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The magnetic properties of 15 nm Mn3O4 particles, in powder form and dispersed in a polymer at different
concentrations(17.6%, 1.5%), have been investigated by magnetization and ESR measurements. Below the
ferrimagnetic transition temperaturesTc=42 Kd, marked differences are observed among the three samples in
the temperature dependence of the magnetization, hysteresis loop shape and type and intensity of ESR spectra.
They are due to different strengths of interparticle interactions and different contributions from free spins(and
free cluster spins) at the particle surface. With decreasing temperature their thermal fluctuations slow down and
spins freeze in random directions, according to their local atomic environment. Their fraction is found to
decrease with increasing inter-particle interactions, i.e. going from the more diluted particle dispersion to the
powder sample.
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I. INTRODUCTION

Nanostructured materials are very interesting for the wide
range of new physical properties that they exhibit as well as
for their applications in different fields(e.g., magnetorecord-
ing, permanent magnets, sensors, biomedicine, etc.).1–3 Due
to finite size effects, some basic magnetic properties of ma-
terials, e.g., the spontaneous magnetization, the Curie tem-
perature, and the anisotropy energy, are strongly influenced
by the particle size. As the particle size decreases, an increas-
ing fraction of atoms lies at or near the surface and then
surface and interface effects become more and more impor-
tant. Because of the presence of defects, missing bonds, fluc-
tuations in number of atomic neighbors and inter-atomic dis-
tances, the surface is characterized by topological and
magnetic disorder. Such disorder propagates from the surface
to the particle core, actually making no longer valid the pic-
ture of the particle as a perfectly ordered single domain,
whose spins rotate in a synchronous way as a large single
spin.4–10 The resulting magnetic behavior of very small par-
ticles is complex and the effect of the interplay of some
surface related phenomena is not well understood yet: sur-
face anisotropy, which can give a dominant contribution to
the total particle anisotropy, core-surface exchange interac-
tion (exchange anisotropy, in the case of different magnetic
phases) and possible competition between surface and core
effects.

We have carried out an investigation of the magnetic
properties of 15 nm Mn3O4 nanoparticles, in powder form
and dispersed in a polymer at different concentrations, is
reported. Mn3O4 (hausmannite) is a material used as catalyst
in several chemical reactions(e.g., as the selective reduction
of nitrobenzene) and in the manufacture of soft magnetic
materials such as the manganese zinc ferrite.11 The structure
of the bulk Mn3O4, below 1443 K, is a tetragonal distorted
spinel ferrimagnetically ordered belowTc=42 K.12–16 The
comparison of the results of magnetization and electron spin
resonance(ESR) provides an evidence that the role of the

effective disordered particle surface layer decreases with in-
creasing interparticle interactions(i.e., going from the more
diluted particle dispersion to the powder), as shown by the
decrease of the fraction of free spins that thermally fluctuate
below Tc.

II. MATERIALS PREPARATION AND STRUCTURAL
CHARACTERIZATION

Mn3O4 particles were chemically precipitated at room
temperature by mixing MnsNO3d2 aqueous solution and
aqueous sodium hydroxide NaOH solution withpH,12.
The obtained brown powder(manganese hydroxide) was
washed with distillate water to remove the residual ions. The
final solution was boiled in reflux during 5 days and a par-
ticle suspension was obtained. Powder sample of these par-
ticles (S1) was obtained by drying part of the suspension.

Diluted dispersions of Mn3O4 particles in a polyvinyl-
pyrrolidone(PVP) aqueous solution were also prepared with
17.6% (sample S2) and 1.5%(sample S3) of particles in
weight.

FIG. 1. X-ray sCu Kad diffraction pattern of Mn3O4

sample(S1).
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The x-ray diffraction pattern corresponds to the Mn3O4
phase, without any other phase(Fig. 1). The particle size
distribution was determined by transmission electron micros-
copy (TEM) and light scattering experiments(Figs. 2 and 3).
The TEM measurements were performed by a Philips
CM200 UT instrument operating at 200 kV and the light
scattering measurements by a commercial ZetaSizer 1000
apparatus working at 90° fixed angle.

The measured distribution is approximately log-normal
with a mean diameterkfl=15 nm. Taking into account the
concentration of the particle dispersions and the particle size,
the interparticle distances were estimated in 40 nm and
100 nm for the 17.6% and 1.5% samples, respectively. In the
S3 dispersed sample the particles are far enough to neglect
dipole-dipole interactions and therefore the particles can be
considered as non-interacting.

The magnetic properties were investigated in the
5–300 K temperature range in applied fields up to 5 T using
a commercial SQUID magnetometer. The electron spin reso-
nance (ESR) spectra were recorded by a Bruker ESP300
spectrometer at 9.5 GHz from room temperature down to
2 K.

III. RESULTS AND DISCUSSIONS

In Fig. 4, the results of magnetization measurement
sH=50 Oed as a function of the temperature on S1, S2, and

S3 samples are reported. The measurements were performed
according to the usual zero field cooling(ZFC) and field
cooling (FC) procedures. The magnetization increases going
from S3 to S1 sample. With decreasing temperature, a rapid
increase of the FC magnetization is observed for all the
samples atTc=42 K, corresponding to the Curie temperature
of bulk Mn3O4, accompanied by the appearance of magnetic
irreversibility (difference between FC and ZFC curves). The
transition temperature does not change with the applied field,
as shown by the peak in the derivative of the FC magnetiza-
tion vs temperature curve measured applying a field of 5 T
(Fig. 5, inset). For the S3 sample, the application of 5 T
determine a change of theM vs T curve towards a Curie-type
behavior, reflecting the tendency of the particle moment to
align in the field direction. The irreversibility(difference be-
tween FC and ZFC branches, Fig. 4) indicates an induced
preferential orientation of the particle moments along the

FIG. 2. TEM image of S1 sample(powder sample).

FIG. 3. Particle size distribution determinate by light scattering
experiments.

FIG. 4. Zero field cooled-ZFC(open circles) and field cooled
since 100 K—FC(solid circles) magnetization measurements for
samples S1, S2, and S3. The insets show the temperature derivative
of the ZFC magnetization vs temperature.

FIG. 5. Temperature dependence of the FC magnetization mea-
sured at 5 T for the S1 and S3 sample. The insets show the tem-
perature derivative of the magnetization in function of the
temperature.
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applied field. No superparamagnetic behavior is observed,
due to the high anisotropy of the material. Indeed the particle
size is much larger than the superparamagnetic threshold vol-
ume sVthd at T=42 K, Vth=1.7310−19 cm3 sfth=7 nmd, es-
timated from the Arrhenius law:Vth=kBT logst /t0d /K, where
K is the anisotropy constant,(the anisotropy constant of bulk
Mn3O4, Kbulk,13106 erg/cm3, is taken13), kB is the Boltz-
mann constant,t is the measurement times100 sd, andt0 is
the characteristic relaxation time(10−10 s is taken).

In the sample S3(Fig. 4), consisting of noninteracting
particles, a change of slope in theM vs T curve is observed
at T,7 K, with a more rapid increase of magnetization, ac-
cording to a Curie-type law, below this temperature. The
derivative of the magnetizationdM /dT shows a peak at this
temperature(inset of Figs. 4 and 5).

In Fig. 6, magnetization as a function of magnetic field
curves after ZFC forT,Tc are reported. The observed be-
havior suggests the existence of two contributions to the
magnetization: a saturating contribution, coming from the
magnetically ordered particle core, and a nonsaturating one,
up to a field of 5 T, coming from the structurally and mag-
netically disordered structure. The tendency to nonsaturation
is more marked with decreasing interparticle interactions,
i.e., going from S1 to S3 sample, for which an increase of the
high field slope with decreasing temperature is observed. At
low temperature, the cycles are not symmetrical with respect
to the origin, showing a small shift towards negative fields
(see Fig. 6). This effect has been also reported in bulk single
crystals,13 due to a realignment of ferromagnetic sublattices
occurring at fields larger than 10 kOe. Hysteresis cycles were
performed also after field cooling at the maximum field. No
loop shift was observed, unlike what observed in other much
smaller ferrimagnetic or antiferromagnetic nanoparticles sys-
tems, e.g., NiFe2O4 and NiO nanoparticles, respectively.4,5

The absence of exchange bias effect is probably mainly due
to the much lower surface/volume ratio in our particles.

In Fig. 7(a), the temperature dependence of the coercive
field sHcd is reported for the three samples.Hc values were
extracted from the loops where the high field contribution of
the magnetization was previously subtracted. It is notewor-
thy that for the S3 sampleHc shows a maximum at,20 K,

we will discuss this point later. MoreoverHc of S2 sample is
larger than the more dispersed one(S3) and decreases for the
powder sample(S1) where the interactions are stronger. The
Hc behavior observed for the three samples is due to the
different degree of interparticles interactions. For S3, the in-
teractions are negligible and the main contribution toHc
comes from the magnetocrystalline anisotropy; for S2, weak
interparticle interactions(dipolar interaction) increase the ef-
fective anisotropy, leading to higherHc values. For the pow-
der sample, the interactions are much stronger and the ex-
change interactions lead to a decrease of theHc value.17

In Fig. 7(b), the temperature dependence of the remanent
magnetizationMr normalized to the core magnetizationMc,
obtained by the extrapolation of the high field magnetization
to H=0 is reported. For dispersed particle samples(S2 and
S3), Mr /Mc shows a maximum centered at 20 K, whereas
for the powder sample it is almost temperature independent.
For the S3 sample, the low temperature decrease of bothHc
andMr /Mc reflects the narrowing of the hysteresis cycles at
low temperature, as observed at 5 K(Fig. 6).

In Fig. 7(c), the corresponding temperature dependence of
the particle core magnetic moment is reported. The particle
core volume(on the right axis the core volume normalized to
the total particle volume), was estimated from the particle
core momentsmc=MsVcd and is reported in Fig. 7(d). It is
noteworthy that a large fraction of particle volume does not
belong to the core and remains magnetically disordered.
Moreover, the actual particle volume decreases going from
the S1 to S3 sample and the volume of S3 increase when the
temperature decreases, especially below 10 K. At 5 K, both
the core volume and the particle moment have quite similar
values for the three samples. The rapid increase of the core
volume for S2 and S3 samples is in agreement with the de-
creasing of the free spins at the surface, due to the progres-
sive freezing of magnetically ordered regions at the surface
and the presence of interactions between surface and core

FIG. 6. Hysteresis loop of S1, S2, and S3 measured at
T=30 K, 10 K, and 5 K.

FIG. 7. Temperature dependence of(a) coercive field,(b) rem-
anent magnetization normalize with the saturation magnetization,
(c) and (d) magnetic moment and magnetically ordered volume of
the nanoparticle, calculated from the extrapolation of the saturation
magnetization at zero field, respectively. The fill circles correspond
to S1, the open triangles correspond to S2, and stars correspond to
S3.
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spins. This fact explains the approach of the core volume and
magnetic moment of S2 and S3 samples to that of S1 sample
at low temperature.

In Fig. 8, ESR spectra for the S2 sample at different tem-
peratures and for the S1 sample at 300 K are reported. S3
sample has the same behaviour as S2 sample, but the spectra
are weaker because of the smaller concentration of the par-
ticles in the polymer. The large line observed for the S1
sample corresponds to strongly interacting Mn+2 ions whose
hyperfine spectrum is not resolved. When dipolar interac-
tions between particles are present the ESR line is the result
of the convolution of the spectra with different resonant
fields due to the distribution of local effective fields. On the
other hand, a hyperfine structure is observed in the spectrum
of dispersed samples S2 and S3(not shown). At 3300 Gauss
the typical resonance of Mn+2 ions in the paramagnetic state
is observed, superimposed to a large signal due to clusters of
spins. The six lines correspond to the hyperfine splitting of
the free spins due to the interaction between the electronic
spin sS=5/2d and the nuclear spinsI =5/2d. In this case it is
able to observe the structure of the resonance line because
the thermal fluctuations average to zero the dipolar interac-
tion and, as a consequence, the linewidth of the resonance is
shrunk. This behavior is usually found in compounds where
the spins have high mobility, as in the case of Mn+2 ions in
glasses or solutions. This result provides a clear evidence of
the presence of free spins and cluster of spins, which should
be located at the particle surface.

From Fig. 8 we also can see that atT=59 K, and for a few
Kelvin, a ferromagnetic resonance line signal at low fields is
observed. This resonance line is originated by the ferrimag-
netically ordered core and it is observable only in a narrow
range of temperature.18,19 As mentioned above, due to the
high anisotropy constant of Mn3O4, the ferromagnetic mode
can be observed only in the short exchange interaction range
from T=59 K to nearTc (we do not observe any change atTc

or below it). In the bulk sample, the short-range interaction
is evidenced by the increase in the linewidth starting from
T=55 K.20

In Fig. 9, the double integral of the ESR lines(propor-
tional to the magnetic susceptibility) with g=2.020s5d is re-
ported as a function of the inverse temperature, for the S2
and S3 samples. In order to compare both dependencies we
have normalized the integral values(proportional to the mag-
netization) to the room temperature values. In both ESRsus-
ceptibility curvesa change of the slope atT=10 K is ob-
served. The curves present a smaller slope below 10 K,
indicating a decrease of the free spins that may resonate with
the microwave excitation. This is due to the slowing down of
surface spin fluctuation, their subsequent freezing with de-
creasing temperature and the growth of exchange coupled
clusters at the surface, interacting among them and with the
core spins. The spin freezing is expected to be in random
directions, according to the spin local atomic environments.
The decrease of the slope in the S3 sample is much stronger
than in the S2 sample. This indicates that the degree of sur-
face disorder, associated with the fraction of free spins which
freeze at low temperature, actually is higher in the more
particle diluted sample.

The results of ESR experiments are coherent with those of
magnetization measurements and allow us to gain a better
insight into the comparison between the magnetic behavior
of the three samples. The more rapid Curie-type increase of
magnetization below 10 K, observed in the S3 sample, con-
firms the presence of a higher fraction of free spins at the
particle surface with respect to the other two samples. Free
surface spins are also responsible for the nonsaturation ten-
dency in theM vs H curves, increasing with decreasing tem-
perature. Consistently with the other experiments, the non-
saturation tendency is more marked going from the S1 to S3
sample, for which the free spins fraction is higher. These
results are also in agreement with the observed maxima of
both Hc andMr /Mc for the S2 and S3 samples. Indeed, the
low temperature decrease of bothHc andMr /Mc is due to the
increasing contribution to the magnetization with decreasing
temperature from the paramagnetic(and superparamagnetic)
component due to free spins and cluster spins. Moreover, the
low temperature random spin freezing at the surface, tending

FIG. 8. X-band ESR spectra of S2 at different temperature and
S1 at 300 K. The spectrum atT=2 K was reduced in a factor 10 in
order to fit the same scale.

FIG. 9. Double integral of the paramagnetic ESR line as a func-
tion of the inverse temperature for S2 and S3 samples.
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to demagnetize the sample, also contributes to the low tem-
perature narrowing of the hysteresis cycles, reflected by the
associated decrease of bothHc andMr /Mc. The above results
indicate a higher relative contribution to the total magnetiza-
tion from the surface component with respect to the core
component for the S3 sample consisting of noninteracting
particles, as confirmed by the much smaller core magnetiza-
tion and volume with respect to the other two samples.

IV. CONCLUSIONS

The magnetic properties of 15 nm Mn3O4 particle, in
powder form(S1 sample) and dispersed in a polymer at dif-
ferent concentrations(17.6%, S2; 1.5%, S3) have been in-
vestigated by magnetization and ESR measurements. The S1
and S3 samples represent the two extreme cases of strongly
interacting and noninteracting particles. The results provide
evidence of a surface contribution to the observed magnetic
properties, due to spins(and clusters of spins) which remain
free to thermally fluctuate below the core ferrimagnetic tem-
peraturesTc=42 Kd. The surface contribution manifests itself
both in the magnetization(more rapid increase of the mag-

netization below 10 K and narrowing of the hysteresis cycle,
for the S3 sample; non-saturation of the magnetization) and
in the ESR(paramagnetic signal due to Mn+2 ions and cluster
signal). With decreasing temperature, thermal spins fluctua-
tions slow down, exchange coupled clusters grow and inter-
act among them and with core spins and then a random
freezing occurs at the surface according to the local environ-
ments. The observed surface effects decrease with increasing
interparticle interactions.

Both magnetization and ESR measurements are coherent
in providing evidence that the fraction of free spins at the
surface decrease with increasing interparticle interactions
(i.e., going from the S3 to the S1 sample) which actually
prevent surface spins to thermally fluctuate. The phenom-
enon, observed for both dipole-dipole and exchange interac-
tions, is more marked for the powder sample, where inter-
particle exchange interactions directly involve surface spins.
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