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In magnetic nanoparticles, anisotropy energy has extra contributions compared to that of the bulk
counterparts, being the most relevant surface anisotropy. Here we use pressure to separate core from
surface anisotropy in one system of maghemite nanoparticles dispersed in a polymer. The core
anisotropy is Kcore=7.7�105 erg /cm3 while the surface anisotropy is KS=4.2�10−2 erg /cm2.
This in-one-sample separation is possible due to changes in structurally ordered and disordered
ratio, which induce changes in the average magnetic anisotropy energy. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3131782�

Nanoparticle properties often differ from those of the
bulk material due to finite size and surface effects. However,
it is not straightforward to separate these effects and to in-
vestigate the intrinsic origin of the changes associated to the
reduction of size in each property separately. In the frame of
magnetic nanoparticles, size dependent magnetic properties
include the saturation magnetization and anisotropy con-
stants. The latter are often expressed as an effective aniso-
tropy constant Keff, with contributions from bulk �magneto-
crystalline�, shape, surface, and strain.1 Experimentally, Keff
is obtained from the coercive field, Mössbauer spectra, and
ac magnetic susceptibility. In general, separation of Keff into
its different components is impossible to be performed, being
the discussion centered in comparing Keff to the value of bulk
anisotropy. In the best case, Keff is evaluated for a set of
samples where the nanoparticles have different average vol-
ume in order to address changes in Keff to changes in surface
to volume ratio.2 This approach is limited by the possibility
of having systems with different average volumes keeping
other parameters, e.g., interparticle distance and degree of
crystallization, sufficiently well controlled. Ideally, separa-
tion of Keff into its different components should be per-
formed in one given system. In this letter we show that ap-
plied pressure induces structural and magnetic changes on
maghemite ��-Fe2O3� magnetic nanoparticles dispersed in a
polymer that can be used to gain insight on the origin of
anisotropy and to separate it into volume and surface contri-
butions.

The maghemite/polymer nanocomposite used in the
study here reported was prepared by the mixture of poly�vi-
nylpyridine� �PVP� and iron bromide solution, followed by
the precipitation of the nanoparticles induced by the addition
of a base.3 The nanoparticles size at ambient pressure was
estimated by transmission electron microscopy �TEM� as
D0=5.1�0.5 nm.4 The content of maghemite in mass is
16.4%. ac magnetic measurements of the nanocomposite
were performed using a superconducting quantum interfer-
ence device �SQUID� magnetometer �Quantum Design,

MPMS-5S�. Pressurization and sample preparation were per-
formed in accordance to Ref. 5 and the applied pressure was
estimated by the shift of the superconducting transition tem-
perature of Sn.6 Synchrotron radiation powder x-ray diffrac-
tion �XRD� measurements were performed at room tempera-
ture and pressures up to 27.7 kbar using a cylindrical
imaging plate diffractometer �Rigaku Co.� at the Photon Fac-
tory �PF� of the Institute of Materials Structure Science, the
High Energy Accelerator Research Organization �KEK�, with
�=0.6883�1� Å.7 Pressurization was performed by the use
of a diamond anvil cell and a 0.3 mm thick Cu-Be gasket
was inserted between the anvils. The sample and a few ruby
crystals were held in a 0.4 mm hole located in the center of
the gasket with the aid of a pressure-transmitting medium,
fluorine oil �FC77�. The pressure value was calibrated by the
ruby fluorescence method.8 XRD and ac susceptibility mea-
surements were performed for increasing pressure from am-
bient pressure to the maximum one. After releasing the maxi-
mum pressure, the reproducibility of the ambient pressure
results was confirmed.

In the context of magnetic nanoparticles, superparamag-
netism is one of the most interesting finite-size effects. In
brief, by reducing size, the particle approaches the mon-
odomain, behaving approximately as a single spin in a given
energy landscape.1 Below a given temperature and for a
characteristic observation time, the single spin �nanoparticle
magnetic moment� is not able to overcome the energy barri-
ers �E and, in an ac magnetic susceptibility experiment, an
out-of-phase component �� arises. �E is expressed as KeffV,
where V is the average nanoparticle volume. More generally,
�E can be written as �E�Vp,9 or as the sum of its different
components �E=KVV+KSS+¯.1 �� is related to the distri-
bution of �E ,g��E�, being in a first approach given by
���f ,T���Eg��E�, where f is the frequency of the ac
field.10,11 The maximum TB of ���T� of the maghemite nano-
particles �Fig. 1� presents a frequency dependence that can
be described by the Néel–Arrhenius relation

�m = �0 exp��E/kBTB� , �1�

where �0 is a microscopic characteristic time and �m is the
characteristic measurement time equal to 1 / �2	f�. Equation

a�Electronic mail: g586402y@tobata.isc.kyutech.ac.jp.
b�Electronic mail: nunojoao@unizar.es.

APPLIED PHYSICS LETTERS 94, 202503 �2009�

0003-6951/2009/94�20�/202503/3/$25.00 © 2009 American Institute of Physics94, 202503-1

Downloaded 09 Dec 2009 to 150.69.123.200. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.3131782
http://dx.doi.org/10.1063/1.3131782
http://dx.doi.org/10.1063/1.3131782


�1� is valid for negligible interparticle interactions. The exis-
tence of such interactions does not change the linear relation
between ln��m� and 1 /TB �Arrhenius plot� but implies a
change in �E and a decrease of the extrapolated �0 down to
unphysical values.12 For negligible interparticle interactions
�0 in maghemite nanoparticles is of the order of 10−10 s,
decreasing dramatically down to values of the order of
10−17 s and less as interactions become important.12 In the
present case, the extrapolated �0 is of the order of 10−11 s,
changing less than one order of magnitude with pressure
�which is of the order of the error bar�. Therefore interactions
are week and Eq. �1� can be applied to estimate �E associ-
ated to a noninteracting nanoparticle and its change with
pressure can be addressed to intraparticle effects. TB derived
from ���T� taken at f =1, 10, and 100 Hz has a small but
apparent nonmonotonic change with pressure, decreasing
and then increasing with pressure. Similar trend is displayed
by �E �Fig. 1, inset�, with �E being calculated based on Eq.
�1� �using an Arrhenius plot�. A nonmonotonic change with
pressure has also been reported in magnetization experiments
under a dc field performed in a maghemite/PVP nanocom-
posite with D0=6.5 nm.13

Better insight on the structural origin of �E�P� is ob-
tained by analyzing XRD patterns at different pressures. The
diffraction pattern at ambient pressure shows broad peaks
typical of nanosized materials at the positions expected for
maghemite with a space group P4332 �Ref. 14� and a back-
ground due to both the diamond anvils and the PVP matrix
�Fig. 2�.3 As pressure increases, both the peak positions and
their shape change. In order to have a quantitative analysis,
we have focused our attention on the most intense peak �with
center around 2
=15°�. For the XRD patterns at different
pressures after subtracting the background, the region be-
tween 12° and 18° has a convolution of peaks that has been
fitted to a sum of Lorentzians �Fig. 3�, and the peak position
and the full width at half maximum �FWHM� � determined.
Pseudo-Voigt functions would be the choice given the peak
broadening/shape induced by the instrument and nanopar-
ticles, as it is apparent in similar nanocomposites where the
maghemite nanoparticles have larger size and thus the XRD
peaks are better defined. In the present case the peaks are
broad and convoluted being important to decrease the num-
ber of parameters to guarantee the fit stability. We have cho-
sen Lorentzian functions since the pseudo-Voigts above men-

tioned have higher Lorentzian character. In fact, Lorentzian
fits give better agreement than Gaussian ones. The peak po-
sition and the FWHM can be associated to two different
characteristic sizes �and then volumes, considering spherical
nanoparticles� having their own pressure dependence as fol-
lows. On one hand, � can be associated to a coherence length
Dcore estimated from the Sherrer’s formula as Dcore
=0.9� / �� cos 
�. Dcore has a nonmonotonic dependence with
pressure resembling that of �E �Fig. 4�. We have chosen to
term the coherence length as Dcore in the frame of a model
where the region of the nanoparticle which diffracts coher-
ently is associated to a core and any possible noncoherently
diffracting region is associated to the surface. In fact, at am-
bient pressure Dcore is smaller than D0 estimated from TEM,
the difference being of the order of 1 nm �Fig. 4� in accor-
dance to the magnetic core-shell model proposed for similar
maghemite nanocomposites, where shell thickness is 1 nm
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FIG. 1. �Color online� Out-of-phase component of the ac magnetic suscep-
tibility �� for f =1 Hz and selected pressures P in the 0–14.3 kbar range.
Inset shows the dependence of �E with pressure.
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FIG. 2. XRD diffraction pattern of the maghemite/polymer nanocomposite
at ambient pressure �solid line�, background from pressure cell and polymer
�dotted line� and expected positions for the diffraction peaks �Ref. 14� and
associated planes.
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FIG. 3. �Color online� XRD diffraction pattern of the maghemite/polymer
nanocomposite at selected pressures after subtracting background �open
symbols�, sum of the fitted Lorentzians and individual fitted Lorentzian
curves.
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and constant in the 2–15 nm D0 range.15 On the other hand,
from the peak position a cell parameter a as a function of
pressure is readily obtained �Fig. 4�. The pressure depen-
dence of the average nanoparticles volume is then propor-
tional to the cell volume a3,

V�P� = �	/6�D0
3�a�P�/a0�3, �2�

where a0 is the cell parameter at ambient pressure.
By combining the information on �E�P� �Fig. 1, inset�,

Vcore�P�= �	 /6�Dcore
3 �P� �with Dcore�P� from Fig. 4� and

V�P� as calculated from Eq. �2�, we can eliminate the param-
eter pressure and analyze the core and total volume depen-
dence of �E. In Fig. 5 it becomes apparent that while there is
no simple relation between �E and V, �E is proportional to
Vcore. At the same time, for Vcore equal to zero �E does not
extrapolates to zero. This means that part of the anisotropy
energy is due to the region of the nanoparticle that diffracts
coherently, being proportional to the volume defined by that
region, and part of the anisotropy is associated to the nonco-
herently diffracting region. In other words, the results shown
in Fig. 5 suggest that the core-shell model is a good descrip-
tion for �E of the maghemite nanoparticles here studied. In
this model, the linear relation between �E and Vcore is ex-
pressed as

�E = KcoreVcore + KSS , �3�

yielding Kcore=7.7�105 erg /cm3 and KS=4.2
�10−2 erg /cm2 considering the surface of a 5.1 nm diam-
eter nanoparticle. In maghemite, the first order magnetocrys-
talline anisotropy constant K1 is approximately −2.5

�105 erg /cm3 and so, considering the easy axis to be �111�
and the second order magnetocrystalline anisotropy constant
K2 negligible,16 the contribution of magnetocrystalline aniso-
tropy to Keff is of the order of −K1 /12=2�104 erg /cm3.
The value of Kcore is therefore between that expected from
the magnetocrystalline anisotropy and that usually found in
maghemite nanoparticles �3.6−6�106 erg /cm3�.17 On the
other hand, KS is similar to that previously found for
maghemite nanoparticles �6�10−2 erg /cm2 �Ref. 18� and
4.2�10−2 erg /cm2 �Ref. 12��, and about one order of mag-
nitude lower than that found in Co nanoparticles ��2–3�
�10−1 erg /cm2� �Ref. 2� after analyzing Keff for nanopar-
ticles with different sizes. In view of this discussion, Keff has
a core component Kcore whose origin is mainly magnetocrys-
talline anisotropy and an enhancement due to surface aniso-
tropy. The clear separation between these components using
only one system is possible since by applying pressure the
ratio between the total nanoparticle volume and the coher-
ently diffracting volume changes, leading to a change in the
ratio between Kcore and KS.
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FIG. 4. �Color online� Cell parameter a and core diameter Dcore as a func-
tion of pressure.
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