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We present a detailed study on the magnetic coercivity of Co/CoO-MgO core-shell systems, which exhibits a large
exchange bias due to an increase of the uncompensated spin density at the interface between the CoO shell and the metallic
Co core by replacing Co by Mg within the CoO shell. We find a large magnetic coercivity of 7120 Oe around the electrical
percolation threshold of the Co/CoO core/shell particles, while samples with a smaller or larger Co metal volume fraction
show a considerably smaller coercivity. Thus, this study may lead to a route to improving the magnetic properties of

artificial magnetic material in view of potential applications.
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1. Introduction

Magnetic nanoparticles are attractive for their potential
applications in ultrahigh-density magnetic data storage.!!! The
storage density can be improved by scaling down the mag-
netic particle size, but the magnetic ordering of particles be-
comes unstable as the particle size is decreased below a certain
threshold which is the so-called “superparamagnetic limit”.[!
Thus, finding a way to stabilize the magnetization in magnetic
nanoparticles systems is of both fundamental and technologi-
cal importance.

Exchange bias>! (i.e., the shift of the hysteresis loop
along the field axis) has been extensively studied in vari-
ous systems and has been identified as an efficient method
to stabilize the magnetization against thermal fluctuations.?!
Although tremendous efforts have been devoted to under-
standing this intriguing phenomenon, the microscopic origin
of the exchange bias (EB) effect is still controversial. The
generally accepted uncompensated spin scenario can reason-
ably well explain the EB due to the existence of pinned un-
compensated spins as well as the enhanced coercive field
due to the existence of rotatable uncompensated spins at
the interface between antiferromagnetic (AFM)/ferromagnetic
(FM).["1 Co/CoO core-shell systems typically show a high
exchange bias field (Hg).!*! Moreover, since the MgO host
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matrix has a similar lattice parameter as compared with
CoO0, diluting the Co atoms within the CoO shell with non-
magnetic Mg will increase the uncompensated spin density
at the AFM/FM CoO/Co interface.!”! Thus, we expect to di-
rectly observe the uncompensated spins from the characteris-
tic Co>t atomic multiplet features in the Co-L; 3 x-ray mag-
netic circular dichroism (XMCD) spectra, which is rarely re-
ported in the literature. Although some intriguing correlation
exists between Hg and the coercive field Hc, detailed investi-
gations of the various factors influencing Hc are rare.3-14 In
this work, we thus provide a systematic study on the cooling
field- and temperature-dependence of the magnetic coercivity
in exchange bias Co/CoO-MgO nano-granular films produced
on Si(100) substrates using magnetron sputtering. We find that
in this system the EB plays an important role for Hc. In ad-
dition, the Co metal volume fraction has a considerable ef-
fect on both the coercivity and exchange bias and the samples
near the electrical percolation threshold exhibit the largest Hc.
The physical properties of granular films can thus be easily
tailored by adjusting the composition, the volume fraction of
constituent materials, and the preparation conditions. In addi-
tion, nano-granular films are easily fabricated. We therefore
believe that this study may lead to a route to improving the
above magnetic properties in view of potential applications.
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2. Experiment

All nano-granular film samples were prepared on Si(100)
substrates by magnetron sputtering with a base oxygen partial
pressure of 2 x 10~7 mbar using a RF power of 140 W and a
typical deposition time of one hour. The composite sputtering
targets were made by adhering small square-shaped pieces of
highly purified cobalt metal onto a MgO plate. All Co/CoO-
MgO samples with different Co metal volume ratios were pre-
pared at ambient temperature via sputtering from the above
targets with different MgO to Co surface compositions. Dur-
ing the sputtering process, the outer surface of the Co particles
is oxidized, thus forming the CoO shells. The ratio of Co metal
to MgO surface on the sputtering targets thus determines the
resulting Co metal volume composition ratio. The exact com-
position of all samples was investigated by energy dispersive
x-ray spectroscopy (EDX).

3. Results and discussion

We have measured the room temperature resistivity data
as a function of the Co metal volume ratio and we show the re-
sults in Fig. 1. The resistivity of all nano-granular film samples
with identical areas and thicknesses was measured at room
temperature using the four-terminal measuring technique. For
metal/insulator transition-type granular films, the three typical
regions which depend on the Co metal volume fraction x are
the following: x ~ x,, x < xp, and x > x,, where x, is the
percolation threshold at which the granules begin to form an

15161 A5 shown in Fig. 1, the

electrically connected network. !
percolation threshold is around 56% Co metal volume ratio,
which is close to that of other granular metal films.!'”] When
the Co metal volume ratio is less than 56%, the Co/CoQO parti-
cles are well-separated and the electron hopping between them
is small. Consequently, the system shows a high resistivity and
exhibits insulating behavior (see Fig. 1). By increasing the
Co content, the hopping between the core/shell particles be-

comes increasingly possible and, consequently, the resistivity
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Fig. 1. Resistivity as a function of the Co metal volume ratio mea-
sured at room temperature. The samples that are discussed further in
the present study are highlighted by their chemical composition.

decreases. If the Co concentration is larger than the electrical
percolation threshold value, an electrically connected network
of particles is formed and the Co/CoO-MgO system exhibits
metallic properties.

Fig. 2. (color online) High-resolution transmission electron micrographs
showing the size and morphology of (a) the C0,,/(C00)24-(MgO);5, (b) and
(c) the Cos6/(C00)32-(MgO) 12, and (d) the Co75/(Co0);5-(MgO);o samples.

Using high-resolution transmission electron microscopy
(HRTEM), we have investigated the morphology of the
Co/CoO-MgO systems. In Fig. 2, high-resolution transmis-
sion electron micrographs showing the size and morphology
of the sample Co,/(Co0)y4-(MgO);5 (Figs. 2(a)), the sam-
ple Cos6/(Co0)32-(MgO)12 (Figs. 2(b) and 2(c)), and the sam-
ple Co75/(Co0)15-(MgO)¢ (Fig. 2(d)). Among them there are
two representative samples, one being Cos6/(C00)32-(Mg0)12
which is at the electrical percolation threshold and the other
being Co75/(Co0);5-(MgO);o which is above the electrical
percolation threshold. Small Co metal particles covered with
a CoO shell can be seen that have an approximately spheri-
cal shape and that are embedded in a non-magnetic MgO ma-
trix. The interface between the ferromagnetic (FM) Co metal
core and the AFM CoO shell is irregular and roughness in
these isolated particles. As shown in (Figs. 2(b) and 2(c))
for Cose/(C00)32-(MgO) 12, these Co/CoO particles are quite
separated. Increasing the Co metal volume fraction, the parti-
cles size seems to increase slightly and, more importantly, the
coverage concentration of Co/CoO particles becomes larger
so that the Co/CoO particles will form a connected network
as is obvious from Fig. 2(d). These results are thus consis-
tent with the existence of a percolation threshold at around
56% Co metal volume fraction. The aforementioned interface
roughness between the FM core and the AFM shell as well as
the small particle size in our granular films are the factors that
increase the Hg in the Co/CoO-MgO granular film. Another
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aspect that becomes clear from the HRTEM images shown in
Fig. 2 is that the Co core of the Co/CoO core/shell exhibits
a crystalline structure with a lattice spacing of about 2.13 nm
similar to the lattice parameter of 2.5 nm for hcp Co. On the
other hand, the MgO matrix as well as possibly the CoO shells
have a non-crystalline or amorphous character as can easily be
seen from the inter-granular spaces shown in Fig. 2.

In order to characterize the chemical aspects as well as
the electronic and magnetic structure of the samples, we have
performed Co2p x-ray photoemission spectroscopy (XPS), x-
ray absorption (XAS), and x-ray magnetic circular dichro-
ism (XMCD) measurements with the resulting data shown in
Fig. 3. As can be seen from the XPS data, the Co2p lines
consist of a superposition of Co metal and CoO spectra (plus
the CoLym Auger line at 777 eV binding energy), giving
evidence for the Co/CoO chemical structure of the core/shell
nano-granules. This is corroborated by the CoL, 3 absorption
data in Fig. 3(b) the spectra taken from the Co75/(CoO);s-
(MgO)10 sample using circular polarized light with the pho-
ton spin parallel (1™ -red line) and antiparallel (1t~ -black line)
with respect to an external magnetic field of 6 T. The experi-
mental XMCD difference spectrum Ay = ™ — @~ is shown
as ared line in Fig. 3(d) (red line). While the absorption spec-
tra in Fig. 3(b) can clearly be assigned to the multiplet struc-
tures of divalent Co>* as in, e.g., CoO, the difference spec-
trum is very similar to that of LaCop sMng 5038 in which
the Co ions have a divalent state and octahedral crystal field
symmetry. Simulations based on atomic crystal field mul-
tiplet calculations have been performed in order to estimate
the CoO versus the Co metal contribution from the Co/CoO
core/shell particles by superposing the calculated Co>* spectra
(Fig. 3(e)-black line) with experimental spectra from Co metal
(Fig. 3(e)—purple line). The resulting simulated XMCD spec-
trum is shown together with the corresponding experimental
spectrum in Fig. 3(d) (green and red solid lines, respectively).
From the results of this simulation shown in Figs. 3(c) and
3(d), we can estimate a CoO contribution to the XMCD sig-
nal of 70%.119! While the results from the HRTEM, XPS, and
XAS/XMCD measurements confirm the basic chemical nature
of the Co/CoO core/shell particles, the electron escape depth
for the latter two techniques have to be taken into account,
which is a few Angstroem and a few nm for XPS and XAS,
respectively. Taking the average diameter of the Co/CoO
core/shell particles into account, these obviously result in an
overestimation of the CoO shell contribution as compared to
the Co core. Thus, while the results from the HRTEM, XPS
and XAS/XMCD are useful for determining the chemical mi-
crostructure, the overall stoichiometry as determined by our
EDX measurements gives a correct perspective on the sample

system as a whole.
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Fig. 3. (color online) (a) XPS spectra of Co75/(Co0);5-(MgO);0 (top)
and Co02,/(Co0)4-(MgO);5 (bottom). (b) Experimental u* and p~
spectra of Co75/(Co0);5-(MgO)1g. (c) Simulated u™ and g~ spec-
tra generated from a superposition of calculated data for CoO and
experimental data for Co metal. (d) Comparison of the experimen-
tal XMCD spectrum of Co75/(Co0)15-(Mg0O)19, and (e) the simulated
XMCD spectrum by a superposition of the calculated XMCD from the
CoO shell (the black line shown in panel (e)) and experimental Co metal
XMCD (the magenta line shown in panel (e)).

Based on the data given in Figs. 3(b)-3(e), we have per-
formed an evaluation of the Co2p XMCD spectra using the
approximate XMCD sum rules derived by Carra et al. This
leads to an experimental ratio of mgy,/ Mgpin Of the Co?t or-
bital over the spin over a magnetic moment of 0.24.12?! Going
now further and using the explicit sum rules by Thole et al,
the XMCD spectra yield for the Co?Tina Mspin = 2.54p and
amyy, = 0.61up. Table 1 gives a comparison of these figures
with the corresponding values for CoO and Co metal, which
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gives evidence for the large magnetic anisotropy in these sam-
ples as provided by the Co”* ions.

Table 1. Overview on the spin and orbital magnetic moments for dif-
ferent sample systems.

Mspin Morb morb/mspin
Co metal 1.636u5 01545 0.09
CoO 2.12up 0.99up 0.47
Co/CoO-MgO 2.54u5 0615 0.24
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Fig. 4. (color online) Magnetic hysteresis loops of (a) the

Co56/(C00)32-(MgO)12 sample and (b) the Co75/(Co0)15-(MgO)10
sample measured at 2 K after cooling the samples in zero field (ZFC) or
in a 5 kOe cooling field (FC), respectively. The inserts show the details
of the hysteresis loops.

It is well known that magnetic granular films are good
candidates to realize prominent/peculiar magnetic properties
such as a large Hg and an enhanced coercivity that remark-
ably differ from the magnetic properties of bulk materials.[*]
We thus measured the magnetic properties by using a Quan-
tum Design superconducting quantum interference device
(SQUID) magnetometer. The magnetic coercivity Hc (i.e.,
the half-width of the magnetic hysteresis loop) is an impor-
tant parameter to characterize magnetic materials. Coerciv-
ity is a complex property that is determined by the compe-
tition among magneto-crystalline anisotropy energy (MAE),

domain wall creation, and structural defects. For nanopar-
ticles, both volume anisotropy and surface anisotropy con-
tribute to the MAE."?!! For very small particles, the volume
anisotropy is proportional to the particle volume, while the
symmetry breaking at the nanoparticle surface results in the
surface anisotropy./?>23! In our granular films, the sample just
at the percolation threshold has the highest ratio of surface to
volume, which contributes to the MAE. Thus, it is interesting
to study the effect of the Co metal volume fraction on the mag-
netic properties. Our results show that below the percolation
threshold, increasing the Co metal content will slightly enlarge
the size of the Co clusters and also increase Hc and Hg. Both
Hc and HE reach the maximum around the percolation thresh-
old. As illustrated in Fig. 4(a), the hysteresis loop for zero-
field cooling (ZFC) of Cos6/(Co0)32-(MgO)1 is symmetric
and does not exhibit exchange bias. The Hc of the ZFC curve
is about 4784 Oe. On the other hand, the hysteresis loop under
5 kOe field cooling (FC) exhibits a clear asymmetry as com-
pared to the ZFC data yielding a high Hg of about 2743 Qe
while Hc increases to 6135 Oe. This already indicates the in-
fluence of Hg (namely the exchange coupling between the Co
metal core and the CoO-MgO shell) on the size of Hc.

For comparison, the ZFC and FC magnetization curves of
the Co75/(C00)15-(Mg0O);¢ sample have been measured under
the same conditions. From the ZFC data for Co75/(Co0);5-
(MgO)10 shown in Fig. 4(b), we obtain a Hc of only 1807 QOe,
whereas the FC data yield a Hc of about 3679 Oe and a Hg
of 1696 Oe. We have performed magnetization measurements
for samples well below the percolation threshold and found
that for these samples, both Hc and Hg are quite small. On the
other hand, based on the magnetic force microscopy (MFM)
measurements that we have performed on the samples above
the percolation threshold, we could determine that these are
multi-domain like and we thus believe that in this case, the
decrease of Hc is mainly due to magnetic domain motion.

The temperature dependence of the exchange bias Hg and
the coercive field Hc has also been investigated. All the mag-
netic hysteresis loops were measured from 2 K to 200 K after
cooling in a 2 kOe field. The resulting Hg and Hc as a function
of temperature for Cose/(Co0)32-(MgO)17 and Co75/(Co0);5-
(MgO)o samples are summarized in Fig. 5. As shown in
Fig. 5, Hg decreases dramatically as the temperature increases
and vanishes at about 200 K. The thermal dependence of Hg
reflects the thermal dependence of the pinned uncompensated
spins of the CoO shell at the interface with the Co metal
core.[2*l On the other hand, the coercive field He decreases
as temperature increases due to superparamagnetism. (251 1t is
interesting to see that for both samples, the temperature behav-
ior of Hc is quite similar to that of Hg, which also indicates the
contribution of the exchange bias to the enhancement of Hc.
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Fig. 5. (color online) Magnetic hysteresis loops of (a) the Cos/(C00)32-(MgO);2 sample and (b) the Co75/(C00);5-(MgO) o sample. All
data were taken by warming up after cooling down to 2 K in a 2 kOe field. The inserts show the details of the hysteresis loops. (c) Exchange
bias HEg as a function of temperature for the Cose/(C00)32-(MgO)2 sample and the Co75/(Co0);5-(MgO);o sample. (d) Magnetic coercive
field Hc as a function of temperature for the Cos/(C00)32-(MgO);, sample and the Co75/(Co0);5-(MgO)o sample.
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Fig. 6. (a) Exchange bias Hg and (b) coercive field Hc as functions of
the cooling field Hrc for Cos6/(Co0)32-(MgO)12 measured after cool-
ing the sample down to 2 K.

We investigated the dependence of Hg and Hc on the
cooling field Hrc and the results from the Cosc/(CoO)3z-
(MgO);, sample are shown in Fig. 6. The SQUID hysteresis
loops were measured in the —5 T to +5 T range after cool-
ing from room temperature down to 2 K in various cooling
fields (Hpc = 1 kOe to 50 kOe). As the sample is cooled
through 7y, the AFM surface spins of the CoO shell couple
to the external magnetic cooling field Hrc. Hpc thus modi-
fies the AFM surface spin structure and will possibly enlarge
the uncompensated magnetic moment.?>?71 Thus, as shown in
Fig. 6, both Hc and Hg increase almost logarithmically with
increasing cooling field. The uncompensated spins do saturate
at a high Hgc value of about 2.5 T. Consequently, when Hpc
is above 2.5 T both Hc and Hg reach their maximum values
of 7121 Oe and 3435 Oe, respectively. In analogy to the find-
ings by Domingo er al.,!?®! for high cooling fields Hc saturates
while the Hg slightly decreases as shown in Fig. 6.

4. Conclusion

In conclusion, a quite large coercive field Hc of about
7121 Oe and an exchange bias Hg of about 3435 Qe are
achieved in the Cos4/(C00)33-(MgO)12 samples which is lo-
cated right at an electrical percolation threshold. The ferro-
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magnetic XMCD signal from the nominally AFM CoO shell
yields the existence of rotatable uncompensated Co®* spins.
From the temperature-dependence of both Hc and Hg we
could derive a strong functional dependence between the un-
derlying pinned and rotatable uncompensated spins. Thus, the
exchange bias systems based on Co/CoO-MgO nano-granular
films may provide a way to tune the behavior of magnetic stor-
age devices and provide new possibilities for improving the
magnetic properties of exchange bias-based magnetic devices.
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