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Nanocrystalline cobalt powders have been prepared by the inert gas evaporation method. After preparation the
materials were passivated by pure oxygen and air exposure. In the present paper we describe the application of
different techniques like transmission electron microscopy (TEM ), X-ray diffraction ( XRD), X-ray photoelectron
spectroscopy ( XPS), X-ray absorption spectroscopy ( XAS) and electron energy loss spectroscopy (EELS) to
achieve an exhaustive chemical and structural characterization of the nanocomposite material in its original state
(passivated Co powder) and after thermal treatments in vacuum. After passivation the cobalt fcc nanocrystals
(typical sizes 2–20 nm) are covered by an amorphous oxide passivation layer with a short range structural order
similar to the cubic (fcc) CoO phase. Upon heating, crystallisation of the oxide layer is observed together with the
formation of the Co3O4 spinel phase. In situ XPS experiments allow the determination of the relative amounts of
oxide and metal as a function of the oxygen dose. The present study is relevant due to the correlation between
microstructure and the unusual magnetic properties of this type of material.

residual vacuum better than 5×10−7 Torr. A tungsten boatIntroduction
containing a pressed pellet of Co powder (from Goodfellow

Research in the field of fine magnetic particles has been very Metals, 99.9% pure) was heated resistively to a temperature
active in the last few decades due to their potential applications of ca. 1773 K in a He atmosphere of 1 Torr. The evaporated
in many areas of technology including high density magnetic material loses kinetic energy by collisions with the inert gas
recording media.1–3 Their small size (1 to a few tens of nm) atoms and condenses as small particles that were collected on
not only makes them better recording media due to their a cold substrate.15 After preparation, the powder was passiv-
superior magnetic properties, but also opens up an interesting ated by oxygen (3 Torr for 10 min) before exposure to air.
scientific problem on finite size effects. A number of research The loose material was collected (smoothly stripped off ) from
works have been published during the last few years dealing two regions: one in direct contact with a liquid nitrogen
with the magnetic behaviour of nanometric Fe, Co and Ni reservoir located at a large distance from the evaporation
nanocrystalline particles presenting different degrees of surface source and a second one situated at a shorter distance from
oxidation.4–12 The singular magnetic behaviour of these sys- the evaporation device. Two portions of the sample were
tems has been found to be dependent on the size and the separated and named hereafter as Co-oxide/Co(A) and
surface characteristics of the particles, and it is attributed to Co-oxide/Co(B), respectively.
the large magnetic anisotropies observed in these materials. In It has been experimentally stated that both samples show a
particular, exchange anisotropy was first discovered by shift of the field cooled hysteresis loop. This behaviour corre-
Meiklejohn and Bean10 in compacted oxide-coated Co par- sponds to the exchange interaction of the oxide layer with the
ticles. In spite of the numerous publications on the magnetic ferromagnetic core, typically observed in these type of
properties of oxide coated Fe, Co and Ni nanoparticles, there samples9,10 and will be the object of further work.is still a limited number of studies on the characterization of

TEM examination of the samples was carried out in athese systems at the microstructural level to achieve a better
Philips CM200 microscope working at 200 kV. The samplesunderstanding of the properties.13,14
were dispersed in ethanol by sonication and dropped on aIn the present paper we describe the use of many different
copper grid coated with a carbon film. Dark field mode wastechniques to characterize Co nanocrystalline particles coated
used by tilting the incident illumination to bring the (200)with an oxide layer: transmission electron microscopy (TEM),
diffraction ring for metallic cobalt into the position of theX-ray diffraction ( XRD), X-ray photoelectron spectroscopy
central spot.( XPS), X-ray absorption spectroscopy ( XAS) and electron

The intensities of the electron diffraction rings from theenergy loss spectroscopy (EELS). The nanocrystalline Co
polycrystalline samples were integrated using the FIT2D pro-powders have been prepared by the inert gas evaporation
gram16 leading to plots of diffraction intensity against themethod.15 After passivation by pure oxygen and air exposure
h angle.the final Co-oxide/Co nanocomposite was obtained.

High resolution TEM images were obtained in a JEOL 4000Conclusions about the chemical composition and local struc-
EX(II ), operating at 400 kV with a LaB6 filament. Theture of the nanocomposite material are related to the effect
instrument is equipped with a top entry goniometer (±20° tiltof exchange anisotropy in nano-sized oxide-metal coupled
specimen holder). The point resolution in this microscope issystems.
about 0.16 nm.

XRD analysis was carried out using Cu Ka radiation in aExperimental Siemens D5000 diffractometer.
XPS spectra were recorded in a VG-Escalab 210The experimental device used for the synthesis of the Co

ultrafine grains consists of a small HV chamber pumped to a spectrometer working in the constant analyser energy mode
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with a pass energy of 50 eV and using Mg-Ka radiation as the
excitation source. The binding energy (BE) reference was
taken at the C 1s peak from carbon contamination of the
samples at 284.6 eV. An estimated error of ±0.1 eV can be
assumed for all measurements. For the in situ XPS analysis
the Co nanoparticles were prepared in the pretreatment
chamber of our spectrometer in which we included the same
evaporation system as used in the ex situ preparation chamber.
The nanocrystalline material, deposited on a tantalum foil
situated in the spectrometer sample holder, was examined by
XPS directly after transfer to the analysis chamber. The
samples were also analysed after the in situ exposure to a
controlled oxygen atmosphere pressure.

XAS spectra were recorded at the DCI storage ring in
LURE (France), running at 1.85 GeV with an average current
of 250 mA. Monochromatisation of the beam was carried out
through a Si(111) double crystal monochromator. The detec-
tion of the XAS absorption coefficient was done in the
transmission mode for the samples that were supported on
cellulose filters. Spectra were recorded at the Co K edge at ca.
7720 eV. To compare the XAS spectra a linear background
was fitted in the pre-edge region and subtracted before
normalisation to the edge jump.

EELS spectra were acquired in the Philips CM200
microscope operating at 200 kV and equipped with a Gatan
model 766–2K parallel detection electron spectrometer. In
order to record the O K-edge and Co L2,3-edges the illuminated
area was ca. 1 mm in diameter. Spectra were recorded in the
diffraction mode with a camera length of 700 mm and a
collection angle of ca. 1 mrad. An EELS entrance aperture of
3 mm was also used. The measured energy resolution at the
zero-loss peak of the coupled microscope/spectrometer system

Fig. 1 TEM bright field micrographs for Co-oxide/Co(A) (top) andwas about 3 eV. Spectra were recorded for dark current and
Co-oxide/Co(B) (bottom) samples.channel-to-channel gain variation. A low-loss spectrum was

also recorded with each edge in the same illuminated area.
After subtraction of the background with a standard power-
law function, the spectra were deconvoluted for plural scat-
tering with the Fourier-ratio method. All these treatments
were performed within the EL/P program (Gatan).

Results and discussion
In Fig. 1 we have included TEM micrographs for samples
Co-oxide/Co(A) (top) and Co-oxide/Co(B) (bottom). The
samples appear to be formed from almost spherical grains
forming agglomerates and also showing a high degree of
coalescence or interconnection between grains. The nanometric
character of the samples is clear showing particle sizes of
around 9–20 nm for sample A and 9–30 nm for sample B.

The XRD diffractograms of the passivated nanocrystalline
samples (Fig. 2 left) indicate the presence of metallic cobalt in
the fcc phase. It is interesting to mention that the starting Co

Fig. 2 XRD diffraction patterns ( left) and Co 2p photoelectron spectrapowder material for evaporation was hexagonal cobalt. Similar
(right) for the Co-oxide/Co(A) and (B) samples.

behaviour has been reported for erbium17 and yttrium oxides18
where high-pressure polymorphic phases can be stabilized in
grains of a few nanometers in diameter. The peaks in Fig. 2 sponding photoelectrons in metallic cobalt, CoO and Co3O4 .

The literature values19 for the 2p3/2 peak in Co0 is ca. 778.1 eV( left) are very broad, especially in sample Co-oxide/Co(A)
indicating the very small crystallite size of the metallic phase. while for the cobalt oxide phases the corresponding value is

around 780.2 eV. The comparison with the values depicted inThe cobalt oxide passivation layer should be quite amorphous
or very thin and consequently no clear peaks from CoO or Fig. 2 (right) for the samples under investigation (780.5 and

781.5 eV for samples B and A respectively) indicates clearlyCo3O4 phases could be identified. Other techniques may then
be used to obtain more information on the structure of this that the surface of the particles is fully oxidised. The displace-

ment of the peaks to higher binding energies, in respect to theamorphous oxide layer.
In this sense, in addition to a bulk analysis technique like ones reported for the CoO and Co3O4 references, may be

attributed to the presence of Co(OH)2 species20 formed byXRD, we have used a surface sensitive technique like XPS.
The Co 2p photoelectron spectra of both samples are depicted water adsorption on the surface of ultrafine powders. In

addition, the high intensity of the shake-up satellites at ca.in Fig. 2 (right). The spectra show four main peaks, the
doublet 2p3/2 and 2p1/2 and the shake-up resonance transitions 786 and 802 eV is characteristic of Co() species21 while

Co() states show a strong decrease in the intensity of theseof these two peaks at higher binding energies. The position of
the main doublet is compared with the energies of the corre- satellites.22 The absence of metallic cobalt in the XPS analysis
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Fig. 3 Co 2p photoelectron spectra of the in situ prepared nanocrystal-
line cobalt (original ) and after exposure to different doses of oxygen.
The experimental spectra are depicted as dotted line. Full lines
correspond to the best fitted linear combination of the spectra for
pure Co and CoO phases.

indicates that the passivation oxide layer is thicker than ca.
3 nm, the penetration depth of the photoelectron analysis. It

Fig. 5 (a) and (b) TEM dark field images (200 plane for Co0)is also worth mentioning that this technique gives important
as obtained for Co-oxide/Co(A) and Co-Oxide/Co(B) samples.information related to the major presence of Co2+ species,
(c) Indexed electron diffraction pattern from the as preparedindicating the formation of a CoO like oxide layer after room Co-oxide/Co samples.

temperature passivation of the nanocrystalline Co particles.
To characterise the formation of the oxide layer on the Co

dose. It was observed that an appreciable oxidation of theparticles, we performed an in situ XPS study of the oxygen
nanoparticles occurs just by exposure of the sample to 30passivation process of metallic cobalt nanoparticles. XPS was
Langmuirs of oxygen (1 Langmuir=10−6 Torr during 1 s).then used to follow the evolution of the Co 2p photoelectron
The oxidation then progresses very rapidily to generate apeaks as a function of the oxygen dose (see Fig. 3). The
steady state situation by exposure to 4.2×107 Langmuirs ofspectra change from the pure metallic cobalt to the pure oxide
oxygen. This situation may correspond to a lower limit of thephase. By linear combination of these two extreme spectra we
thickness expected for the oxide layer according to the probingcould quantify the degree of surface oxidation as a function
depth of the XPS technique (ca. 3 nm).of the oxygen dose. In Fig. 3 we show these linear combinations

A typical electron diffraction pattern obtained for theand how they fit to the experimental data. The results are
samples is included in Fig. 5 (bottom). The rings can bedepicted in Fig. 4 where we show the percentage of oxidation,
indexed according to metallic cobalt and cubic CoO phases.as detected by XPS, is represented as a function of the oxygen
The oxide phase may crystallise partially under the electron
beam but it is interesting that in agreement with the XPS
results the initially formed oxide phase corresponds to CoO.
The rings for the metallic Co phase show some defined
diffraction spots indicating the presence of well formed crystal-
lites. In the case of the oxide phase, the diffraction rings are
more continuous and diffuse indicating the formation of very
small nanocrystals. Furthermore we will show later in this
work how controlled electron beam heating can induce
transformations in the samples.

Dark field images allow one to distinguish different phases
so that by selecting the (200) ring for metallic cobalt the
resulting image highlights the cobalt nanocrystals. It is clearly
observed in Fig. 5 (top) that sample Co-oxide/Co(A) contains
smaller Co crystallites than sample Co-oxide/Co(B). Typical
crystallite sizes for metallic cobalt of 2–10 and 2–20 nm were
measured for samples A and B, respectively. This result is also
in good agreement with the XRD pattern in Fig. 2. For
samples of crystallite sizes of a few nanometers, the high
resolution transmission electron microscopy technique can
provide more reliable information than the XRD technique.
Fig. 6 presents a high resolution image of the Co-oxide/Co(A)
sample showing small metallic Co crystallites embedded in anFig. 4 Percentage of oxidised cobalt in the total Co 2p photoelectron
oxide layer. As can be deduced from this figure crystallisationpeak as a function of the oxygen dose during the in situ oxidation of

the nanocrystalline cobalt. of the cobalt oxide layer can occur under the high energy
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the third region a few eV above the threshold, the final states
of the photoelectron should be described as unoccupied bands
close to the Fermi level. Because of the fully screened core
hole, the near edge spectrum probes the ground-state unoccu-
pied local density of states of the material. In this sense the
strong absorption at about 7727 eV can be assigned to the
1sA4p transition and is clearly dependent on the oxidation
state of the metal. We should also take into consideration the
mixing of 4s, 4p and 3d orbitals.

Just by comparison of the Co K edge spectra for samples
A and B with the reference spectra in Fig. 7 ( left) and 8 ( left),
we observe a higher intensity of the features at 7713 and
7760 eV and a decrease in the intensity of the peak at 7727 eV
for sample B in comparison to sample A. This corresponds to
a higher content of metallic Co in sample B. To quantify the
oxide to metal ratio, linear combinations of the reference
spectra for Co0 and CoO have been carried out to achieve the
best reproduction of the experimental spectrum for both
samples. These linear combinations for samples Co-
oxide/Co(A) and Co-oxide/Co(B) are represented in Fig. 7

Fig. 6 High resolution TEM image for the Co-oxide/Co(A) sample. (right) and 8 (right) giving a quantification of the bulk
composition of the oxide–metal nanocomposite materials. The

(400 kV ) electron beam as we will describe below. best matched spectra for both samples were found for a
Consequently CoO and even Co3O4 small crystals can be composition of 40 and 20% of metalic cobalt in samples A
identified (marked) in this micrograph. and B respectively. It should be considered here that better

None of the above described analysis techniques could reproduction of the experimental spectra should be obtained
provide a quantitative estimation of the metal/oxide ratio in if we could use a reference spectrum for amorphous CoO
these samples. The XANES ( X-ray absorption near edge instead of the one for a microcrystalline sample. The possibility
structure) region of the XAS spectra contains information of using XANES spectroscopy to give a quantification of the
about oxidation states and local structure around the absorb- oxide to metal atomic ratio is an important advantage of this
ing atom. Although multiple scattering calculations can be technique within the characterisation we are presenting in
carried out to simulate the XANES spectra, a fingerprint this work.
technique can also be used to obtain conclusions from these In an analogous way to that described for XAS, electron
data just by comparison with reference samples.23 In this sense energy loss spectroscopy (EELS) is another technique avail-
we have plotted in Fig. 7 ( left) and 8 ( left) the spectra at the able for the characterisation of nanostructured powders by
Co K-edge for samples Co-oxide/Co(A) and Co-oxide/Co(B) recording core level absorption edges. The EELS technique in
respectively. These spectra are compared to the ones from a a transmission electron microscope can provide information
metallic Co foil and a CoO reference sample. The first region at a microscopic level while XAS is obtained as an average of
in the spectra corresponds to a low energy shoulder before the the macroscopic sample. In fact, provided that the collection
edge threshold at ca. 7713 eV. This shoulder is usually attri- angle of the spectrometer is small (to be consistent with the
buted to the 1sA3d transition which in perfect Oh symmetry dipole approximation), it has been shown that EELS can be
is strictly dipole-forbidden. However, due to the mixing of p- expressed with the same formalism as the well known XAS.24
and d-like states this feature is visible. While the energy The advantage of EELS over XAS is that the analysed volume
position of this transition is found to be not very sensitive to can be several orders of magnitude lower, since the electron
the oxidation state and local structure, the intensity of the interaction is strong compared to that of photons. The EELS
peak is strongly dependent on them as demonstrated in Fig. 7 is limited, however, to elements of lower Z for which the K
( left) and 8 ( left) for the Co0 and CoO references. The second or L edges are attainable. Also the electron-loss near-edge
region of the spectra corresponds to the sharp rise for the structure (ELNES) region of the EELS spectra may provide

chemical and structural information in a way analogous toexcitation of the 1s electron into the ionization continuum. In

Fig. 7 Left: XAS spectrum at the Co K edge for the Co-oxide/Co(A) sample in comparison to a metallic Co foil and a CoO reference sample.
Right: the spectrum for the nanocrystalline composite sample (full line) is compared with the linear combination (dashed line) of the spectra for
Co and CoO.
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Fig. 8 Left: XAS spectrum at the Co K edge for the Co-oxide/Co(B) sample in comparison to a metallic Co foil and a CoO reference sample.
Right: the spectrum for the nanocrystalline composite sample (full line) is compared with the linear combination (dashed line) of the spectra for
Co and CoO.

the X-ray absorption near-edge structure ( XANES) region of
the XAS spectra. In the present work the O K-edge and
Co L2,3-edges were recorded for the two samples under
investigation by EELS at the transmission electron microscope.

In Fig. 9 the EELS spectra of two different regions of sample
Co-oxide/Co(A) are shown. It is clear how at the microscopic
level the sample is heterogeneous showing zones with different
proportions of oxide to metal. This illustrates the fact that
XAS is giving us an average of the total sample while EELS
can be resolved at the microscopic level. The spectra in this
figure are normalised to the jump at the Co L2,3 edge. The
area at the top has a higher amount of oxide, corresponding
to a more intense oxygen K-edge peak. At the Co L2,3 edge
contributions from both metallic and oxidised cobalt may be
present. It is well known that the intensities of Co L3 and L2
edge resonances, corresponding to 2pA3d transitions, reflects
the occurrence of vacancies in the d band.25,26 For this reason,
the intensities of the resonances increase in Fig. 9 for the
region with a higher content of oxidised cobalt (higher density
of vacancies at the d band) in comparison to the spectrum
obtained from the region with a higher content of metallic
cobalt.

Fig. 10 O K-edge and Co L2,3-edges for the Co-oxide/Co(A) sampleDuring recording of the EELS spectra we realised that the
in its original state and after heating under vacuum under electronsample could evolve by heating under the electron beam. This beam illumination. The spectrum for a metallic Co reference sample

provides the possibility of following in situ the thermal evol- has also been included.
ution in vacuum of the samples in the transmission electron
microscope. In Fig. 10 we show the O K-edge and Co L2,3- edges for the as-prepared Co-oxide/Co(A) sample and the

same region after electron beam heating. The spectrum for
metallic Co is also included for comparison. The spectra in
this figure are normalised to the jump at the Co L2,3 edge.
Important changes are observed, especially at the O K edge.
With respect to the Co L2,3 edges, it is clear that the differences
in the intensity of the edge resonances between a metallic Co
foil and our samples may be attributed to the presence of an
oxide passivation layer.

Fig. 11 shows the evolution of the O K-edge of the
Co-oxide/Co(A) sample from its original state under heating
by electron beam irradiation. The spectra have been normalised
to the height of the peak at 543 eV and aligned to the position
of the main peak also at 543 eV in order to allow easy
comparison of the spectra. The original sample shows a short
range local order similar to that of the CoO phase. However,
the peaks appear broader, corresponding to an amorphous
CoO phase. The position of the shoulder in the original sample
at ca. 534 eV corresponds to the well defined peak in the CoOFig. 9 Left: TEM micrograph of the Co-oxide/Co(A) sample. Right:
reference. Upon heating by electron beam illumination weEELS spectra at the O K-edge and Co L2,3-edges for two different
observe initially a crystallisation of the CoO phase as indicatedzones of the same sample. The areas of the edge resonances have

been shaded. by the resolution of the broad features. However, the O K-
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diffraction angle. It is possible to identify peaks corresponding
to metallic fcc Co, cubic CoO and Co3O4 spinel phases. The
original samples contain metallic Co and a CoO like overlayer.
This oxide passivation layer evolves to a Co3O4 crystalline
phase in good agreement with the previously described EELS
results.

Conclusions
Several conclusions can be derived from the above described
analysis.

(i) A combination of complementary techniques has been
demonstrated to be necessary to achieve a complete chemical
and structural analysis of nanostructured ultrafine powders.
In particular, oxygen passivated nanocrystalline cobalt has
been studied.

(ii) The XRD technique shows limitations for the structural
analysis of very small crystallites and for characterization of
nanoscopic amorphous passivation layers.

(iii) XPS, as a surface analysis technique, can give us
information about the oxidation state of the metal in the oxide
passivation layer. However, it cannot give a quantification ofFig. 11 Evolution of the O K edge, as recorded by EELS, for the

Co-oxide/Co(A) sample from its original state under electron beam the relative amount of metal and oxide in the final passivated
illumination. For comparison spectra for CoO and Co3O4 reference sample. By following in situ by XPS the oxidation of cobalt
samples are included. metallic nanoparticles, we found that a dose of just 30

Langmuirs produces appreciable oxidation of the surface of
the cobalt nanoparticles. With doses of ca. 4.2×107 Langmuirsedge spectra evolve very soon to the formation of a Co3O4 a thickness of the oxide layer of approximately 3 nm is alreadyphase as indicated by the shift of the band position to 531 eV
produced.and the increase of the intensity of the first peak in the

(iv) XAS appears to be a useful tool to quantify the amountspectrum. This transition, just above the edge jump, is assigned
of metal and oxide present in the samples. We found composi-to the 1sA2p excitation and reflects the partial density of O
tions of 40 and 20% metallic cobalt in samples A and B2p unoccupied electronic states. In addition these states are
respectively. It should be emphasized that the amount of oxidealso hybridized with the minority eg states so that this feature
present in this type of sample is higher than normally assumed.is in agreement with the structure of cobalt oxide and a

(v) EELS appears similar to XAS but it has the advantagefingerprint method has again been used here to obtain infor-
of the lateral resolution obtained in the microscope. Themation on the structure of the nanocrystalline materials.
energy resolution is not as good as in XAS but we can identifyIt should be mentioned here that the resolution of the EELS
different regions at the microscopic level.or XAS data can be improved, depending on the available

(vi) TEM studies show that the metallic cores are alwaysexperimental facilities, leading to better resolved spectra.
covered by the oxide passivation layer. In some regions theThe thermal evolution of the samples can also be followed
cobalt nanocrystals even appear to be embedded in an oxideby electron diffraction. The integration of the diffraction rings
matrix. This feature is different from the normally assumedleads to the curves presented in Fig. 12 as a function of the
core shell structure where a very thin oxide layer is expected
to cover the metallic particles.

(vii) The nanoscopic structure of the materials explains
their known magnetic behaviour.10,11 A high degree of inter-
action between the ferromagnetic (metallic core) and the
antiferromagnetic (or ferrimagnetic) oxide phases is expected
from this microstructural study. It should be also emphasized
that the oxide passivation layer is initially amorphous, and
this may also be considered when attempting to understand
the spin glass like behaviour of this type of sample.11

(viii) Finally it is interesting to mention the stabilization of
the cubic Co phase in the nanocrystals and also the stabiliz-
ation of the Co3O4 phase in the oxide layer upon heating. The
nanometric character of these systems leads to the stabilization
of certain phases, in some cases metastable phases, as a
consequence of the nanometric character of the samples.17,18,27
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314, 215.7 J. Löffler, H. Van Swygenhoven, W. Wagner, J. Meier, B. Doudin
22 P. S. Ho and J. E. Lewis, Surf. Sci., 1976, 55, 335.and J.-Ph. Ansermet, Nanostruct. Mater., 1997, 9, 523.
23 A. Bianconi X-Ray Absorption: Principles, Applications,8 H. Kisker, T. Gessmann, R. Würschum, H. Kronmüller and
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