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Abstract. The magnetic properties of 5 nm a-Fe2O3 nanoparticles have been investigated by magnetiza-
tion measurements on a sample consisting of homogeneously dispersed, non-interacting, nanoparticles in
a polymer matrix. The results indicate that the magnetic properties are mainly determined by surface
effects, which manifest themselves in high coercive field, high irreversibility field and shifted hysteresis
loop, after field cooling. These effects come from surface anisotropy and exchange anisotropy, due to the
coupling between the disordered surface magnetic structure, with multiple spin configurations, and the

core antiferromagnetically ordered structure.

PACS. 75.50.Tt Fine-particle systems; nanocrystalline materials — 75.75.4+a Magnetic properties of
nanostructures — 75.70.Rf Surface magnetism — 75.50.Ee Antiferromagnetics

Introduction

Surface effects in magnetic particles have been the sub-
ject of growing interest in recent years from both an ex-
perimental and theoretical point of view [1-7]. They are
increasingly important as the particle size decreases, be-
cause of the increase in surface to volume ratio. The modi-
fication of structural and electronic properties near and at
the particle surface results in breaking of lattice symmetry
and broken bonds, which give rise to site specific surface
anisotropy, weakened exchange coupling and surface spin
disorder. Moreover, spin coupling at the interface between
different surface and core magnetic structures can give
rise to exchange anisotropy. In concentrated nanoparti-
cle systems, interparticle exchange interactions, involving
surface atoms, are possible if particles are in close con-
tact. In particular, surface effects play a dominant role
on the magnetic behaviour of antiferromagnetic nanopar-
ticles, due to their small intrinsic core magnetic moment.
Due to their potential for investigating surface effects and
magnetization reversal by quantum tunneling [8], antifer-
romagnetic nanoparticles have received renewed interest
in recent years [9-15].

In this context, a-FesO3 antiferromagnetic nanoparti-
cles deserve special attention, although hematite is not an
archetypal antiferromagnet. Indeed, below the Néel tem-
perature (T = 960 K) the bulk material undergoes a
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first-order magnetic transition at Thy = 263 K (Morin
temperature). Below Ty, the spins are antiparallel and
oriented along the trigonal [111] axis (c-axis) and the ma-
terial behaves as a uniaxial antiferromagnet (AF). On the
other hand, above T, spins lie in the basal plane, per-
pendicular to the [111] axis except for a slight spin cant-
ing (~1 min of arc) out of the plane [16,17], resulting
from the Dzialoshinski-Moriya anisotropic exchange in-
teraction, which is responsible for a small net magnetic
moment (weak-ferromagnetism). The Morin temperature
was found to be strongly dependent on the particle size,
decreasing with it and tending to vanish below a diame-
ter of ~8 nm, for spherical particles [18]. Strains, crystal
defects (e.g. low crystallinity of the particles, vacancies),
stoichiometric deviations and surface effects also tend to
reduce Ty [19].

In this paper, we investigated by means of magneti-
zation measurements the magnetic properties of ~5 nm
a-Fes O3 nanoparticles homogeneously dispersed in a poly-
mer matrix. The results provide clear evidence of surface
and exchange anisotropy effects.

Experimental procedure

Dispersed hematite nanoparticles were obtained by hy-
drolysis of iron etoxide and adding the FeOOH nanopar-
ticles from the hydrolysis process to a PVA solution
(PM 72000) and a subsequent aging in boiling water for
10 days. The final hematite concentration was 14% in
weight, which is equivalent to 3.6% in volume fraction.
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The structural properties were investigated by trans-
mission electron microscopy (TEM) and X-ray diffraction
(Philips PW 1710) measurements.

The magnetic properties were investigated in the tem-
perature range 5-300 K by magnetization measurements
using a commercial SQUID magnetometer (Hpan =
55 kOe).

Results

In Figure 1 we show a TEM image of the sample. The
mean particle diameter is 5 nm 4+ 2 nm. In the X-ray
diffraction measurement on the sample, only a very broad
reflection is observed, essentially due to the polymeric ma-
trix, covering the iron oxide reflections, which are expected
to be broad, due to the small particle size and the low
crystallinity of the particles. Mossbauer measurements in-
dicate that the particles consist of a hematite core and a
less crystalline shell [20].

The magnetization versus temperature measurements
were performed from 5 to 300 K, under zero-field cool-
ing (ZFC) and field cooling (FC) conditions, with an
applied field H = 50 Oe (Fig. 2). There is no evi-
dence of Morin transition, characterized by a sharp jump
of the magnetization with increasing temperature. This
is expected, because of the small size of particles. The
observed behaviour is typical of an assembly of single-
domain magnetic nanoparticles. It is characterized by the
existence of two regimes: an equilibrium high temper-
ature regime (superparamagnetic regime), where parti-
cle moments are free to thermally fluctuate, and a non-
equilibrium low temperature regime (blocked regime),
where particle moments are blocked along their anisotropy
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Fig. 1. Bright-field micrograph of hematite particles.
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Fig. 2. Temperature dependence of the ZFC (solid circles) and
FC (open circles) magnetization measured at 50 Oe.

directions. With decreasing temperature, particle mo-
ments block progressively, according to the distribution of
their blocking temperatures (T5). This gives rise to mag-
netic irreversibility and to a maximum of the low field
ZFC magnetization at a temperature T},4,, which is pro-
portional to the average blocking temperature (Tz), the
proportionality constant depending on the type of par-
ticle size distribution function. The ZFC magnetization
shows a maximum at Ty,., ~ 22 K. As usually observed
in non interacting nanoparticle systems, the Mpc curve
increases continuously with decreasing temperature, fol-
lowing a Curie-Weiss law even below T4, (small devia-
tions are observed below ~15 K). The ZFC and FC mag-
netization curves split at T, = 40 K. For an assembly of
non-interacting nanoparticles with size distribution, the
T value corresponds to the highest Tp value, i.e. to
that of particles with highest energy barrier; therefore,
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Fig. 3. Magnetization versus applied field at different temper-

atures for T > Ty (superparamagnetic regime): 100 K (open
circles (0)), 150 K (up triangles (A)), 200 K (squares (O0)), and

250 K (solid circles (e)). The solid lines result from the fitting
of the magnetization (see text).
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Fig. 4. Magnetization cycle at 5 K. The inset shows the low
field magnetization behaviour.

the difference between Tj.. and T,.., gives a measure
of the energy barrier distribution, mainly determined by
the particle size distribution (e.g., for uniaxial particles:

FEp = K,V, where K, is the uniaxial anisotropy constant
and V is the particle volume).

Isothermal magnetization measurements were per-
formed at different temperatures in fields up to 50 kOe. In
Figure 3, some curves recorded above T;,.. are reported.
The magnetization curves are reversible and a linear be-
haviour is observed at high fields, consistent with the anti-
ferromagnetic character of the particles, in an increasingly
extended range with decreasing temperature. Below T},q4,
a hysteretic behaviour is observed, without saturation of
the magnetization (Fig. 4). The hysteresis loops are sym-
metric about the origin. At 5 K the cycles are irreversible
for fields up to ~40 kOe. The temperature dependence
of the coercive field is reported in Figure 5. It follows

a (T/Tg)Y? dependence, as expected for an assembly
of non-interacting single-domain particles with random

Fig. 5. Hc as a function of temperature. The solid line corre-

sponds to a T2 law fit with He(T = 0) = 3500(250) Oe and
T = 17(1) K.
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Fig. 6. Remanent magnetization as a function of temperature.
Inset: temperature derivative of the remanence curve.

uniaxial anisotropy, according to the Stoner-Wohlfarth
model [21], with Tp = 17(1) K, coherent with T, .

The temperature dependence of the remanent mag-
netization, M, is reported in Figure 6. The data were
collected measuring M, from the hysteresis cycles at dif-
ferent temperatures as well as after cooling the sample
from room temperature (RT) down to 5 K in an applied
magnetic field of 50 kOe, then switching off the field and
measuring the zero field magnetization with increasing
temperature.

Hysteresis loops were also measured at the same tem-
peratures below Tj,,,, after FC from 150 K in a field of
50 kOe (Fig. 7). The FC loop is shifted along the field axis
with respect to the ZFC loop. The exchange field Hg, i.e.
the loop displacement, decreases rapidly with tempera-
ture, vanishing at about 20 K (Fig. 8).

Discussion

Since the particle dispersion in the polymer is very di-
luted, inter-particle interactions are expected to be neg-
ligible. This allows us to derive the average particle
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Fig. 7. Hysteresis loops at 5 K after FC in 50 kOe. The inset
shows the low field magnetization response; the dotted line
corresponds to the ZFC cycle.
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Fig. 8. Exchange field, Hg as a function of temperature. Inset:
normalized exchange field, Hg/H¢ vs. T.

moment and particle size from magnetization measure-
ments as a function of magnetic field in the superparam-
agnetic regime. At T' > T;,.., the temperature and field de-
pendence of the magnetization of an assembly of identical,
non-interacting, single-domain nanoparticles is described
by the Boltzmann’ statistics for a random distribution of
anisotropy axes directions weighted by the size distribu-
tion function (log-normal distribution in our case) [15,22].
A non-linear least-square fit of the magnetization data for
the M(H) curves at T > 100 K was performed using the

expression:
1
/de /da/sm ) df

0

M(H,T) =

X/dsﬁ (V') cos(f) exp [“(V)HCOSQ QEI;‘T/COSQWG,«P@) W H
(1)

with
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where f(V') is the lognormal volume distribution, 6 is the
angle between the magnetic moment and the field, ¢ is the
azimutal angle, v is the angle between the magnetic mo-
ment and the anisotropy axis and « is the angle between
the magnetic field and the anisotropy axis.

It was assumed, in a first approximation, a V2/3 de-
pendence of u, being the magnetic moment mainly due
to the disordered surface layer [15,23], as the core net
moment, produced by the non exact compensation of
the two magnetic sublattices, should be small. The lin-
ear term YH accounts for the linear variation at high
fields (above =10 kOe), due to the core antiferromag-
netic contribution, responsible for the non-saturation of
the magnetization. The fit of the experimental data to
equation (1) (solid line in Fig. 3) is satisfactory and the
mean magnetic moment of the distribution (extrapolated
at T = 0) (no) ~ (76 & 15)up (with a o, = 0.56) and
an average size (¢o) = (6 £ 1) nm (to be compared to
the value of 5 nm measured by TEM) were derived. Since
the dispersion of the hematite nanoparticles in PVA is
3.6% volume fraction, the deduced interparticle distance is
d ~ 3.2(¢) ~ 19 nm. For such large distances, the dipole-
dipole inter-particle interactions are very weak, and can
be considered negligible.

For an assembly of non interacting nanoparticles,
the energy barrier distribution, f(Fp), may be ob-
tained by differentiation of the remanence vs. temperature
curve [24]. This distribution is related to the blocking tem-
perature distribution, f(Tp), taking Ep = K,V. The inset
of Figure 6 shows f(Tg), derived from the differentiation
of the M, curve. There is a maximum at 18 K (coherent
with Thee) according to a lognormal distribution of Tz
with o = 0.57, corresponding to a value of 04 = 0.2 in the
lognormal distribution of the diameter.

For non interacting uniaxial single-domain nanoparti-
cles, the relaxation time is described by the Néel-Brown
model [25]: 7 = 79 exp(Ep/kpT), where 19 ~ 10710 s for
antiferromagnetic particles. For a particle of volume V,
when 7 = t,, (measuring time) (=100 s for DC suscep-
tibility measurements), 7' = Tp. Under these assump-
tions, taking Ts = 18 K and V corresponding to a parti-
cle diameter of 5 nm, the deduced anisotropy constant is
K, ~ 8 x 10° erg/cm?®. This value, much higher than that
for bulk hematite (K, = 8 x 10 erg/cm? [26]), is similar to
that obtained on hematite particles of similar size by low
temperature magnetization measurements [8]. Moreover,
the analysis of the hysteresis loops below T}, (Figs. 4, 5)
reveals the existence of a large effective anisotropy, as in-
dicated by a large coercive field (H. = 1730 Oe) and a

very large irreversibility field (H;-» ~ 43000 Oe), below
which the decreasing and increasing branches of the mag-
netization curve separate.
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With decreasing temperature, particle moments block
progressively and surface spins fluctuations are expected
to slow down, until they freeze in random directions at low
temperature, giving rise to a disordered magnetic struc-
ture, spin-glass or cluster glass like, characterized by mul-
tiple spin configurations. This is supported by the observa-
tion at low temperature (below 20 K) of shifted hysteresis
loops, after field cooling, revealing exchange anisotropy
effects, due to the exchange coupling between the dif-
ferent core and surface magnetic structures, antiferro-
magnetically (uncompensated) ordered and frozen disor-
dered, respectively, as observed in other antiferromagnetic
nanoparticle systems [27,28]. Such exchange coupling re-
sults in shifted hysteresis loops because field cooling se-
lects a surface spin configuration favouring the particle to
be magnetized in the field direction. The values of Hg are
plotted in Figure 8, showing that Hg decreases rapidly
with increasing temperature, faster than Hg, as can be
seen in the inset where Hg/H¢ vs. T is plotted.

Conclusions

We have investigated by magnetization measurements the
magnetic properties of 5 nm a-Fe;Os nanoparticles dis-
persed in a polymer. The results indicate that the mag-
netic behaviour is mainly determined by surface effects,
which manifest themselves in high coercive fields, high ir-
reversibility field, and shifted hysteresis loops, after field
cooling. These effects come from surface anisotropy and
exchange anisotropy, due to the coupling between the dis-
ordered surface magnetic structure, with multiple spin
configurations, and the core antiferromagnetically ordered
structure.

This work has been accomplished with partial support by
CONICET-CNR (Argentine-Italy) cooperation project and by
PICT 3-6340 (Argentina) project.
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