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The effect of annealing temperature on a system of Co-core-CoO-shell nanoparticles on
0-Al,05/CoAl(100) has been investigated using a combination of Auger electron spectroscopy,
high-resolution electron energy loss spectroscopy, low-energy electron diffraction, and scanning
tunneling microscopy. Results show that thermal treatment leads to a decomposition of the
CoO-shell above 450 K, and thus it is strongly diminished with respect to the bulk value. Between
550 and 1050 K the Co particles coalescence and diffuse through the oxide into the substrate. Due
to defect recovery, the thermal stability of the thin aluminum oxide film remained unchanged
compared to as-grown 6-Al,05. © 2007 American Institute of Physics. [DOI: 10.1063/1.2717127]

Magnetic nanoparticles play a central role in various sci-
entific fields and technological applications such as hetero-
geneous catalysis, medicine, and magnetic data storage
devices.'™ In particular, nanoparticles that contain an inter-
face between a ferromagnetic core and an antiferromagnetic
shell, such as Co-core-CoO-shell particles,4_7 are of vital im-
portance. When such particles are cooled in a magnetic field,
they may exhibit an additional unidirectional anisotropy due
to magnetic coupling at the interface, also referred to as ex-
change biasing, that leads to magnetization stability.&9
Exchange-biased nanoparticles could open the path to sig-
nificant technological applications associated with further
miniaturization of devices,m because they overcome the so-
called superparamagnetic limit'" that occurs when the mag-
netic anisotropy energy per particle becomes comparable to
the thermal energy. Many spintronic applications, such as
advanced magnetic-based sensors and random-access memo-
ries, further rely on nanoparticles supported on thin oxide
films being stable under thermal treatment.'>'®  Conse-
quently, the understanding of the thermal stability of nano-
particles on oxide supports is of fundamental interest.

In this work we present Auger electron spectroscopy
(AES), scanning tunneling microscopy (STM), low energy
electron diffraction (LEED), and electron energy loss spec-
troscopy (EELS) measurements of the thermal treatment of
Co-core-CoO-shell nanoparticles on 6-Al,O; grown on
CoAl(100). Results show that decomposition of the CoO
shell sets in at 450 K, followed by coalescence and diffusion
of Co through the oxide into the CoAl substrate at elevated
temperatures. The thermal stability and structure of the thin
aluminum oxide support remain unaffected compared to as-
grown 6-Al,05.
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The experiments reported were performed in two sepa-
rate ultrahigh vacuum (UHV) systems with base pressures
better than 1X 107! mbar. The first chamber was equipped
with a cylindrical mirror analyzer (CMA) for AES, a three-
grid optic for LEED, and an EEL spectrometer. The surface
sensitivity of AES was improved by decreasing the incidence
angle of a second electron gun to 3° (GIAES) in addition to
a conventional normal incidence electron gun (NIAES) using
the same CMA. Utilization of the two methods of AES al-
lows us to distinguish between Auger electrons from ele-
ments either embedded far from or near the sample surface.
The EEL spectra were taken in specular geometry and at the
primary energy of 4 eV. A second UHV chamber was used to
record STM images in the constant current mode utilizing
chemically etched tungsten tips. It was also equipped with
facilities for AES and LEED.

After cleaning of the CoAl(100) surface by repeated
cycles of Ar* ion sputtering and subsequent annealing under
UHV by electron bombardment, a 0.9-nm-thick 6-Al,04
support was grown via selective segregation epitaxy of
CoAl(100), in which only one metallic component of the
intermetallic alloy is oxidized."* The well-ordered alumina
surface exhibits a streak structure, composed of elongated
islands with lengths up to around 100 nm that grow in two
sets of domains perpendicular to each other. Nominal 3 nm
Co was then deposited on 6-Al,05/CoAl(100) at 300 K from
a water-cooled evaporator using electron bombardment of a
Co rod with a deposition rate of 0.1 nm/min. Cobalt exhibits
a three-dimensional growth mode in agreement with thermo-
dynamic considerations. A thin CoO shell was naturally
formed due to a surfactant effect of oxygen on the growth of
Co nanoparticles.15 In all experiments, each annealing tem-
perature T}, was held constant for 2 min and the sample
was then allowed to cool down to 300 K before performing
the measurements.

In Fig. 1, we present NIAES and GIAES measurements
of the peak-to-peak ratio of Og;; (503 €V)/Coppy (775 €V)

© 2007 American Institute of Physics
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FIG. 1. (a) Normalized peak-to-peak ratio of the Og;; (503 eV) and Coy
(775 eV) AES transitions of Co-core-CoO-shell particles on
6-A1,05/CoAl(100) as a function of annealing temperature, measured with a
normal incidence (NIAES) and grazing incidence (GIAES) primary electron
gun. The nominal Co coverage amounts to 3 nm. (b) Corresponding sche-
matic representations of the sample for the characteristic temperature re-
gions (I-VI).

of the Cobalt-core-CoO-shell/6-Al,05/CoAl(100) sample as
a function of Ty,. Six characteristic T}, regions (I-VI) can
be deduced from the data as discussed in the following. Cor-
responding schematic representations of the sample are
shown in Fig. 1(b). Up to Tpe, =450 K (cf. I), the Co-core-
CoO-shell nanoparticles are stable, indicated by a constant
O/Co ratio in both GIAES and NIAES. Because GIAES pre-
dominantly probes the oxygen signal from the CoO shell and
not the underlying alumina," the drop of the O/Co ratio for
Thear between 450 and 550 K (cf. II) can be assigned to the
decomposition of the thin CoO shell. The melting point of
bulk CoO is considerably higher and amounts to 2208 K.'¢
Further annealing between 550 and 1050 K (cf. III) leads to
a drastic increase of the Co/O ratio in both the GIAES and
NIAES geometry, induced by the diffusion of Co through the
oxide into the CoAl(100) substrate. The O/Co ratio then
reaches a plateau for Ty, of 1050-1300 K (cf. IV). This
region characterizes the thermal stability of the Al,O5 sup-
port. The same stability was also found for a clean as-
prepared Al,O5 film on CoAl(100),"* which suggests that the
diffusion process of Co is accompanied by a defect recovery
in the oxide film. The decrease of the Co/O ratio for T}, of
1300-1450 K (cf. V) describes the decomposition of the alu-
mina film. Finally, for T}.,>1450 the thermal treatment
yields a clean CoAl(100) surface. In the case of Co clusters
on y-Al,O5 on NisAl, diffusion through the oxide film into
the substrate was found at 700 K, which is comparable to our
results.!” However, thermal stability for Co clusters on
Al,03/NiAl(100) was reported even between 800 and 1090

K,18 which evinces the influence of the oxide phase onto the
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TABLE I. Overview of the characteristic annealing temperatures 7}, that
correspond to the different stages of the thermal stability of the Co-core-
CoO-shell/#-A1,05/CoAl(100) system. The schematic representations are
shown in Fig. 1(b).

T (K) Description
I 300-450 Sample thermally stable
1T 450-550 CoO decomposition
11 550-1050 Co diffusion
v 1050-1300 Al,O3 thermally stable
A% 1300-1450 Al,0O5 decomposition
VI >1450 Clean CoAl(100)

thermal stability of Co particles. An overview of the different
thermal stability ranges found during annealing of Co-core-
CoO-shell nanoparticles on 6-Al,05 grown on CoAl(100) is
shown in Table I.

The decomposition of CoO and the thermal stability of
Co were also studied with EELS. After the annealing at 320
K, the EEL spectrum exhibits a broad loss structure at 350
—580 cm™! (Fig. 2). This feature originates from the convo-
lution of the characteristic Fuchs—Kliewer mode (535 cm™)
and the *E— “A, energy transition (410 cm™) of Co0O."* Af-
ter annealing at 520 K, the spectrum shows for the first time
previously screened modes of the well-ordered alumina sup-
port (430, 630, and 920 cm™') in superimposition with the
CoO modes. Further annealing leads to diffusion of Co
through the oxide and thus, an increase of the intensity of the
Al,05 modes, while the CoO losses are vanished (cf. 720 K).
After annealing at 1020 K the EEL spectrum corresponds to
a well-ordered oxide film.

Utilizing LEED, no long-range order is visible on the
entirely Co-covered oxide film after deposition at 300 K."
First weak Bragg reflections of the oxide support are observ-
able after annealing at 700 K indicating isolated uncovered

920
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FIG. 2. Set of EELS spectra (Ey=4 eV) of the annealing of Co-core-CoO-
shell nanoparticles on 6-Al,05/CoAl(100). At 320 K, the spectrum exhibits
only the modes of CoO. With increasing annealing temperature the CoO
losses vanish and the modes of the Al,O3 support show up.
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FIG. 3. The reappearing (2X1) LEED pattern (E,=70eV) of the
6-A1,05/CoAl(100) support after annealing at 1020 K. Some reflexes are
marked for better understanding.

oxide surface regions. Further annealing leads to an increase
of the intensity of the Bragg reflections and a decrease of the
diffuse background. After annealing at 1020 K, the (2X 1)
LEED pattern of the #-Al,O5 film is clearly visible (cf. Fig.
3).

Figure 4 shows STM images with a scanned area of 75
X 75 nm? illustrating thermal stability of Co-core-CoO-shell
nanoparticles on 6-Al,05 grown on CoAl(100). Due to ex-
perimental reasons, we had to remove the scanning tunneling
microscope from the sample. Thus, every STM image repre-
sents a different area of the sample surface, but the morphol-
ogy shown is indicative of the entire surface. After deposi-
tion, spherical cobalt-core-CoO-shell particles with a mean
diameter d,,=3 nm are observed [Fig. 4(a)]. The particles
tend to form chains, as predetermined by the streak structure
of the oxide template. After annealing at 500 K [Fig. 4(b)],
d,, decreases to 2.6 nm, which can be assigned to the decom-
position of the CoO shell of the Co particles. The mean
thickness of the CoO shell can be estimated to be around 0.2
nm. For further annealing, two effects can be simultaneously
observed on the surface: First, the Co particles start to coa-
lescence, and second, Co diffuses through the oxide into the
substrate. After annealing at 700 K [Fig. 4(c)], particles with
d,,=4.5 nm are present. The dark contrast shows an uncov-
ered region of the alumina film close to an oxide step edge,

FIG. 4. (Color online) Set of STM images (75 X 75 nm?) of the annealing of
the system Co-core-CoO-shell/#-Al,05/CoAl(100) taken after (a) deposition
at 300 K, (b) annealing at 500, (c) 700, (d) 800, (e) 900, and (f) 1050 K.
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in agreement with the first appearance of the oxide LEED
pattern. While after annealing at 800 K [Fig. 4(d)] some
large particles appear as bright contrasts, the majority now
tends to form elongated and rectangular shapes with reduced
size. After annealing at 900 K [Fig. 4(e)], it becomes obvious
that the edges of the rectangular Co particles are parallel to
the domains of the oxide support, indicating a strong inter-
action between the Co particles and the 6-Al,O5 support.
After annealing at 1050 K, Co is entirely removed from the
surface and the oxide exhibits the characteristic streak struc-
ture.

In summary, Co-core-CoO-shell nanoparticles are stable
on 6-Al,O5 up to an elevated temperature of 450 K. How-
ever, the thermal stability of the CoO shell is strongly dimin-
ished with respect to the bulk value. The STM data suggest
that the naturally formed CoO shell is only 0.2 nm thick.
Annealing above 450 K leads to a decomposition of the CoO
shell, followed by coalescence of Co particles and a diffusion
of Co into the substrate. Notably, the Co diffusion process
does not alter the thermal stability of the well-ordered oxide
template.
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