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In this work, we present the correlation of the magnetic and structural properties of Co nanoparticles
deposited by sputtering on Si3N4 substrates at different temperatures, and covered with different
capping layers, two insulators, AlN and MgO, and a metal, Pt. High-resolution transmission electron
microscopy shows the formation of CoPt3 and Co2N, for the Pt and AlN capping layers,
respectively, giving to a significant change of the magnetic behavior. When using a cap of MgO,
energy-filtered transmission electron microscopy shows an oxidized shell covering the Co
nanoparticles with thickness decreasing as the deposition temperature increases, explaining the
changes in the magnetic response induced by the MgO capping layer. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1854746g

Synthesis of magnetic nanoparticles embedded in a di-
electric or metal matrix is currently of great interest due to
their application in the fabrication of ultra-high-density re-
cording media1–3 and magneto-optical sensors and devices
with tailored properties.3–5 Several studies have been already
made in order to determine the magnetic response of these
nanoparticles, by studying their transverse and polar
magneto-optical Kerr signal,6–8 or even theorizing and mod-
eling how the magnetic dipolar interactions modify the su-
perparamagnetic relaxation rate.9,10

The nature of the different capping layers used to protect
magnetic nanoparticles in ultrathin film against oxidation
may induce strong modifications of their magnetic proper-
ties. For example, a Pt capping layer may induce the mag-
netic connection of otherwise magnetically disconnected Fe
islands grown onc-sapphire substrates7,11 while deposition
of MgO as a capping layer on the same system produces no
modification of the magnetic properties, as MgO is not mag-
netically polarizable.7 Moreover, the use of AlN as capping
layer may induce the opposite effect than Pt, as it may lead
to the magnetic disconnection between ferromagnetic Co
particles grown on AlN thin films.12

However, while the effects of these capping layers on the
magnetic properties of the nanoparticle system have already
been correlated with the intrinsic properties of the cap or
with the nature of the deposition technique, a detailed struc-
tural and chemical characterization able to give a picture at
the atomic level of the different caps effects with high reso-
lution microscopy techniques is still missing. The aim of this
letter is to carry out such a characterization in a set of Co
nanoparticle ultrathin films by high resolution transmission
electron microscopysHRTEMd and energy filtered transmis-
sion electron microscopysEFTEMd analysis.

The samples were grown in an ultrahigh vacuum multi-
chamber equipped with sputtering and laser ablation facili-
tiessbase pressure below 10−9 mbard. Co deposition was per-
formed at temperatures ranging from room temperaturesRTd
to 700 °C on a Si3N4 substrate. Subsequently, MgO, Pt, and
AlN were grown as capping layers using different tech-
niques. The structural characterization was carried out by
HRTEM and EFTEM. In all cases, the magnetic response of
the nanoparticles was studied byin situ transversal Kerr
loops before and after the deposition of the capping layers.

We first show the HRTEM results for the MgO cap.
Samples with 2 nm Co nominal thicknesses were deposited
at different temperaturess200, 400, 550, and 700 °Cd and a 3
nm thick MgO capping layer was deposited at RT by laser
ablation from a MgO target. Bright field TEMsBFTEMd
revealed a granular morphology for all deposition tempera-
tures, with a small reduction of the particle concentration as
Co deposition temperature increases. Figures 1sad and 1sbd
show BFTEM micrographs of the sample grown at 550 °C,
representative of the series. We found by HRTEM that Co
mainly crystallized as Co metal nanoparticles in its hexago-
nal metallic phase and no interaction with MgO layer nor
nitridation from the inner substrate was detected, although in
the as-grown samplesRTd we also found a minor percentage
of nanoparticles in oxidized phases such as Co3O4. From
TEM measurements, the mean diameter of the Co nanopar-
ticles ranged from 5.0±0.6 nm in the sample grown at
200 °C to 8.3±1.6 nm in the sample grown at 700 °C.

Samples were also studied by electron energy loss spec-
troscopysEELSd. By selecting the 60 eV energy loss peak,
which corresponds to the energy ofM2,3 Co transitions, we
obtained several EFTEM imagesfFig. 1scdg of the sample
grown at 550 °C, in the same regions previously studied by
BFTEM fFig. 1sadg. We observed an increase of the mean
diameter of Co nanocrystals measured from EFTEM, in
comparison with that measured from BF micrographs, for
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sample grown at low temperaturesLTd, while there was no
variation for diameters measured with both imaging modes
for sample grown at high temperaturesHTd. As BFTEM im-
ages enhance the contrast of crystalline structures with re-
spect to amorphous areassdiffraction contrastd while
EFTEM images contrast is directly proportional to the num-
ber of atoms of the selected element in the sample, we can
conclude, that Co nanoparticles have a crystalline nucleussas
revealed by BFTEMd as well as a surrounding amorphous Co
shell with a thickness that decreases as the deposition tem-
perature increasessEFTEM imagesd. Analyzing the profile
intensity of the EFTEM Co signalfFigs. 1sdd and 1sfdg, we
observe a dramatic decrease in the region corresponding to
the shell. This latter result shows that the Co density is lower
in the borders of the clusters with respect to the crystalline
nucleus, indicating that there must be a lighter element co-
existing with the Co atoms. Our EELS results suggest that an
amorphous CoxOy oxidized shell should exist encapsulating
the Co crystalline nanoparticles nucleus in the samples
grown at lower temperature.

The appearance of the mentioned amorphous crust and
the fact that its thickness decreases as the Co deposition tem-
perature increases can be tentatively explained as an effect of
the crystalline quality of the nanoparticles. Co nanoparticles
grown at LT have worse crystalline quality, favoring the re-
action of Co atoms with the MgO capping layer. The better
crystalline quality observed by TEM at HT deposition makes
more difficult the interdiffusion of Co atoms in the capping
layer.

These results explain the change of the magnetic re-
sponse of the nanoparticles observed in thein situ transversal
Kerr loopsfFig. 1sgdg. At lower Co deposition temperatures a
decrease in the coercitive field has been observed after the
deposition of the MgO capping layer, due to the formation of
the aforementioned amorphous oxidized shell and the conse-
quent reduction of the magnetic size of the nanoparticles. At

higher Co deposition temperatures no effect of the capping
layer is observed in the transversal loops because, as noticed,
the crystalline Co core is less affected by the MgO capping.

A second series of samples, with Co nominal thickness
of 1 nm grown at different deposition temperatures were
studied. Here a 2.5 nm thick Pt cap was deposited at RT by
sputtering from a Pt target, warranting the isolated Co par-
ticle formation. HRTEM revealed that the capping layer was
composed of Pt in its metal cubic phase for all growth tem-
peratures. Moreover, we found that at RT the sputtered Co
crystallized as metal hexagonal-phase nanoparticles. How-
ever, when increasing the Co growth temperature, we de-
tected Pt diffusion towards the Co nanoparticles inner layer,
inducing the formation of different Co–Pt binary alloysssuch
as CoPt3 at 400 °Cd, and even metal oxide complex phases
ssuch as CoPt3O6d for higher Co deposition temperatures
s700 °Cd, due to the enhanced Pt diffusivity from the capping
layer towards the Co nanocrystals.13 As an example, in Fig.
2sad, we show a HRTEM micrograph of the Pt/Co/Si3N4
sample grown at 400 °C.

In situ transversal Kerr loops were measured before and
after the Pt capping layer deposition, in Fig. 2sdd we display
for example the hysteresis loops corresponding to the sample
grown at 400 °C. Before the capping layer we observe a
rounded hysteresis loop with no saturation at the maximum
applied field, indicating that the nanoparticles do not coa-
lesce and they are not well magnetically connected. After the
deposition of the Pt capping a more squared hysteresis loop
is observed revealing the magnetic connection between the
Co nanoparticles mediated by the polarized Pt as observed
elsewhere.8,11 This behavior is observed in all the samples
independently of their deposition temperature, suggesting
that the formation of mixed CoxPty phases has not affected

FIG. 1. sad BFTEM image of the Co nanoclusters in a MgO/Co/Si3N4

sample grown at 550 °C;sbd, sed profile analysis of the selected Co nano-
cluster in sad; scd energy filtered TEM image of the same region;sdd, sfd
profile analysis of the selected Co nanocluster inscd; sgd in situ transversal
Kerr loops beforescontinuous lined and afterscirclesd the MgO capping
layer deposition in samples grown at 200 and 550 °C.

FIG. 2. sad HRTEM micrograph of a Pt/Co/Si3N4 sample grown at 400 °C;
sbd HRTEM image of the CoPt3 nanocluster squared insad; scd FFT of the
selection insad; sdd in situ transversal Kerr loops beforescontinuous lined
and afterscirclesd the Pt capping layer deposition.
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the magnetic interconnection of the nanoparticles due to the
polarization of Pt capping.

A similar series of samples was studied in the case of an
AlN capping layer. In this case the nominal Co thickness was
2 nm for all the samples grown at different temperatures, and
6 nm of AlN were grown at 400 °C by reactive sputtering
using an Al target and an Ar+N2 plasma. As observed in Fig.
3, the upper capping layer conserves its AlN structure, but
HRTEM measurements reveal that even at RT, a strong Co
nitridation occurred, finding Co2N compounds instead of me-
tallic Co nanoparticlesfFigs. 3sbd and 3scdg. At higher tem-
peratures, 400 and 700 °C, we also found a strong Co nitri-
dation and compounds as Co2N and even CoN were found,
which implies a strongest diffusion of nitrogen.

The effect of the AlN capping in the magnetic behavior
of the system is very strong.In situ Kerr transversal loops
were measured before and after the deposition of the AlN
cappingfFig. 3sddg in a sample grown at 400 °C. A ferromag-
netic hysteresis loop was obtained after the Co deposition,
corresponding to a system with Co nanoparticles magneti-
cally connected but after the AlN capping deposition the
magnetic signal disappears. In order to clarify the cause of
this disappearance a sample was exposed to an Ar+N2
plasma after the Co deposition, and the magnetic signal also
disappeared. Therefore we can conclude that the exposition

of the Co nanoparticles to a N2 plasma gives rise to a strong
nitridation and the disappearance of the magnetic behavior of
this system.

In these two last cases, deposition of Pt and AlN caps
induced the formation of nonferromagnetic Co alloys
sCoxPt1−xd and compoundssCo nitridesd which correlate well
with the changes in the magnetic properties observed in pre-
vious works.

It is therefore concluded that, when Pt is deposited as
capping layer the polarization of Pt next to the Co nanopar-
ticles give rise to the magnetic connection between the is-
lands, and diffusion of Pt into the Co nanoparticles is ob-
served at HT. The AlN capped samples show a strong
nitridation of Co and the magnetic signal consequently dis-
appears. In the former samples, interface diffusion is mini-
mized by selecting the appropriate deposition temperature.
Finally, the MgO has been presented as a good capping op-
tion, since little interaction between this material and the Co
nanoparticles magnetic active layer has been found. A small
decrease of the coercitive field before the capping layer
deposition is observed, related to a decrease of the magnetic
particle size, in samples grown at LT. This fact has been
explained by the use of HRTEM in combination with
EFTEM. The presence of an amorphous crust surrounding
the Co nanoparticles with decreasing thickness as the depo-
sition temperature increase has been inferred.
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FIG. 3. sad HRTEM micrograph of an as-grown AlN/Co/Si3N4 sample
sRTd; sbd HRTEM image of the Co2N nanocluster squared insad; scd FFT of
the selection insad; sdd in situ transversal Kerr loops beforessquaresd and
after scirclesd the AlN capping layer deposition.
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