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Abstract
The effects of exchange bias on core/shell structured nanoparticles are analyzed. Nanoparticles
are integrated with high moment Fe–Co crystallites covered epitaxially with MgO shells. It is
observed that the coercive field HC(FeCo) > HC(Co) > HC(Fe); however, the exchange bias
field HE of the Co sample is higher than that of the FeCo one, while HE = 0 for the Fe sample.
It is suggested that the exchange bias is induced by the formation of a (Co, Mg)O solid solution.
In fact, we show that it is possible to modify the exchange bias properties by manipulating the
level of Mg dusting at the interface, as recently reported for thin films.

(Some figures in this article are in colour only in the electronic version)

Magnetic materials with reduced dimensionalities have been
actively pursued for a broad range of applications. For
instance, granular metal/insulator composites, in which
nanoparticles of a high moment magnetic metal are embedded
in a nonmagnetic insulating matrix (such as AlOX , Hf2O3,
Cr2O3, or SiOX ), might pave the way toward gigahertz data
rates in magnetic recording [1]. But magnetic nanoparticles are
also worth investigating to obtain a deepened understanding
of fundamental magnetic properties. A reduction of the net
magnetic moment as compared to that of the bulk counterpart
is typically observed in magnetic nanoparticles. This is due
to a certain degree of disorder at the surface due to broken
symmetry, roughness, variation of the chemical stoichiometry,
etc. In appropriate circumstances this disorder might give
rise to interesting proximity effects such as exchange bias
(EB), that manifests itself through shifted hysteresis loops
caused by an EB field, HE [2–5]. EB arises from direct
exchange interactions at the interface between ferromagnetic
and antiferromagnetic (AF) systems and may be useful
for stabilizing magnetic moments of small ferromagnetic
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particles [6], thus becoming a subject of increasing research
interest.

In comparison to layered systems, nanocrystals benefit
from curvature inducing spin disorder that might increase
the uncompensated spin densities produced by finite size
considerations. Recent studies have shown that HE can be
further increased by augmenting the density of uncompensated
interfacial AF spins by dilution with a nonmagnetic atom [7, 8].
In these studies the formation of a solid solution between CoO
and MgO was held responsible for the boosting of exchange
bias effects [9, 10].

FeCo alloys are of interest because they have superior
magnetic properties, but they suffer from easy oxidation.
Thus active research has been maintained looking for the
most appropriate capping to protect magnetic nanoparticles
against oxidation with little disruption of their magnetic
properties [11]. It is at this point that MgO capping offers
interesting possibilities, as demonstrated for Co/MgO bilayer
films [7]. Thus, in this work we analyze the exchange
bias phenomenon for Fe–Co alloy crystalline nanoparticles
capped with MgO. We have studied several samples containing
progressive additions of Co, from pure Fe to pure Co, to
modify the magnetic properties of the particles while retaining
a similar size. Our experiments suggest the formation of
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Figure 1. Selected MgO(200) diffraction and bcc Fe (blue triangles),
Fe–Co alloy (green dots) and fcc Co (black squares) x-ray peaks.
Inset: electron microscopy images of the particles with a core/shell
structure.

Mg1−X CoX FeY O at the interface, which causes local exchange
anisotropy and EB effects.

Nanoparticles of about 100 nm diameter (see figure 1)
were prepared in a single-step process by the vapor-
condensation method. The target was prepared by using Fe
(purity >99.5%, BASF), Co (Aldrich, 99.8%), and MgO (Alfa
Aesar, 99.998%) powders mixed in the desired proportions.
Due to the reactivity of 3d metals as regards oxidation, a
minute excess of Mg (Aldrich, 99.9%) was used in some cases
to provide reducing conditions. The metallic/oxide core/shell
structure could be clearly identified by electron microscopy,
which shows a core/shell cube-on-cube orientation relationship
similar to that usually found in thin films (not shown
here) [12–14].

The crystallographic structure of the as-formed particles
was further studied by x-ray powder diffraction (XRD)
analysis. X-ray patterns for selected samples are shown in
figure 1. In the case of Fe/MgO nanoparticles the diffraction
peaks corresponding to MgO and α-Fe were clearly visible.
No signals of the presence of FeOX were found. For
Co/MgO nanoparticles the formation of the face-centered-
cubic (fcc) cobalt phase was detected and no evidence of the
formation of either the thermodynamically favored hexagonal-
closed-packed (hcp) Co phase or the crystalline oxidic species
were found. In FeCo alloyed samples, the bcc FeCo (110)
alloy phase peak was found. These results imply that Fe
and Co oxides should make only a minor contribution to
sample volume fraction, making them difficult to detect with
conventional techniques. It is also worth mentioning that the c
lattice parameter for all samples was close to bulk counterpart
values within 1% error. For FeCo alloy nanoparticles it was
c ≈ 2.847 Å, allowing the identification of a bcc crystalline
structure, consistent with the bulk Fe–Co phase diagram close
to 50% of Fe content [15].

Magnetic measurements (see figure 2) performed using
a commercial SQUID magnetometer revealed that at room

Figure 2. Field dependent magnetization curve at room temperature
of core/shell nanoparticles with nuclei made of bcc Fe (green spots),
Fe–Co alloy (red squares) and fcc Co (blue line). Inset: (upper) detail
of the low field region at T = 10 K after cooling samples in 20 kOe;
(lower) temperature dependence of the saturation magnetization
under an applied field of 20 kOe.

temperature (RT) the saturation magnetization (MS) of our
samples, determined by extrapolating the high field linear part
to zero field, range between ∼170 ± 8 emu g−1 for the Co
sample and ∼220 ± 5 emu g−1 for the FeCo one, close to
those of the bulk counterparts [16]. It is clearly observed
that increasing the Co content increases the magnetic hardness
of the particles, i.e. the coercive field (HC), as depicted in
figure 3. It should be mentioned that special care was taken
in measuring hysteresis loops in order to avoid effects derived
from the remanent field of the superconducting magnet on
the determination of HC. For that purpose a procedure for
reducing the remanent field of the magnet, by charging fields of
opposite sign and reduced magnitude down to zero field, was
followed before measuring each hysteresis loop. Values close
to that estimated for magnetization reversal of spherical single-
domain grains [17], with HC(FeCo) ≈ 240 Oe > HC(Co) ≈
220 Oe > HC(Fe) ≈ 130 Oe, were found.

Considering a system of nanoparticles whose anisotropy
is made up of mixed cubic magnetocrystalline and uniaxial
components, for a certain range of magnetic fields, the effective
anisotropy constant (Keff) can be evaluated from the slope
of the initial magnetic susceptibility: χ = ∂M/∂ H ∝
K 2

eff/MS H 3. Thus, an estimate of Keff can be obtained from
χ versus 1/H 3 plots (not shown), obtaining values of Keff ≈
4.5 ± 1.1 × 104 J m−3 for bcc Fe at room temperature. The
anisotropy for the FeCo/MgO nanoparticles (Keff ≈ 5.4 ×
104 J m−3) probably approaches Fe–Co alloy bulk values [18].
For the Co sample with fcc structure, which is only known
as a high temperature structural modification, the anisotropy
obtained was Keff ≈ 3.8 ± 1 × 104 J m−3, in agreement with
the values estimated for fcc Co/Cu (001) multilayers [19].

M(H ) magnetization curves at T = 10 K were not fully
saturated even at 50 kOe, exhibiting a substantial high field
susceptibility (inset in figure 2). This high field susceptibility
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Figure 3. (a) Coercive field (HC) and effective anisotropy constant
(Keff) dependence on composition at room temperature.
(b) Exchange bias field (HE) for the three MgO–Mg–Fe–Co samples
(dots) at T = 10 K and for the MgO–Co case (square). Experimental
errors are about the size of the symbols for the experimental points.
Symbols correspond to measured data and lines are guides to the eye.

turned out to be temperature dependent, decreasing drastically
as temperature increases. It is worthy of note that MS(T )

curves measured after cooling the samples in a 20 kOe field
also exhibit an abnormal increase of MS. These features
strongly suggest the existence of uncompensated spins at the
interfaces of the particles [20]. Such behavior is normally
attributed to the magnetic exchange interactions between
neighboring (3d)2+ ions [21].

The effect of surface spin magnetization, might explain
the magnetization pinning results shown in figure 2. The
presence of small amounts of CoO (which become AF at
290 K) and MgCo2 (AF below 45 K), undetectable using XRD,
would contribute to increased surface pinning, affecting the
magnetic behavior. Thus, to study the possible existence of
exchange bias phenomena, samples were cooled in a 20 kOe
field from RT down to 10 K and the M(H ) curves were
measured. The exchange bias field HE = (HC1 + HC2)/2,
where HC1 and HC2 are the corresponding values of HC for
the negative and positive magnetic fields regions, was negative
and decreased with increasing temperature, being zero at RT.
It was found that HE(Co) > HE(FeCo) and no EB effects

Figure 4. High field hysteresis loops for nanocrystals produced from
a targeted mixture of MgO and Co, at RT (circles) and 10 K (squares)
after a field-cooled experiment at 20 kOe. Inset: (on the left) detail of
the MgO(200) diffraction peaks for Co-doped samples containing
Mg (heavy line) in comparison with samples where MgO was used
alone (dots). The asymmetric peak can be roughly resolved into
symmetric peaks at 42.9◦ (MgO) and 42.5◦ (Co–MgO solution).

were observed for the Fe sample (figure 3). The observed
Fe–Co composition dependence of the exchange bias can be
explained on the basis of the well-known dependences HE ∝
1/MS on the magnetization of the FM layer [22]. Also, the
observed trend of increasing exchange coupling across the
series is most probably associated with the increasing number
of 3d electrons, responsible for magnetic superexchange
interactions [23].

In fact, the intensity of HE will depend on the strength
of the AF interactions and the degree of disorder [7], which
will vary, as some Co atoms are substituted for Fe or Mg
atoms. The significant role of the disorder in increasing HE

through the dilution with nonmagnetic Mg atoms is further
evidenced in figure 4. We show that biasing is enhanced with a
dusting of certain magnetic impurities, present at the interface.
Whenever MgO was used alone (i.e. no Mg was available
to provide reducing conditions and therefore the amounts of
atomic oxygen available during the growth are very different
in the two cases), an interfacial Mg(Co, Fe)2O4-like oxide
layer was unambiguously detected by means of x-ray magnetic
circular dichroism (not shown here) [13]. Stronger bonding
with oxygen is expected for Co as compared to Fe at the MgO
interface from bond energy considerations, and we speculate
that this difference is responsible for the HE in the FeCo
samples. In the case of FeCo samples, a FeCo–(Co, Mg)O–
MgO gradient interface is proposed from models of internal
displacement reactions in oxide solid solutions [24]. The inset
in figure 4 shows a feature in the XRD at 42.54◦, and its
intensity decreases dramatically upon Mg addition, revealing
unambiguously a more abrupt interface. The corresponding
lattice parameter (∼4.25 Å) is attributed to the presence of
Mg1−X CoX O solid solution with a cobalt composition close
to 0.75 [25]. We surmise that the formation of (Mg, Co)O is
driven by the slightly positive enthalpies of mixing. Thus, the
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variation in HE appears to be the direct result of a change in
native oxide stoichiometry, as discussed by Miltényi et al [7].
Note that the coercivity at room temperature for the Co/MgO
particles is the same as that for the Co/Mg/MgO case (figure 3).
Nonetheless, we found the exchange bias shift to be above
350 Oe.

In the mixed (Mg, Co)O, the spacing between Co2+
ions may differ appreciably from that in CoO. Since the
exchange interaction is a rapidly varying function of the atomic
separation, we anticipate that the dilution of Mg into CoO must
have a significant effect on the exchange bias. Considering the
above results for the (Co, Mg)O formation, it is reasonable to
assume that the nearest neighbor interactions are increased by
the minor addition of Mg to the antiferromagnetic CoO since it
decreases the lattice constant (in view of the fact that the ionic
radius of Mg2+ is lower than that of cobalt). Indeed, electronic
structure calculations have shown that the closer the atoms are,
the larger the overlap between the Co d orbitals and the oxygen
p orbitals is, therefore increasing the Heisenberg exchange
parameters [23]. Thus, our interpretation might be considered
complementary to the domain state model for defect-induced
EB enhancement used by Miltényi et al [7] to explain the
strong increase of exchange bias with the Mg dilution before
it drops for concentrations above 0.3.

It is noteworthy that in the past few years various
theoretical studies have discussed the effects of impurities
in a low dimensional antiferromagnet [26, 27]. Results
based on quantum Monte Carlo simulations suggest that
one would indeed expect to find an enhancement of the
antiferromagnetic order for the case of a nonmagnetic impurity.
For sufficiently large impurity concentrations, the reduced
connectivity between Co2+ ions next to the impurity site would
decrease the antiferromagnetic order. At a more speculative
level, we note that in stoichiometric CoO, Co2+ is high
spin, and dilution with Mg probably retains the characteristic
features of high spin Co2+. However, as for Li-doped
NiO [28], we are probably decreasing the number of states in
the antibonding O 2p–Co 3d hybridized orbitals by decreasing
the lattice parameter for CoO compared to (Co, Mg)O. On the
other hand, first-principles calculations showed that the shorter
Fe–O bond length in magnesiowüstite compared to FeO leads
the octahedral symmetry to break a gap within the minority t2g

states [29]. It is plausible that it exists in CoO as well. Thus,
when a sufficiently high Mg doping level is reached, it may
become advantageous to drain the eg orbitals, so the Co may
eventually reach a low spin ground state (for instance, t6

2ge1
g).

This would cause a lessening of the exchange bias effects.
In summary, we reported here the behavior of core–shell

particles in which both the core and shell microstructures are
very well defined, and the size distribution is narrow. We have
explored variations in the composition of the ferromagnetic
core from pure Co to pure Fe. Our results resemble those
provided by Rohart et al [30] for chemically disordered fcc
CoPt clusters in a MgO matrix, with an enhanced surface
anisotropy due to the partial oxidation at the interface.
Thus, the enhanced exchange bias effect is likely to be
due to a change in the oxide stoichiometry at the interface.
It is proposed that all the examples of locally enhanced

antiferromagnetism near a vacancy which have been studied
independently in the literature may have a simple common
explanation. For instance, unlike the case reported by Miltényi
et al [7], where a domain state model for defects inducing
EB enhancement is used, we assume that the closer the atoms
are, the larger the overlap between the Co d orbitals and the
oxygen p orbitals is, therefore increasing the HE. For large
dilution, HE again decreases as the antiferromagnetic order is
increasingly suppressed by the diminishing electron correlation
between Co2+ ions.

Acknowledgments

We acknowledge financial support from Spanish MICINN
(MAT2009-08024 and Consolider-Ingenio CSD2007-00041)
projects. This work was also partially funded by the EU
under the ‘SOLFACE’ project in the framework of the 6e

PCRDT program and by the FEDER program. C M Boubeta
acknowledges financial support through the Ramón y Cajal
program.

References

[1] Beach G S D and Berkowitz A E 2005 IEEE Trans. Magn.
41 2043

[2] Nogués J and Schuller I K 1999 J. Magn. Magn. Mater.
192 203

[3] Iglesias O, Batlle X and Labarta A 2008 J. Phys. D: Appl. Phys.
41 134010

[4] Inderhees S E, Borchers J A, Green K S, Kim M S, Sun K,
Strycker G L and Aronson M C 2008 Phys. Rev. Lett.
101 117202

[5] Khac Ong Q, Wei A and Lin X M 2009 Phys. Rev. B
80 134418

[6] Skumryev V, Stoyanov S, Zhang Y, Hadjipanayis G,
Givord D and Nogues J 2003 Nature 423 850
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