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Cubic-spinel MnFe2O4 magnetic nanoparticles (NPs) were prepared, with an average particle size
of about 4 nm determined from a high-resolution transmission electron microscope. When the NPs
were proton-irradiated, the lattice constants decreased with increasing proton irradiation. Before
the proton irradiation, the NPs exhibited 36�2±0�1 emu/g magnetization (MS) and 11�1±0�1 Oe
coercivity (HC). After the irradiation of the samples with 5 and 10 pC/�m2 doses, the MS changed
to 35.6 and 35�1± 0�1 emu/g, and the HC to 11.3 and 12�9± 0�1 Oe, respectively. The room-
temperature Mössbauer spectra of the NPs showed superparamagnetic characteristics, with the
single-absorption line of two sites and a large relaxation frequency. During the proton irradiation,
the relaxation frequency decreased to 156.02 and 134�29±0�01 � /� from the unirradiated sample’s
164�02±0�01 � /�. It is suggested that the proton irradiation induced the increase in the anisotropy
energy of the MnFe2O4 NPs. Moreover, from the external-field-induced Mössbauer spectra at 4.2 K,
an increase in the canted angle of the hyperfine field between sites A (tetrahedral) and B (octahe-
dral) was observed with proton irradiation.
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1. INTRODUCTION

Nanoparticles (NPs) have been studied of late for var-
ious technological applications in biotechnology and
nanotechnology, such as high integrated data storage,
hyperthermia, target drug delivery, and magnetic resonance
imaging (MRI).1–7�12 Ferrite NPs, in particular, show novel
magnetic properties due to their small sizes, suggesting
that they can be highly functional materials with excit-
ing physics.8�9 The superparamagnetic relaxation effects
on the surfaces of NPs, and the surfaces of spin-canted NP
structures, are the most interesting related subjects.10 Even
though the surface effects caused by the spin-canting and
superparamagnetic relaxation of NPs have been reported
by many researchers, such investigations have been very
difficult due to the need for accurate measurements and
quantitative analysis. Moreover, the unique properties of
nanometer-scale proton-irradiated graphite and metal-free
carbon have been studied, with the ferromagnetism at
room temperature and with �-electron ferromagnetism.11

In this study, the effect of proton irradiation on the mag-
netic properties and hyperfine structure of MnFe2O4 NPs
was investigated. The proton-induced properties of NPs
were characterized via high-resolution transmission elec-
tron microscopy (HRTEM) and Mössbauer spectroscopy.
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2. EXPERIMENTAL DETAILS

MnFe2O4 NPs were prepared via high-temperature thermal
decomposition (HTTD).3�14 1 mmol manganese(II) acety-
lacetonate (acac) and 2 mmol iron(III) acac were used as
a precursor for the fabrication of uniform NPs. 10 mmol
1,2-hexadecanediol was mixed with the precursor in 20 ml
phenyl ether. 6 mmol oleic acid and oleylamine were
added as surfactants for the isolation of the NPs. The mix-
ture was dissolved at 200 �C for 30 min under an Ar
atmosphere, which led to the uniform dispersion of the
NPs, after which it was reheated up to 256 �C for another
30 min to form MnFe2O4. Then the mixture was cooled to
room temperature (RT) and was repeatedly centrifuged at
9000 rpm with hexane and ethanol to separate the black
MnFe2O4 powder. The obtained NPs, pressed into pellet
form, were irradiated with a proton beam (5 MeV, 20 nA),
using a 30 MeV MC-50 cyclotron accelerator. Two irra-
diations were consecutively applied to the samples, with
5 pC/�m2 (5 pC) and 10 pC/�m2 (10 pC) doses. These
samples were then compared with the unirradiated sample.
The prepared samples were characterized for phase

purity and crystallinity via X-ray diffraction (XRD) mea-
surements, using CuK� radiation (�= 1�5406 Å). HRTEM
was performed to confirm the XRD measurement of the
average particle size. The magnetic hysteresis loops were
measured with a vibrating sample magnetometer (VSM).
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