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We report the results of magnetization atiBle Massbauer 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 Physic§DOI: 10.1063/1.1383019

I. INTRODUCTION commercial ion-exchange type polystyrene. Global magneti-
ianifi h v b de i q zation measurements and Mgbauer spectrometry show that
Significant progress has recently been made in produce, e nanocomposites based on weak cationic exchangers

ing nanocomposite magnetic materials with superior proper; o - shosphonic resjna free rotor-like behavior exists even
ties and potential important application. The common 1‘eatur%1

S ; . at room temperature for at least a fraction of the particles.

of such materials is an interface across which the magnetic
interactions occur. The detailed nature of such interactions is
attracting increased experimental and theoretical attentiorl- EXPERIMENT
Possible magnetic mechanisms operating at the interfaces in- The composites containing iron-oxide nanoparticles
clude dipole—dipole, exchangésotropic and anisotropic  were synthesized using commercial cation exchanger resins
superexchange, and magnetoelastic interactions. At least opghich were used as networks. For all the resins the matrix
of these mechanisms, and often more than one, are contefyas polystyrene crosslinked with divinylbenzene. The resins
porarily operating and the type of such interactions depenthbeled “BR-P” have a crosslinkage degree of 1%—2% and
not only on the microstructure, but also on whether itinerantontain phosphonic functional groups; those labeled “RD-S”
or localized electrons are involved. As a result, a wide rangghow a crosslinkage of 2% and contain sulphonic groups.
of magnetization processes and properties can be observate resins are formed by beads-6100—-300um in diam-
depending on the specific composite system. Examples after, a single bead being made up of microglobules. Intersti-
current interest include magnetically hard and soft metalligja| spaces between these microglobules form the
alloys," core—surface nanoparticlésand nanocomposite macropore%in which the iron-oxide nanoparticles can be
films.>* Recently, a new magnetic behavior has been obfitted. The iron-oxide nanoparticlésnagnetite, F§O,) syn-
served at low temperaturés K) in insulating composites thesis was performed undeg, Btmosphere, by dispersing the
based on crystalling-Fe,0; (maghemitg nanoparticles dis-  resin in a F&"/F&" (2:1 ratiog chloride solution.
persed in a solid polymer matrixprepared by freezing a Matrix cations(Na" or H") were exchanged with Be
methanol based ferrofluid of the composite: magnetic parand F&" ions. The exchange was followed by hydrolysis and
ticles have been observed rotating freely in response to apolymerization in an alkaline medium at 65 °C with forma-
applied static magnetic field.e., “free rotor behavior} af-  tion of FeO, nanoparticles in the resin macropores. To in-
ter conditioning the material in a cycling magnetic field.  crease the iron-oxide nanocomposite loading, the process

To check the existence of such behavior in other types ofvas repeated a number of times up to the desired loading
iron-oxide based nanocomposites, we investigated, in thgalue. After the first loading cycle the iron percentage, deter-
temperature range 5-300 K, the magnetic properties of commined by atomic absorption spectrophotometry, wed%
posite iron-oxide nanoparticles encased in matrices based @thd 11% for the BR-P and RD-S based samples, respectively.
Scanning electron microscopy as well as energy disper-
dAuthor to whom correspondence should be addressed; electronic maipive spectraEDS) measurements were carried out with a
magnet@mlib.cnr.it Cambridge 360; Transmission electron microscapM)
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FIG. 1. XRD powders diffraction pattern of samples BR-P; magnetite peaks
are indexed.

measurements were performed with a Philips CM 20 operat-
ing at 200 kV. Magnetization versus temperaturg,
=300K) and applied field H ,,,=55kOe) measurements
were performed with a commercial semiconducting quantum
interference device magnetometer. $4bauer spectra, with-
out field and in a weak magnetic fiel@.4 kOe applied
perpendicular to they beam were recorded with a conven-
tional transmission spectrometer witt?4o source in a Rh
matrix; in field (60 kOe spectra were recorded using a cryo-
magnetic device in which the external field was applied par-
allel to they beam.

IIl. RESULTS AND DISCUSSION
A. Structural and morphological properties

X-ray powder diffraction patterns were recorded be-
tween 4° and 70° of 2 using a Siemens D-5000 diffracto-
meter with CWK, radiation. The diffraction pattern of the FIG. 2. TEM micrographs of samples BR(® and RD-S(b).
BR-P nanocomposite shows a very broad peak 5°, due

to the amorphous nature of the matrix and several broad . . .
peaks(Fig. 1) between 25° and 45°. Ag-Fe,0; and FeO, erage diameter of 5 niiFig. 2(b)] while the XRD and EDS

reflections are very close to each other, x-ray diffraction doegesyltg |hnd|cat|ed thetforr:watlt?]ntr? f tgeR s;akl;)be ngo?’ ?S t hle th
not allow for unambiguous distinction between the two ironMalor phase. in contrast wi € bR-” based materials, the

oxides material just prepared has a red—brown color. For the RD-S

TEM measurements show that in the BR-P nanocompo{ased composite the smaller average size of the particles, and
ites[Fig. 2(a)] the iron-oxide nanoparticles are almost regu- erlcet;c]he |np(;e?sed surface 1o "°'””.‘§I ra]'flo, ;rs] likely tr? prg;—
larly spherical shaped, with a size distribution varying fromMOt€ the oxidation process responsibie 1or the maghemite

3t0 4 nm up to 15 nm in diameter. As the macropores havé‘ormation, as previously observed with other preparation

diameters of~0.5 um, it is expected that particles and/or fechniques.
aggregates of particles of smaller size will fill the pores. TheB M . .
presence of aggregates with a diameter larger than 500 nm agnetic properties
on the surface of the beads could not be excluded. Magnetization versus temperature measurements per-
EDS elemental analyses on these aggregates show thfarmed after the zero field coolin@ZFC) and field cooling
the value of the Fe/O atomic ratio 480.77, very close to the (FC) (H,=1000e) processes, are reported in Fig. 3. The
0.75 expected value for E®,. The BR-P based materials curves exhibit the typical features of an assembly of mag-
had a black color which changed to red—brown over timenetic nanoparticles presenting a voluiw distribution, im-
revealing a progressive oxidation process towardplying a distribution of anisotropy energy barrideg (Eg
maghemite. This was also confirmed by #4bauer spec- =K,V for uniaxial anisotropyand, consequently, of relax-
trometry (see Sec. . ation times~.° For an assembly of noninteracting particles
In the case of the RD-S based composite, TEM measurewith a certain size distribution, the temperature of the ZFC
ments evidenced spherical iron-oxide particles with an avsusceptibility maximumT,, is found to increase with the
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FIG. 3. Magnetization as a function of temperature for samples RD-S and -1000 0 1000

BR-P (inseb.

particle size and, in general, it is related to the average block-
ing temperaturéTg), according to relationships that depend
on the volume distribution functiohFor the RD-S sample,
the ZFC curve shows a maximum &t,~30K. The FC
curve splits from the ZFC one 8t>T,,, revealing the ex- -500 0
istence of a broad distribution of particle size; moreover the H(Oe)
FC curve follows a Curie—Weiss law, indicating that the . 4. Macnetizai e o e field J
sample consists of noninteracting or very weakly mteractlnit . K'aﬂ:rg?rziﬁiéoi?] a: nia;rr:c;tli?:nﬁgl b ;gpk‘gz: (;‘as%rrfpﬁ ED_Q‘;‘S”W
particles. In contrast, the ZFC magnetization of the BR'Psample BR-Pjc) detail of M vs H in the range=500 Oe for the sample
sample increases with temperature, with a change of slope aR-p.
~200 K; then it tends to flatten off arourd300 K, suggest-
ing the presence of a broad maximum which develops be-
yond the highest temperature investigated. This indicates thghysical reasons, the asymmetry should be primarily due to
the size distribution is shifted to larger sizes with respect tahe finite remnant magnetization after the magnetic training.
the RD-S sample, in agreement with TEM results. Moreover]n contrast, for the BR-P sample, only a small coercive field
the FC curve does not follow the Curie—Weiss law, suggest{H.~50 Oe) was measured and a sharp drop in the magne-
ing the presence of much stronger interparticle interactionstization was observed in the proximity of the zero applied
For both samples, magnetization versus field curves dield, followed by a continuous change in the magnetization.
low temperature shows an ordinary hysteretic behavior, witiThis suggests that a fraction of particle moments can freely
a time-dependent magnetization. This confirms the existena®tate in response to magnetic fields of low amplitude. It is
in the blocked state of metastable states, separated by energlgo observed that the hysteresis loop becomes narrower and
barriers, which prevent a free magnetization reversal. Uncormarrower when the temperature increases. However, this can-
ventional features in the magnetic properties of sample BR-IRot be directly related to the free rotor effect, due to the
appear when the magnetic field is rapidly cycled from plus tancreasing contribution of unblocked particle moments and
minus 5 kOe(magnetic training Figure 4 shows the ZFC the expected decrease in the coercive field of blocked
magnetization versus data measurel K for the RD-S and  patrticles.
BR-P samples after the magnetic training. Actually, the mea- In order to have a microscopic insight into such uncon-
surement consists of a sequence of minor loops performed agntional behavior, we have finally undertaken $dbauer
follows: in the first step, the field is increased up to a positivespectrometry on the BR-P sample. In particular, measure-
value H,=1000e), then the field is decreased down to aments were carried out at 300, 77, and 4.2 K and with an
negative valuekl,= —400 Oe), larger than the positive pre- applied field of 60 kOe parallel to thg-ray direction at 10
vious one. Such a procedure is repeated for increasing ank. At 4.2 K [Fig. 5@)] the Massbauer spectrum is totally
plitudes of the maximum field of the minor loop, 2 kOe split into an asymmetrical sextet with broad lines. The fitting
being the largest value of the applied field. For the RD-Smodel, which requires at least two magnetic components,
sample the coercive field was found to increase with thecannot give a single solution with accurate values of hyper-
strength of the applied field, as for ordinary hard magnetidine parameters, making the phase identificafiaifficult.
materials, reaching a value 6f130 Oe atH,=2 kOe. Such Nevertheless, since there is no clear evidence for the divalent
a value has been taken as the average between the demaginen component, the data analysis suggests thagDFexi-
tizing and remagnetizing branches of the hysteresis loop bedized toy-Fe,0;. At T=10K [Fig. 5b)], the application of
cause of its asymmetry. In addition to different possiblea 60 kOe external field parallel to theray direction leads to

m (emu/g)
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a split of the magnetic spectrum into two resolved magnetic 0.984 after field gradient
sextets, with rather low intensity intermediate lines. The re- ' 10 5 0 5 10
fined values listed in Table | suggest a ferrimagnetic behavior V (mm/s)

of the compound. Indeed, one observes the significant in-

creasedecreasgof the effective fieldB for the outer(in- FIG. 6. Mossbauer spectra of sample BR-P at 77(&: H,=0; (b) H,
nern component compared to the hyperfine fiﬁ%p_ Be- =0.4kOe;(c) H,=0 after the magnetic field gradient exposure.
cause their magnetic moment is opposite the hyperfine field,

the values of effective fiel&.4 and of 8 which is defined as

the angle comprised betwe@qyy and y-ray directions, give  (j)  spectrum recorded in the absence of an applied mag-

rise to the hyperfine field values of both tetrahedral and oc- netic field[Fig. 6@)];

tahedral iron sites USing the fO”OWing relationShiBﬁyp (||) the Samp]e was exposed to a field gradient of low
=B+ Bi— 2BeyBerr COSB. The refined values of hyperfine intensity (0.4 kO8, where the angle between the mag-
parametergTable ) are close to those previously reported netic field and the sample changed from 45° to 135°;
for maghemité! confirming the occurrence of the oxidation (i)  spectrum recorded on sample exposed to a field of 0.4
process in the material. Spectra at 77[Kg. 6(@)] and at kOe applied perpendicular to thebeam[Fig. 6b)];
room temperatur¢Fig. 7(a)] consist of a superposition of a and

six-line Zeeman spectrum and a central doublet. The tw@jy) zero field spectrum recorded after removing the field
components correspond to the magnetically blocked and su- [Fig. 6(c)].

perparamagnetic particles, respectively. At 77 K, 33% of the

total resonant area corresponds to the unblocked particles. Tkhe geometrical conditiongsource—sample and sample—
find evidence of chemical decoupling of the particles fromdetector distancgsvere kept constant to avoid solid-angle
the matrix, a series of in-field spectra have also been peeffects.

formed without removing the sample from the spectrometer. It is observed that the application of a small magnetic
Several spectra were recorded at 77 K according to the folfield increases the magnetic six-line subspectra at the ex-
lowing sequence, which should mimic the effect of thepense of the superparamagnetic doublet as well as the order-
“magnetic training” carried out before the magnetization ing of particle moments along the magnetic field. This im-
measurements: plies a large low field susceptibility, which is consistent with

TABLE I. Massbauer hyperfine parameters of sample BR-P.

2¢
Site ke (MM/9 (mm/9 Besr (T) Bhyp (T) B(°) Rel. area

T=4.2K tetr. Fe 0.37 0.00 — 49(%) — 38(5)%
H=0

oct. Fe 0.51 0.00 — 52(0) — 62(5)%
T=10K tetr. Fe 0.3R) 0.001) 56.94) 51.24) 18(5) 29(5)%
H=60kOe

oct. Fe 0.512) 0.021) 47.04) 52.1(4) 43(5) 71(5%
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features:(i) the thermal reduction of the Msbauer recoil-

1.000 less fraction, which is enhanced by the size effects, @nd
0.996 the decreasing number of particles in the blocked magnetic
0.992 state. Although the thermal energy is expecteq to wegkgn the
- ' bonds between the particles and the polymeric matrix, it ac-
O 0988 tually counteracts the orienting action of the external mag-
a 0.984 netic field, leading to the observed decrease of the freely
‘€ 1000 rotating fraction.
P2 To explain all the experimental findings, the structural
© 0.99 [~ and morphological characteristics of the nanocomposites
a 0.992 [ have to be considered and the nature of the matrix is also
’ R expected to play an important role. In particular, the interac-
0.988 [-300K;H, =0 b tions between the particles and the matrix are probably me-
0.984 [after field gradient | diated by water moleculeghermogravimetric analyses for
10 5 0 5 10 BR-P have shown a weight loss40% below 100 °Cform-
V (mm/s) ing hydrogen or van der Waals bonds between the particles

and the polymeric matriX° Indeed, after subjecting the par-
FIG. 7. Mossbauer spectra of sample BR-P at 300 KHip=0 before(a)  ticles to the magnetic field treatment, the induced stresses
and after(b) the magnetic field gradient exposure. may be sufficient to break some of the weak bonds between

the surfactant layer and the matrix wall. In such a case the

predominant magnetization process of the decoupled fraction
the expected behavior for a soft magnetic material. By comof the particles assembly can be a “nearly free” body rota-

paring spectra of Fig.(®) and Gc), it turns out that after the  tion as in ferrofluids?* As a consequence, particles can fol-
field treatment, a decrease of25% of the total Meshauer |ow small variations of the magnetic fields without time lags

resonant area occufsee Table N. Similar results were ob- gnd no magnetic relaxation thus occurs.
tained at 300 K after carrying out the same procedEig. 7)
where a decrease of 10% of the total resonant area is o
served. The area of a Mebauer spectrum is proportional to
the fraction of absorption events taking place without recoil  Magnetization cycle measurementssaK on iron-oxide
of the nucleus. This fractioffi is proportional to the total nanoparticles in phosphonic-polystyrene type resins,
mean square displacement of the nuclesexd —k(&].  crosslinked with divinylbenzenéBR-P samples lend sup-
As both area and line shape of the 84bauer spectra can be port to the existence of a fraction of particles able to rotate
influenced by dynamical processes, fast motions can in prinfreely in response to an applied field, after carrying out a
ciple remove the resonant area. The lost area could be asuitable field treatment for decoupling the particles from the
cribed to larger mean-square displacements. For example, matrix. The effect is also observed by means ofsstmauer
ultrafine FE€OH); particles precipitated inside the Dowex 50 spectroscopy as indicated by the decrease of the total reso-
W resin!? a crossover has been observed withisslsauer nant area. Moreover, it still persists at 77 K as well as at
spectroscopy from free diffusion in restricted volumes to dif-room temperature, although to a lesser extent.
fusion of the Brownian oscillator, on increasing the degree of  The free-rotor behavior of a nanomagnet precludes the
polymer crosslinkag& In our case, as the degree of possibility of magnetic relaxatiGrand opens up the possi-
crosslinkage is fairly lowm(1%—-2%, the observed features bility of almost magnetically lossless materials, ideal for ap-
could be explained in terms of a partial decoupling of par-plications in sensors, electrical transformers, motors, and
ticles from their matrix. In other words, as a result of a freegenerators.
diffusion in a restricted volume of a fraction of particles, the
system behaves as if there were no barriers preventing theKCKNOWLEDGMENTS
magnetic moments orienting along the external magnetic
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