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Nanostructured Fe/Fe-oxide systems with a chain morphology formed by interconnected metallic
clusters were prepared by sputtering at very low substrate temperatures. The effect of the in situ
controlled oxidation at low temperature leads to an effective decoupling of the particles forming the
chains, which is attributed to a physical separation of particles through formation of a core-shell
metal-oxide structure. In contrast, samples oxidized at room conditions exhibit features of strongly
correlated particle systems, in which magnetic decoupling and stabilization can be explained within
the framework of the random anisotropy model by considering the effect of the oxide phase. © 2011
American Institute of Physics. �doi:10.1063/1.3559918�

Recent improvements in the preparation, control, and
characterization of nanocomposites,1,2 have boosted the in-
terest, for potential applications as magnetic devices, such as
sensors, magnetic recording and, in general, magnetic sys-
tems with modulated anisotropy.3 It is known that properties
of magnetic granular arrays4,5 and concentrated systems in
general are determined not only by the intrinsic particle char-
acteristics, but also by the possible interactions between par-
ticle magnetic moments. These interactions may lead to pro-
gressive collective behavior, or even clustering, where
magnetization reversal and switching of the spins are no
longer independent. Such a collective behavior is commonly
prevented by covering the particle surfaces with native-oxide
shells.6

Metal/native-oxide systems obtained by metal deposition
and subsequent oxygen exposure7,8 have been proposed as
promising materials for their combination of high magneti-
zation and low conductivity, also providing a key response in
the enhancement of magnetic stability. Precise manipulation
of the particle surface oxidation allows tuning the magnetic
and transport properties of core-shell systems through modi-
fications in the spin configuration of metal and oxide
phases,9,10 with obvious interest for implementation nano-
scale magnetoresistive sensors.11

In this letter, we report on the magnetic properties of
nanostructured Fe systems prepared by sputtering at sub-
strate temperatures far below room temperature. We have
found a simple method of preparing magnetic chains with
granular morphology by dc-sputtering at temperatures far
from the thermodynamical equilibrium.12,13 This method is
based on previous works in which low temperature deposi-
tion of iron thin films induces a magnetic response analog to
granular core-shell systems, unlike typical thin film
behavior,14 providing an interesting approach to the forma-
tion and manipulation of the magnetic properties of magnetic
nanostructured materials and devices.

In that work, we focus our attention in samples prepared
at TS=200 K. To observe the effects of the natural oxidation
in the magnetic properties of this type of nanostructured sys-
tems, some samples �A-type� were taken from the growth
chamber and passivated on air at room temperature. Other
samples �B-type� were postgrowth oxidized in situ at the
deposition temperature by a controlled process consisting in
flowing O2 at a pressure of 1�10−1 mbar. Nanostructural
and compositional characterizations have been carried out
for A-type samples; it should be comment that no relevant
differences in those aspects are expected between both
preparations.

The sample morphology and the conducting response
were investigated by a scanning probe microscopy strategy.13

Topography and conductive-scanning force microscopy �C-
SFM� corresponding to an A-type sample are shown in Fig.
1. Samples prepared at such low temperatures present the
morphology of interconnected Fe grains, in contrast with the
film microstructure of analog samples deposited at room
temperature. Most of the grains have an average size of
around 12 nm. However, some of the grains have a larger
size of about 22 nm. A similar bimodal grain size distribution
has been recently observed in nanostructured gold films
��10 nm� on SiO2 and explained in terms of atomic diffu-
sion on metallic grain boundaries.15 Moreover, C-SFM
proves that larger grains present metallic character, whereas
they form chains connected by grains having larger resis-
tance �Fig. 1�c�� and presenting semiconductor behavior.13
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FIG. 1. �Color online� �a� Scanning probe micrograph of a sample prepared
at TS=200 K. ��b� and �c�� Topography and conductive micrograph ob-
tained under an applied voltage of �1 V between the tip and the sample,
black and white colors stand for high and low intensity values, respectively.
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A previous combined analysis by x-ray absorption spec-
troscopy and magnetic circular dichroism measured at the
FeL2,3 edges has revealed that these samples are formed by
metallic iron and iron oxides including ferrimagnetic Fe3O4
and �-Fe2O3, as well as the antiferromagnetic FeO phase.16

Magnetic measurements were achieved in a supercon-
ducting Quantum interference device magnetometer
�MPMS-5T from Quantum Design�. Zero-field-cooling
curves at several intermediate fields for A and B samples are
shown in Fig. 2�a�. Both samples exhibit granular behavior
with strong temperature dependence of the zero-field-cooled
�ZFC� curve, which is associated to superspin reorientation.
However, for the A-sample the blocking temperature distri-
bution is broader than for the B-sample. This is markedly
visible at low fields �H=100 Oe�, where apart from the nar-
rower energy barrier distribution of B sample, an almost con-
stant value of the magnetization below the blocking tempera-
ture is seen. Such flattened ZFC curves in the in situ oxidized
sample at low temperatures and low fields can be interpreted
as a signature of superspin frustration resulting from the ef-
fective pinning exerted by the glassy oxide shell at low prob-
ing fields and in the low temperature regime.17

Magnetization loops at 10 and 50 K are shown in Fig.
2�b�. By comparing ZFC and field-cooled loops �applied
cooling field of 20 kOe� at T=10 K for A-sample, an in-
creasing asymmetry can be observed. Enhanced values of
remanence and coercivity in the descending branch are a
signature of exchange anisotropy,6 due to the pinning effect
of the surface spins on the metallic grains in the field-cooled
loop. In addition, B-sample exhibits higher values of coer-
civity and remanence with a noticeable exchange bias �HE
�500 Oe at T=10 K� compared with A-sample �HE

�200 Oe�. At T=50 K, the exchange bias disappears, but
the effects of the exchange interaction provided by the oxide
phase are still present in terms of an enhanced coercivity.

A further insight in the magnetization reversal mecha-
nisms of the two samples is provided by evaluating the mag-
netization projection along the field axis, MZ= �M cos ��,

where � is the angle between the virtual total reversal mag-
netization and the probing field.18,19 Competition between
magnetic anisotropies determines the asymmetric behavior
of the magnetization reversal. Assuming that the main con-
tribution to magnetization signal comes from the metallic
cores, remarkable differences are observed in the reversal
process for each type of the samples. To have an asses of MZ,
Fig. 2�d� shows the absolute value of some magnetization
loops depicted in Fig. 2�b�. Clearly, it can be observed that
the decreasing branch peaks of A-sample magnetization
loops are broader than the increasing ones, in agreement with
strongly correlated superspin systems. Conversely, B-sample
presents narrower and more symmetric peaks for both
branches, suggesting a one-step reversal process of indepen-
dent magnetic particles. Moreover, this larger loop shearing
at the descending branch of B-sample respect to A-one sug-
gests a weakening of intergranular magnetic coupling,20 fos-
tering a uniform rotation in the reversal process of such par-
ticles.

Thermoremanence magnetization �TRM� curves at inter-
mediate �H=700 Oe� and saturating �H=25 kOe� fields are
shown in Fig. 2�c�. At intermediate fields, magnetic moments
of the particles are not fully oriented. At low temperatures,
both samples present a flattened shape, likely related to the
pinning effect exerted by the oxide coverage spins. In fact, it
should be noted that this effect is stronger in B-sample, in
agreement with the larger exchange bias obtained in the low
temperature magnetization loops. At T�50 K, when the ef-
fect of the oxide phase vanishes, the magnetization decay
�which is typical from magnetic particle systems� starts for
both samples. Differences in the TRM behavior for each type
of samples may be summarized in a smoother decrease with
increasing temperature for A-sample.

At high saturating fields, the superspin moments are
practically aligned to the field at low temperature, even in the
remanence state ��0.9 MS, as obtained from the magnetiza-
tion loops�. As in the case of intermediate fields, a similar
behavior at low temperatures is observed in both samples. As
temperature increases, B-sample presents a continuous decay
of remanent magnetization, falling to zero at around 220 K.
That decay is typical from noninteracting or very weakly
interacting particle systems. This fact suggests that samples
oxidized at low temperatures are formed by separated mag-
netic Fe grains that are surrounded by an oxide phase, like a
core-shell structure. Therefore, the oxide phase was formed
as well in the interparticle spaces.

TRM curves of A-sample show a different behavior of
the superspin thermalization. At T�65 K, the decrease in
the magnetization when increasing temperature is much
smoother than the observed for B-sample in both fields TRM
curves. This behavior suggests that strong correlation be-
tween particles affects the remanence decay21,22 in such a
way that magnetization is maintained throughout a wide
range of temperatures. In this case, magnetic interparticle
interactions indicate that partial oxidation at room conditions
does not provide a physical decoupling of the magnetic
grains.

Figure 3 schematically illustrates a representative picture
of the different physical decoupling of iron particles in A-
and B-samples. A qualitative explanation could be found in
the large difference of thermal expansion coefficients of iron
��1.3�10−5 K−1� and silicon ��3�10−6 K−1�. Due to

FIG. 2. �Color online� �a� ZFC at intermediate fields of granular Fe chains
prepared at TS=200 K; �b� magnetization loops at low temperatures; �c�
TRM curves at H=700 Oe and H=25 kOe; and �d� magnetization projec-
tion along the applied field in loops at T=10 K.
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those different coefficients, during sample heating the result-
ant compressive strain tends to decrease distances between
the iron grains along in-plane directions preventing an easy
oxide growth between them at room conditions in compari-
son with an isotropic oxidation at the low preparation tem-
perature.

However, it is worth to further comment on the similar
TRM curves obtained for both types of samples at T
�65 K, because decoupling of the particles seems to be
effective at such temperature range. This observation can be
explained within the formalism of the random anisotropy
model,23 accounting for the interaction effects between the
metallic clusters and the oxide phase, in terms of increasing
anisotropy. In the framework of this model, two competing
terms are defined: the anisotropy field and the exchange
field. Increasing anisotropy field of the particles may bear a
resemblance of separate, though still interacting, particles.24

For that reason in A-sample, the pinning of the covering
oxide phase spins provides exchange anisotropy added to the
uniaxial anisotropy, which yields a behavior analog to that
observed for decoupled particles at low temperatures. When
increasing temperature, this added anisotropy is no longer
effective and the superspins are strongly correlated with their
neighboring particles.

In conclusion, we have prepared granular magnetic
chains formed by interconnected iron particles harnessing the
peculiar features of dc-sputtering deposition at low tempera-
tures. Oxidation processes at low temperatures critically de-
termine the magnetic behavior of the granular chains. Mag-
netization loops show the differences between samples
naturally passivated at room conditions and samples oxidized
by flowing O2 in the preparation chamber at the deposition
temperature. An enhanced stability of the magnetization is
observed for low temperature oxidized samples, which is ex-
plained in terms of the stronger driven pinning force exerted
by the oxide phase spins. Magnetothermal curves reveal the
granular magnetic behavior of such low TS samples, suggest-
ing that in situ oxidation at the low deposition temperature
provides an effective decoupling of the particle moments.
Such effective decoupling and magnetic stability can be ex-
plained by the formation of a nonferromagnetic oxide phase
between the particles, creating a “physical” separation or iso-
lation of the iron nanoparticles. Nevertheless, the covering

oxide phase adds an extra anisotropy at low temperature in
both types of samples, yielding a “magnetic” separation be-
tween the particle superspins. As a final remark, it should be
noted that this simple preparation process allows the tuning
of the magnetic features of these nanoparticle, which enable
these systems for future applications in the fabrication of
magnetically enhanced granular systems for advanced mag-
netic devices.
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FIG. 3. �Color online� Schematic representation of the oxidation processes
of both types of samples. �a� Samples passivated at room conditions and �b�
samples oxidized at low temperature.
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