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We present a study on the magnetic anisotropy and magnetization reversal of Fes110d islands grown
on Al2O3 versus the island size, the island size distribution, and the magnetic interaction between
islands. For small islands magnetically connected via a polarizable capping layer, the samples
behave as a uniform film with an induced uniaxial in-plane anisotropy. Magnetically isotropic
samples are obtained when the islands size is increased. Transverse susceptibility measurements
show that the magnetic anisotropy of the particles is macroscopically averaged due to the interisland
magnetic interaction. The island size distribution is correlated to the magnetic anisotropy field
dispersion. When the capping layer material is Al, a superparamagnetic behavior is found due to the
absence of the interisland interaction.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1895465g

I. INTRODUCTION

Research on magnetic nanostructured materials has led
to the discovery of physical phenomena which have, in turn,
led to technological applications such as ultrahigh-density
memory devices and magnetic sensors. These physical phe-
nomena arise from a complex interplay of finite-size effects
and surface effects.1 The latter effect becomes increasingly
important when reducing the particle size because of the in-
crease of the surface atoms to volume atoms ratio, highlight-
ing the importance of surface and interface effects.2 Finite-
size effects affect those properties that depend on the volume
of the particles. One of the most studied finite-size effects in
small particle systems is superparamagnetism, since it deter-
mines the performance limit of new generation magnetic
memory storage media, in which one bit of information has
to be written in each single particle. Thermal instability pre-
vents the recording of data since the nanostructures lose their
“magnetic memory” in the superparamagnetic regime. To
overcome the superparamagnetic limit is one of the greatest
objectives in the field of nanostructures for technological ap-
plications. The magnetic anisotropy of the particles, as well
as the magnitude of the interparticle interactions, plays a key
role when it comes to treating the thermal instability of these
systems.

In this article, we report the study of the magnetic aniso-

tropy behavior at room temperature of Fes110d islands grown
on Al2O3 substrates as a function of the particle size. We also
discuss the influence of interparticle interactions. The latter
was studied through the modification of the material used as
capping.

II. EXPERIMENTAL PROCEDURE

Fe was grown at 700 °C by triode sputtering in order to
favor the formation of islands.3 In all the samples a 2.5-nm-
thick capping layer was grown at room temperature by triode
sputtering. The capping layer material was chosen to be a
ferromagnetic materialsFed, a polarizable materialsPtd, or a
nonmagnetic nonpolarizable materialsAl d. The island size
and the physical contact between them were controlled by
the deposition time. More details about fabrication, structure,
and morphology of the samples can be found elsewhere.3,4

The magnetic anisotropy characterization of the samples
was carried out by transverse susceptibilitysTSd measure-
ments at room temperature. TS measurements performed us-
ing a transverse magneto-optical Kerr effect have proved to
be a very powerful technique to obtain the magnetic aniso-
tropy field and the anisotropy dispersion in thin films.5–7

More recently it has also been applied to obtain an accurate
picture of the magnetization processes in epitaxial Fe/MgO
heterostructures.8 TS measurements performed by a
magneto-optical Kerr effect basically consist of the applica-
tion of a small alternating magnetic fieldh and an orthogonaladElectronic mail: jfcalleja@uniovi.es
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steady fieldH both in the film plane. The Kerr signal is
proportional to the component of the magnetization parallel
to hsDMd. If the amplitude ofh is small enough,DM is
proportional to the susceptibility, and then this magnitude, in
a direction parallel toh, is measured as a function ofH. In
order to carry out the magnetic characterization of the
samples, TS measurements are performed withH applied
along different directions as explained in the following para-
graphs. The experimental setup is described in Ref. 7. In our
case,h had a frequency of 127 Hz. The same experimental
setup was used to obtain the hysteresis loops of the samples.

III. RESULTS AND DISCUSSION

In the present work we have carried out a systematic
study of the transverse susceptibility of Fe nanostructures
grown on Al2O3. The samples’ identification, nanostructure
size, and the summarized magnetic data are shown in Table I.

Atomic force microscopysAFMd measurements showed
that the samples consisted of islands with rounded tips. The
average island diameter is shown in Table I. The samples
with smaller islands displayed a homogeneous size distribu-
tion. By increasing the island average size, a wider distribu-
tion of island sizes was observed.4 The insets of Figs. 1sad
and 2 show the AFM images of Pt-coated films with average
island diameters ofd=12 nm andd=30 nm, respectively. A
wider size distribution is displayed in the second case.

In Figs. 1sad and 1sbd we show the TS vsH curves with
H along the hard and easy axes, respectively, for samples
with the smallest islandsssamples 1 and 2d. When transverse
susceptibility is measured fromHs ssaturation fieldd to −Hs

through H=0, different behaviors are found depending on
the measurement direction and on the system under study. In
the case of thin films exhibiting a very well-defined macro-
scopic in-plane uniaxial anisotropy, two characteristic mea-
surement directions are considered: one withH applied along
the hard axis of magnetization and another withH applied
parallel to the easy axis of magnetization. In the first case
two peaks are observed at the uniaxial anisotropy field value
in both the positive and the negative field branches,6 H
= ±Hu, and in the second case one peak should be observed
at a field value at which the magnetization reverses, i.e.,
when H equals the coercive field in the negative branch,5,6

H=−Hc. As can be seen in Figs. 1sad and 1sbd, samples 1 and
2 present a clear anisotropic behavior. The peaks observed in
Fig. 1sad correspond to the uniaxial induced anisotropy and

Hu=30 Oe for sample 1 andHu=40 Oe for sample 2. This
small magnetic anisotropy can be growth induced by steps in
the substrate9 or by oblique incidence.10 The peaks observed
in Fig. 1sbd correspond to the field at which the magnetiza-
tion reverses along the macroscopic induced easy axis. The
magnetization reversal takes place in the range of 6–11 Oe
for sample 1 and 11–17 Oe for sample 2. These values coin-
cide with theHc values estimated from the hysteresis loops
ssee Table I, only theHc value along the easy axis is given,

TABLE I. Capping layer used, average island diametersdavd, macroscopic
magnetic anisotropy field probed by transverse susceptibility measurements
sHk andHud and coercive fieldsHcd of Fes110d islands grown on Al2O3.

Samples Capping davsnmd Magnetic anisotropy fieldsOed HcsOed

1 Pt 10 Hu=30 11
2 Pt 12 Hu=40 20
3 Pt 14 Hk=55 37/26
4 Pt 18 Hk=104 77/72
5 Pt 30 Hk=210 128
6 Fe 14 Hu=30 12
7 Al 13 ¯ ¯

FIG. 1. sad Transverse susceptibility as a function ofH, with H along the
hard axis for the samples with Pt capping layer and average island diameter
d=10 nm ssolid squaresd and d=12 nm sopen squaresd. Inset: AFM image
of the sample withd=12 nm.sbd Transverse susceptibility as a function of
H with H along the easy axis for the sample with average island diameter
d=10 nmssolid squaresd andd=12 nmsopen squaresd.

FIG. 2. Transverse susceptibility as a function ofH for the samples with Pt
capping layer and average island diameterd=14 nm sopen squaresd, d
=18 nmsclosed squaresd, andd=30 nmsopen starsd. Inset: AFM image of
the sample withd=30 nm.
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Hc along the hard axis being nulld. According to the shape of
the TS vsH curves for samples 1 and 2 we conclude that the
magnetization reversal along the easy axis takes place mostly
by domain-wall displacement, as it takes place in a narrow
range of H field values. Since these samples behave like
continuous thin films with an in-plane induced uniaxial an-
isotropy, we can conclude that the Fe islands are magneti-
cally connected. This is consistent with the fact that Pt be-
comes polarized in the presence of a ferromagnetic
material.11,12 In our case, the Fe islands are magnetically
connected via the Pt layer polarization.13 In Fig. 2 we display
the TS curves for samples with medium and large islands
ssamples 3, 4, and 5d. The shape of the curves was roughly
the same independently of the direction along whichH was
applied. This means that the samples were isotropic. The
coercive fields are given in Table I. In the case of samples 3
and 4, the two values given are the maximum and the mini-
mum measured values. They are very similar, which is con-
sistent with the fact that these samples were quasi-isotropic.
For sample 5,Hc was the same along all measurement direc-
tions sthe sample was isotropicd. In order to understand the
TS results, we must consider that in the case of a system of
noninteracting randomly oriented single domain particles,
each of them with a magnetic anisotropy fieldHkp, three
peaks are expected in the TS curves whichever the direction
along which H is applied sthe system is isotropicd: at H
= ±Hkp and atH=−Hc. The peaks observed atH= ±Hkp are
due to the contribution of the particles with the easy axis
perpendicular toH. These peaks have been predicted
theoretically14 and have been confirmed by experiment.15

Three phenomena influence the shape of the experimentally
observed curves in these systems: the interparticle magnetic
interaction, the anisotropy field value distributionsanisotropy
dispersiond, and the structure texturespreferred easy axis ori-
entationd. The peak in the positiveH branch of the curve
must be associated with the switch of the magnetization from
a direction alongH to a direction along the easy axis of these
particles. The transition from this direction to a direction
alongH again produces the peak in the negativeH branch of
the curve. Three common important features can be observed
in the TS curves in Fig. 2:s1d the peaks are observed forH
values too low to be identified asHkp, s2d the peaks are
broadened and the position is not symmetric aroundH=0,
and s3d the expected peak atH=−Hc is absent. Regarding
point s1d, if we considerHkp=2Kp/Ms, takingMs as the satu-
ration magnetization of bulk Fes1700 emu/cm3d we obtain
Kp=88 400 ergs/cm3, a value too low compared to that of
the magnetocrystalline anisotropy of bulk Fe. This result can
be explained as due to the interparticle magnetic interaction.
When studying the magnetic anisotropy of nanostructured
materials, which consist of many particles, one must take
into account the difference between the macroscopically ob-
served magnetic anisotropy and the intrinsic magnetic aniso-
tropy of one particle. The latter can be even much larger than
the corresponding magnetocrystalline anisotropy of the bulk
material16 since it may contain contributions from shape,
strain, and exchange anisotropies. On the other hand, the
former should become drastically smaller than the magneto-
crystalline anisotropy of one single particle due to interpar-

ticle interaction.17,18It should be noted here that TS measure-
ments probe the effective macroscopic anisotropy of the
system. Both anisotropies have the same value only in the
case of a system of noninteracting particles. Let us call the
effective anisotropy fieldHk in order to distinguish it from
the anisotropy field of each particleHkp. The peak atH=
−Hk eventually merges with the peak atH=−Hc.

19 Regarding
point s2d, the anisotropy field dispersion produces a broad-
ening of the peaks atH= ±Hk and an asymmetry of the
curve.15,20 the peaks are not symmetrically located around
H=0. In other words, the roundness of the peaks shows that
the particles switch over a broad range ofH values. Points3d
can be explained if we consider that the peak at −Hc can be
masked by the peak atHk and taking into account the struc-
ture texture. The structure texture affects basically the peak
located atH=−Hc. This peak is more pronounced for a com-
pletely random system and it completely vanishes for a sys-
tem of perfectly oriented particles.14 We have roughly esti-
mated the effective magnetic anisotropy fieldHk of the
samples as the mean value of the two observed peaks. The
results are listed in Table I. From the results in Table I and
the shape of Figs. 1 and 2 we can conclude that when the Fe
particle size increases, the samples become isotropic and that
both the anisotropy field value and the anisotropy dispersion
tend to increase. This is in agreement with the morphological
results obtained by AFM. In fact, when the average particle
size increases, the island size dispersion increases as well, as
we can see in the insets of Figs. 1 and 2.

In order to complete our study, we have analyzed the
effect of the material used as capping layer. To do so, we
have also carried out transverse susceptibility measurements
in samples with Fe and Al capping layers. In Fig. 3sad we
show the TS curves for sample 6sFe capping layerd. The
sample is anisotropic, with a uniaxial in-plane induced an-
isotropy. The solid squares represent the TS forH applied
along the easy axis; while the open squares represent TS for
H applied along the hard axis. In the inset we show the TS in
the first case in the vicinity ofH=0. As previously discussed
in the case of samples 1 and 2, we can see from this figure
that the magnetization reverses in a very narrow magnetic-
field rangesbetween 10 and 11 Oed, in agreement with the
coercive field obtained from the hysteresis loopssee Table Id.
In this case, the magnetization reversal takes place in a nar-
rower field range than in films 1 and 2. This can be explained
if we consider that the Fe islands in sample 6 reverse their
magnetization simultaneously. This can be explained if we
consider that the Fe capping layer produces a much stronger
magnetic interaction between the islands than the Pt layer, as
expected. Again, we can estimate the value of the uniaxial
in-plane induced anisotropy from the magnetic-field values
at which the peaks in the TS withH along the hard axis are
observedfopen squares in Fig. 3sadg as Hu=30 Oe, a value
very similar to those of samples 1 and 2, which reinforces
the hypothesis that the uniaxial induced anisotropy has its
origin mainly in the substrate.

The sample with the Al capping was also isotropic, and
the transverse susceptibility curve withH applied along any
direction resulted, as shown in Fig. 3sbd. The most charac-
teristic feature of this curve is that it has only one peak,
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located exactly atH=0. The inset of Fig. 3sbd shows in more
detail the curve in a narrowerH range, in order to show that
the peak atH=0 is not a scale measurement effect, as no
other peaks are observed. Similar results have been obtained
by other authors studying the transverse susceptibility of Fe
nanoparticles.21,22 On the other hand, the hysteresis loop of
this sample had an S shaped closed loop, with no hysteresis.
These results clearly show that this sample is superparamag-
netic. A comparison of the TS curves and the results of Table
I of samples 3, 6, and 7 help us elucidate the role of the
capping layerssee Fig. 4d. These three samples have a simi-
lar Fe particle diameter. At this point, it is important to know
the minimum particle size, which is magnetically stable
against thermal demagnetization. The free-energy barrier that
the magnetic moment of a particle with anisotropy constant
K1 must overcome in a switching process isK1V, with V as
the volume of the particle. The probability per unit time for a
particle to switch is given byP=n0 exps−K1V/kBTd, where
n0 is an attempt frequency factor23 equal to approximately
109 s−1. Let us consider a spherical Fe particle with an an-
isotropy energy density equal to that of bulk Fe,K1=4.8
3105 ergs/cm3 at T=293 K. If we define the stability as a
switching probabilityP of less than 10% over a specified
observation time intervalt0, we can obtain the superpara-
magnetic radius for stability over the specified time. For ex-
ample, for 1 year and 1 s:r0

1 yr<9 nm, r0
1 s<8 nm. In our

case, we can consider our characteristic measurement time as

the inverse of the frequency of the alternating magnetic field
applieds127 Hzd, sot0<8 ms andr0

8 ms<6.6 nm. Samples
1–3, 6, and 7 have Fe particles of mean radiusø6–7 nm, so
they can have a superparamagnetic behavior at room tem-
perature, as effectively observed in the case of sample 7.
While the particles of samples 1–3 and 6 are magnetically
connected via the capping and so these samples behave as a
ferromagnet, the islands in sample 7 must be disconnected in
order to explain the superparamagnetic behavior.

IV. CONCLUSIONS

We have shown that the magnetic anisotropy of Fe is-
lands grown on Al2O3 depends dramatically on the size of
the islands, the distribution of sizes, and the magnetic inter-
action between the islands. For smaller island size magneti-
cally connected via a capping layer, the samples behave as a
continuous film with an induced in-plane uniaxial anisotropy.
When the island size increases, the samples become isotro-
pic. The transverse susceptibility measurements in these sys-
tems would allow the determination of the magnetic aniso-
tropy of each island. However, the magnetic anisotropy
probed macroscopically is averaged due to the magnetic in-
teraction among the islands.

When a nonpolarizable capping layer is usedsAl d a su-
perparamagnetic behavior is observed for samples that show
a ferromagnetic behavior with either a magneticsFed or a
polarizablesPtd capping layer. This can be used as a hint to
avoid superparamagnetism in nanostructured Fe.
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