of Physics

IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ra

s
um
-

n-

o-
a

e
-

e

oa

oe
on

o
u
m

av
r
h
n

t

s
e

rd
-

ur
av

the
-S

, and
ro-
ite

ion

per-

he
ag-

-
es
FC

ak
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measurements were performed with a Philips CM 20 ope
ing at 200 kV. Magnetization versus temperature (Tmax

5300 K) and applied field (Hmax555 kOe) measurement
were performed with a commercial semiconducting quant
interference device magnetometer. Mo¨ssbauer spectra, with
out field and in a weak magnetic field~0.4 kOe! applied
perpendicular to theg beam were recorded with a conve
tional transmission spectrometer with a57Co source in a Rh
matrix; in field ~60 kOe! spectra were recorded using a cry
magnetic device in which the external field was applied p
allel to theg beam.

III. RESULTS AND DISCUSSION

A. Structural and morphological properties

X-ray powder diffraction patterns were recorded b
tween 4° and 70° of 2u using a Siemens D-5000 diffracto
meter with CuKa radiation. The diffraction pattern of th
BR-P nanocomposite shows a very broad peak at;19°, due
to the amorphous nature of the matrix and several br
peaks~Fig. 1! between 25° and 45°. Asg-Fe2O3 and Fe3O4

reflections are very close to each other, x-ray diffraction d
not allow for unambiguous distinction between the two ir
oxides.

TEM measurements show that in the BR-P nanocomp
ites @Fig. 2~a!# the iron-oxide nanoparticles are almost reg
larly spherical shaped, with a size distribution varying fro
3 to 4 nm up to 15 nm in diameter. As the macropores h
diameters of;0.5 mm, it is expected that particles and/o
aggregates of particles of smaller size will fill the pores. T
presence of aggregates with a diameter larger than 500
on the surface of the beads could not be excluded.

EDS elemental analyses on these aggregates show
the value of the Fe/O atomic ratio is'0.77, very close to the
0.75 expected value for Fe3O4. The BR-P based material
had a black color which changed to red–brown over tim
revealing a progressive oxidation process towa
maghemite. This was also confirmed by Mo¨ssbauer spec
trometry ~see Sec. III!.

In the case of the RD-S based composite, TEM meas
ments evidenced spherical iron-oxide particles with an

FIG. 1. XRD powders diffraction pattern of samples BR-P; magnetite pe
are indexed.
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erage diameter of 5 nm@Fig. 2~b!# while the XRD and EDS
results7 indicated the formation of the stableg-Fe2O3 as the
major phase. In contrast with the BR-P based materials,
material just prepared has a red–brown color. For the RD
based composite the smaller average size of the particles
hence the increased surface to volume ratio, is likely to p
mote the oxidation process responsible for the maghem
formation, as previously observed with other preparat
techniques.8

B. Magnetic properties

Magnetization versus temperature measurements
formed after the zero field cooling~ZFC! and field cooling
~FC! (Ha5100 Oe) processes, are reported in Fig. 3. T
curves exhibit the typical features of an assembly of m
netic nanoparticles presenting a volume~V! distribution, im-
plying a distribution of anisotropy energy barriersEB ~EB

5KaV for uniaxial anisotropy! and, consequently, of relax
ation timest.9 For an assembly of noninteracting particl
with a certain size distribution, the temperature of the Z
susceptibility maximumTm is found to increase with the

s

FIG. 2. TEM micrographs of samples BR-P~a! and RD-S~b!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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particle size and, in general, it is related to the average blo
ing temperaturêTB&, according to relationships that depen
on the volume distribution function.9 For the RD-S sample
the ZFC curve shows a maximum atTm'30 K. The FC
curve splits from the ZFC one atT@Tm , revealing the ex-
istence of a broad distribution of particle size; moreover
FC curve follows a Curie–Weiss law, indicating that t
sample consists of noninteracting or very weakly interact
particles. In contrast, the ZFC magnetization of the BR
sample increases with temperature, with a change of slop
'200 K; then it tends to flatten off around'300 K, suggest-
ing the presence of a broad maximum which develops
yond the highest temperature investigated. This indicates
the size distribution is shifted to larger sizes with respec
the RD-S sample, in agreement with TEM results. Moreov
the FC curve does not follow the Curie–Weiss law, sugge
ing the presence of much stronger interparticle interactio

For both samples, magnetization versus field curve
low temperature shows an ordinary hysteretic behavior, w
a time-dependent magnetization. This confirms the existe
in the blocked state of metastable states, separated by en
barriers, which prevent a free magnetization reversal. Unc
ventional features in the magnetic properties of sample B
appear when the magnetic field is rapidly cycled from plus
minus 5 kOe~magnetic training!. Figure 4 shows the ZFC
magnetization versus data measured at 5 K for the RD-S and
BR-P samples after the magnetic training. Actually, the m
surement consists of a sequence of minor loops performe
follows: in the first step, the field is increased up to a posit
value (H15100 Oe), then the field is decreased down to
negative value (H252400 Oe), larger than the positive pre
vious one. Such a procedure is repeated for increasing
plitudes of the maximum field of the minor loop, 2 kO
being the largest value of the applied field. For the RD
sample the coercive field was found to increase with
strength of the applied field, as for ordinary hard magne
materials, reaching a value of'130 Oe atHa52 kOe. Such
a value has been taken as the average between the dem
tizing and remagnetizing branches of the hysteresis loop
cause of its asymmetry. In addition to different possib

FIG. 3. Magnetization as a function of temperature for samples RD-S
BR-P ~inset!.
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physical reasons, the asymmetry should be primarily due
the finite remnant magnetization after the magnetic traini
In contrast, for the BR-P sample, only a small coercive fi
(Hc'50 Oe) was measured and a sharp drop in the mag
tization was observed in the proximity of the zero appli
field, followed by a continuous change in the magnetizati
This suggests that a fraction of particle moments can fre
rotate in response to magnetic fields of low amplitude. It
also observed that the hysteresis loop becomes narrower
narrower when the temperature increases. However, this
not be directly related to the free rotor effect, due to t
increasing contribution of unblocked particle moments a
the expected decrease in the coercive field of bloc
particles.

In order to have a microscopic insight into such unco
ventional behavior, we have finally undertaken Mo¨ssbauer
spectrometry on the BR-P sample. In particular, measu
ments were carried out at 300, 77, and 4.2 K and with
applied field of 60 kOe parallel to theg-ray direction at 10
K. At 4.2 K @Fig. 5~a!# the Mössbauer spectrum is totall
split into an asymmetrical sextet with broad lines. The fitti
model, which requires at least two magnetic compone
cannot give a single solution with accurate values of hyp
fine parameters, making the phase identification10 difficult.
Nevertheless, since there is no clear evidence for the diva
iron component, the data analysis suggests that Fe3O4 oxi-
dized tog-Fe2O3. At T510 K @Fig. 5~b!#, the application of
a 60 kOe external field parallel to theg-ray direction leads to

d

FIG. 4. Magnetization as a function of the applied magnetic field measu
at 5 K after training in a magnetic field of65 kOe: ~a! sample RD-S;~b!
sample BR-P;~c! detail of M vs H in the range6500 Oe for the sample
BR-P.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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a split of the magnetic spectrum into two resolved magn
sextets, with rather low intensity intermediate lines. The
fined values listed in Table I suggest a ferrimagnetic beha
of the compound. Indeed, one observes the significant
crease~decrease! of the effective fieldBeff for the outer~in-
ner! component compared to the hyperfine fieldBhyp. Be-
cause their magnetic moment is opposite the hyperfine fi
the values of effective fieldBeff and ofb which is defined as
the angle comprised betweenBeff andg-ray directions, give
rise to the hyperfine field values of both tetrahedral and
tahedral iron sites using the following relationship:Bhyp

2

5Beff
2 1Bext

2 22BextBeff cosb. The refined values of hyperfin
parameters~Table I! are close to those previously reporte
for maghemite,11 confirming the occurrence of the oxidatio
process in the material. Spectra at 77 K@Fig. 6~a!# and at
room temperature@Fig. 7~a!# consist of a superposition of
six-line Zeeman spectrum and a central doublet. The
components correspond to the magnetically blocked and
perparamagnetic particles, respectively. At 77 K, 33% of
total resonant area corresponds to the unblocked particle
find evidence of chemical decoupling of the particles fro
the matrix, a series of in-field spectra have also been
formed without removing the sample from the spectrome
Several spectra were recorded at 77 K according to the
lowing sequence, which should mimic the effect of t
‘‘magnetic training’’ carried out before the magnetizatio
measurements:

FIG. 5. Mössbauer spectra of sample BR-P:~a! 4.2 K, Ha50; ~b! 10 K with
Ha560 kOe.
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
ic
-
r

n-

d,

-

o
u-
e
To

r-
r.
l-

~i! spectrum recorded in the absence of an applied m
netic field @Fig. 6~a!#;

~ii ! the sample was exposed to a field gradient of l
intensity~0.4 kOe!, where the angle between the ma
netic field and the sample changed from 45° to 13

~iii ! spectrum recorded on sample exposed to a field of
kOe applied perpendicular to theg beam@Fig. 6~b!#;
and

~iv! zero field spectrum recorded after removing the fie
@Fig. 6~c!#.

The geometrical conditions~source–sample and sample
detector distances! were kept constant to avoid solid-ang
effects.

It is observed that the application of a small magne
field increases the magnetic six-line subspectra at the
pense of the superparamagnetic doublet as well as the o
ing of particle moments along the magnetic field. This im
plies a large low field susceptibility, which is consistent wi

FIG. 6. Mössbauer spectra of sample BR-P at 77 K:~a! Ha50; ~b! Ha

50.4 kOe; ~c! Ha50 after the magnetic field gradient exposure.
TABLE I. Mössbauer hyperfine parameters of sample BR-P.

Site dFe ~mm/s!
2e

~mm/s! Beff ~T! Bhyp ~T! b ~°! Rel. area

T54.2 K
H50

tetr. Fe 0.37 0.00 — 49.7~4! — 38~5!%

oct. Fe 0.51 0.00 — 52.0~4! — 62~5!%

T510 K
H560 kOe

tetr. Fe 0.37~2! 0.00~1! 56.9~4! 51.2~4! 18~5! 29~5!%

oct. Fe 0.51~2! 0.02~1! 47.0~4! 52.1~4! 43~5! 71~5!%
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the expected behavior for a soft magnetic material. By co
paring spectra of Fig. 6~a! and 6~c!, it turns out that after the
field treatment, a decrease of;25% of the total Mo¨ssbauer
resonant area occurs~see Table II!. Similar results were ob-
tained at 300 K after carrying out the same procedure~Fig. 7!
where a decrease of 10% of the total resonant area is
served. The area of a Mo¨ssbauer spectrum is proportional
the fraction of absorption events taking place without rec
of the nucleus. This fractionf is proportional to the tota
mean square displacement of the nucleus:f a exp@2k^xt

2&#.
As both area and line shape of the Mo¨ssbauer spectra can b
influenced by dynamical processes, fast motions can in p
ciple remove the resonant area. The lost area could be
cribed to larger mean-square displacements. For exampl
ultrafine Fe~OH!3 particles precipitated inside the Dowex 5
W resin,12 a crossover has been observed with Mo¨ssbauer
spectroscopy from free diffusion in restricted volumes to d
fusion of the Brownian oscillator, on increasing the degree
polymer crosslinkage.12 In our case, as the degree
crosslinkage is fairly low~1%–2%!, the observed feature
could be explained in terms of a partial decoupling of p
ticles from their matrix. In other words, as a result of a fr
diffusion in a restricted volume of a fraction of particles, t
system behaves as if there were no barriers preventing
magnetic moments orienting along the external magn
field. The decrease of the fraction of freely rotating partic
with increasing temperature can be explained by two m

FIG. 7. Mössbauer spectra of sample BR-P at 300 K inHa50 before~a!
and after~b! the magnetic field gradient exposure.

TABLE II. Mössbauer resonant areas at 77 K for sample BR-P accordin
the following experimental sequence:~i! spectrum recorded in the absenc
of an applied magnetic field;~iv! zero applied field spectrum recorded aft
removing the field.

Total
normalized

resonant area
Superparamagnetic

fraction ~%!
Ordered fraction

~%!

~i! 100 37% 63%
~iv! 89 38% 62%
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features:~i! the thermal reduction of the Mo¨ssbauer recoil-
less fraction, which is enhanced by the size effects, and~ii !
the decreasing number of particles in the blocked magn
state. Although the thermal energy is expected to weaken
bonds between the particles and the polymeric matrix, it
tually counteracts the orienting action of the external m
netic field, leading to the observed decrease of the fre
rotating fraction.

To explain all the experimental findings, the structu
and morphological characteristics of the nanocompos
have to be considered and the nature of the matrix is a
expected to play an important role. In particular, the inter
tions between the particles and the matrix are probably
diated by water molecules~thermogravimetric analyses fo
BR-P have shown a weight loss;40% below 100 °C! form-
ing hydrogen or van der Waals bonds between the parti
and the polymeric matrix.13 Indeed, after subjecting the pa
ticles to the magnetic field treatment, the induced stres
may be sufficient to break some of the weak bonds betw
the surfactant layer and the matrix wall. In such a case
predominant magnetization process of the decoupled frac
of the particles assembly can be a ‘‘nearly free’’ body ro
tion as in ferrofluids.14 As a consequence, particles can fo
low small variations of the magnetic fields without time la
and no magnetic relaxation thus occurs.

IV. SUMMARY AND CONCLUSIONS

Magnetization cycle measurements at 5 K on iron-oxide
nanoparticles in phosphonic-polystyrene type resi
crosslinked with divinylbenzene~BR-P samples!, lend sup-
port to the existence of a fraction of particles able to rot
freely in response to an applied field, after carrying ou
suitable field treatment for decoupling the particles from
matrix. The effect is also observed by means of Mo¨ssbauer
spectroscopy as indicated by the decrease of the total r
nant area. Moreover, it still persists at 77 K as well as
room temperature, although to a lesser extent.

The free-rotor behavior of a nanomagnet precludes
possibility of magnetic relaxation5 and opens up the poss
bility of almost magnetically lossless materials, ideal for a
plications in sensors, electrical transformers, motors,
generators.
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