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Abstract: This work presents the gas phase synthesis of CoCr nanoparticles using a magnetron-based
gas aggregation source. The effect of the particle size and Co/Cr ratio on the properties of the
nanoparticles is investigated. In particular, we report the synthesis of nanoparticles from two alloy
targets, Co90Cr10 and Co80Cr20. In the first case, we observe a size threshold for the spontaneous
formation of a segregated core@shell structure, related to the surface to volume ratio. When this
ratio is above one, a shell cannot be properly formed, whereas when this ratio decreases below
unity the proportion of Cr atoms is high enough to allow the formation of a shell. In the latter case,
the segregation of the Cr atoms towards the surface gives rise to the formation of a shell surrounding
the Co core. When the proportion of Cr is increased in the target (Co80Cr20), a thicker shell is
spontaneously formed for a similar nanoparticle size. The magnetic response was evaluated, and the
influence of the structure and composition of the nanoparticles is discussed. An enhancement of
the global magnetic anisotropy caused by exchange bias and dipolar interactions, which enables the
thermal stability of the studied small particles up to relatively large temperatures, is reported.

Keywords: gas-phase synthesis of nanoparticles; cluster sources; core@shell nanoparticles;
CoCr nanoparticles

1. Introduction

Materials at the nanoscale have an increasing demand due to the drastic changes in their properties
caused by size and surface effects [1]. Some well-known examples of these changes in the material
properties include optical [2], catalytic [3], thermal [4], and magnetic properties [5]. The reduced
coordination of surface atoms and the high fraction of them in relation to volume yield a variety of
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surface magnetism effects [6,7]. In this novel magnetism, changes occurring in the surface atoms of
nanoparticles of transition metals such as cobalt, iron, or nickel, including the relaxation of lattice
parameters and increased density of states at the Fermi level due to their modified electronic structure,
lead to enhanced atomic magnetic moments [8] with a higher orbital contribution [9–11]. For the
nanoparticle (NP) size range where the number of surface atoms is comparable to that of their
volume counterparts, any material in contact with the magnetic material influences the magnetic
response, for instance through hybridization with the 3d orbitals of the transition metals [9,12].
In addition, new phenomena characteristic of the nanoscale emerge, such as superparamagnetism [13];
giant magnetoresistance due to spin-dependent scattering [14,15]; or, in bimagnetic systems with
components of different anisotropy, exchange coupling [16].

The magnetism of CoCr alloys is due to the ferromagnetism of Co, with a critical superparamagnetic
size of 9 nm at room temperature (RT), as Cr is an antiferromagnetic material with a Néel temperature
of 311 K [17]. Most of the literature on magnetic studies of the CoCr system focuses on thin alternating
Co–Cr layers for applications in magnetic recording or microwave sensing [18–21]. However, to our
knowledge, there are no fundamental studies on the magnetism of CoCr NPs, whether alloyed or
core@shell-structured.

At the nanoscale, structural and compositional details are of prime importance in assessing
fundamental properties, as even small impurities can have a huge effect. In this context, Ion Cluster
Sources (ICS), also called Gas Aggregation Sources (GAS), have gained increasing interest in the
scientific community, as they allow the fabrication of nanoparticles under extremely clean conditions.
In brief, ICS are high vacuum or ultra-high vacuum systems where a given material is atomized
(by magnetron sputtering, thermal evaporation, arc discharge, laser ablation, etc.). The resulting
atoms are then condensed into nanoparticles that are extracted from the ICS in the form of a NP beam,
which is then directed to a surface were the NPs can land with a controlled energy. This gas phase
synthesis enables the fabrication of pure nanoparticles of much interest for fundamental studies [22,23].
Here, the synthesis of NPs has been performed using a variant of the Haberland-type gas aggregation
source [24]. Specifically, the NPs were grown using a multiple ion cluster source (MICS), which is
an adaptation where the single magnetron is replaced by three independent magnetrons [25,26].
This modification has been shown to be very effective for the fabrication of nanoparticles with a
tuneable chemical composition and structure [27]. In the current work, however, instead of using
two magnetrons for the fabrication of the CoCr NPs, CoCr alloy targets were used with variable
amounts of each element, and the versatility of the MICS (in particular regarding the injection of argon
through different magnetrons) was exploited in order to study the formation of CoCr nanoparticles
with different compositions and structures.

The properties of the grown NPs are discussed in the light of the nanoscale ordering of the
constituent elements. In addition, the size of the NPs was adjusted in order to modify the ratio of
surface-to-volume atoms and study the structural and magnetic properties of the NPs as a function
of such a ratio. In this work, the magnetism of the interacting CoCr nanoparticles was evaluated
considering a number of compositional and structural variations. The observed enhancement of the
global anisotropy of the NPs is discussed in terms of the exchange bias generated, which increases
the thermomagnetic stability, thus “beating the superparamagnetic limit” in small-sized Co NPs [16].
These results will be correlated with the chemical and structural characterization carried out by X-ray
photoelectron spectroscopy (XPS) and Scanning High-Resolution Transmission Electron Microscopy
(HR-STEM) with Electron Energy Loss Spectroscopy (EELS) for chemical identification.

2. Materials and Methods

Fabrication of the nanoparticles. The nanoparticles (NPs) were grown using a multiple ion
cluster source (MICS), with 1” magnetrons, loaded with CoCr targets (Testbourne, Basingstoke, UK,
purity 99.95%) with variable amounts of Cr (Co90Cr10 and Co80Cr20). In the case of the Co90Cr10

target, the typical power applied to the magnetron was 14 W, with an Ar flux of 5 or 10 standard cubic
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centimeters per minute (sccm) in the ignited magnetron and a total Ar flux of 80 sccm. In the case of
the Co80Cr20 target, the typical power applied to the magnetron was 5 W, with an Ar flux of 5 sccm
in the ignited magnetron and a total Ar flux of 80 sccm. The base pressure of the system was below
5 × 10−10 mbar.

The NPs produced with the MICS were deposited in an annex chamber (see Figure S1) either on
flat Si(100) polished wafers with a roughness below 1 nm (UniversityWafer Inc., South Boston,
MA, USA) or on TEM grids made of ultrathin carbon film on holey carbon support film on
copper 400-mesh grids (Ted Pella Inc., Redding, CA, USA). The morphological, structural, chemical,
and magnetic characterizations of the NPs were performed ex situ via atomic force microscopy (AFM),
scanning transmission electron microscopy (STEM), X-ray photoemission spectroscopy (XPS), and a
Superconducting QUantum Interference Device (SQUID). Different samples were grown for each
characterization technique, adjusting the deposition time depending on the number of NPs required
for each technique.

Atomic Force Microscopy (AFM). An Icon Nanoscope (Veeco) microscope in dynamic mode (soft
tapping mode) was used for keeping the excitation frequency constant. Commercial AFM tips from
Next-Tip were used. These are silicon tips with a capping of Au NPs with a typical radius of less than
3 nm and a resonance frequency (f 0) and spring constant (k) of ≈280 kHz and ≈42 N/m, respectively.
The analysis of the images was carried out using the WSxM software [28] and homemade macros
operated in Igor Pro.

Scanning Transmission Electron Microscopy (STEM) observations were performed using a
FEI-TITAN X-FEG transmission electron microscope in the STEM mode, operated at 300 kV. The images
were acquired using a high-angle annular dark field (HAADF) detector. The microscope was equipped
with a monochromator, the Gatan Energy Filter Tridiem 866 ERS; a spherical aberration corrector
(CEOS) for the electron probe (Cs-corrected), allowing an effective 0.08 nm spatial resolution; and an
energy dispersive X-ray detector for the EDS analysis. The chemical identification of the elements was
carried out by Electron Energy Loss Spectroscopy (EELS).

X-ray photoelectron spectroscopy (XPS) was carried out ex situ in a separate UHV chamber, with a
base pressure of 10−10 mbar, equipped with a hemispherical electron energy analyzer (SPECS Phoibos
150 spectrometer) and a delay-line detector using a monochromatic Al-Kα (1486.74 eV) X-ray source.
Spectra were obtained at a 60◦ emission take-off angle. Wide scans were recorded using an energy step
of 0.5 eV and a pass-energy of 40 eV. Higher energy resolution core level spectra were recorded using
an energy step of 0.1 eV and a pass-energy of 20 eV at selected core levels: Co 2p, Cr 2p, and O 1s.
The absolute binding energies of the photoelectron spectra were determined by referencing the Cr 2p
peak at 576.4 ev [29]. Data processing was performed using the CasaXPS software (Casa software Ltd.,
Cheshire, UK). Ion sputtering was performed by Ar+ sputtering at 1.4 keV at different sputtering times
(0, 15, 75, 135, 255, and 375 min), with a current measured of 0.67 µA.

Magnetic measurements. The magnetic characterization was carried out using a MPMS-5S and a
MPMS-XL5 SQUID magnetometer with the EverCool system (Quantum Design), which can provide a
maximum field of 50 kOe and with a broad temperature working range from 2 K to 400 K. Hysteresis
loops at different temperatures and thermal dependence magnetization after field-cooled (FC, applying
a magnetic field while cooling) and zero-field cooled (ZFC, no magnetic field applied during cooling)
protocols were performed. The diamagnetic contribution was systematically subtracted from the
silicon substrates.

3. Results

3.1. Morphological and Structural Characterization

One of the aims of this study was to investigate the evolution of the NPs’ structure and composition
as a function of their size starting from alloyed targets. Initially, two kind of samples were prepared
using a Co90Cr10 target, varying the Ar flux through the magnetron in use (5 and 10 sccm) and
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keeping the other fabrication parameters fixed in order to obtain different nanoparticle sizes without
a modification of the applied power. Although one of the parameters most used to modify the size
of nanoparticles is the applied power, here we have chosen to keep the same power applied to the
magnetron in order to avoid differences in the energy supplied to the nanoparticles during their growth,
which can condition their final structure [30]. The nanoparticle size was systematically determined by
AFM by measuring the height of the nanoparticles from several images, such as the ones depicted in
Figure 1a,c and obtaining statistics over 1600 NPs per sample. The resulting height distributions were
fitted to a Log-Normal function (Figure 1b,d), as expected using this fabrication method [31], and the
extracted mean NP size and their respective standard deviation were found to be 5.59 ± 0.05 nm for
the sample fabricated with 10 sccm of Ar and 6.91 ± 0.03 nm when 5 sccm was used, keeping the total
Ar flux in the system constant.
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Figure 1. (a) AFM image of 1 µm2 of a Co@Cr nanoparticle (NP) deposit performed injecting 10 sccm
argon into the magnetron loaded with the Co90Cr10 target, (b) height distribution and Log-Normal
fitting extracted form (a). The mean size of the NPs is ≈5.6 nm, (c) the AFM image of 1 µm2 of a Co@Cr
NP deposit performed with 5 sccm of argon, (d) height distribution and Log-Normal fitting extracted
form (c). The mean size of the NPs is ≈6.9 nm.

Therefore, as can be observed from Figure 1, the modification of the argon flux injected in the
working magnetron has a clear influence on the size of the resulting NPs. In previous works using
MICS [32,33], we reported how, for the same total Ar flux through the three magnetrons of the MICS,
the lower amount of Ar injected through the operating magnetrons leads to bigger NPs.

Spherical aberration-corrected (Cs-corrected) STEM was used for a deeper analysis of the structure
and composition of both kinds of NPs. This analysis revealed the dependence of the structure on the
NP size. The Cs-corrected high resolution STEM (HR-STEM) images of the smallest NPs (d ≈ 5.6 nm)
evidenced the presence of different crystalline domains (Figure 2a), in which EELS analysis revealed
a certain Cr segregation (Figure 2b). The homogeneous presence of oxygen indicated that most of
Cr and Co were oxidized, although the presence of a small metallic Co core could not be completely
discarded. The origin of the oxygen arises from air exposure due to ex situ analysis. On the contrary,
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the Cs-corrected HR-STEM data of the biggest NPs (d ≈ 6.9 nm) revealed the spontaneous migration of
Cr atoms towards the surface, creating a well-defined shell around a Co core. In this case, the shell
could protect the Co core in its metallic state, which explains the contrast difference between the shell
and the core, as the former appears with a lower intensity associated with the lower atomic number
of oxygen [34]. This shell seems to be formed by small rounded crystallites of 1–2 nm, resulting
in a homogenous shell with distinct crystallographic domains in what resembles a petal structure.
The EELS analysis revealed that Co is also present in the oxidized shell, but at a lower concentration
(Figure 3), and the size of this shell for the Co90Cr10 has been measured to be 2.72 ± 0.63 nm.
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corresponding to the small CoCr NPs (5.6 nm). (a) High magnification of an isolated NP, exhibiting
its different crystal domains. (b) Several CoCr NPs and their corresponding Electron Energy Loss
Spectroscopy (EELS) chemical maps.
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Figure 3. Cs-corrected HR-STEM data corresponding to the bigger CoCr NPs (6.9 nm).
A high-magnification image is presented together with the corresponding EELS chemical maps.

According to these results, it seems that a minimum NP size is needed in order to spontaneously
generate a core@shell structure without the need of any further treatment. Previous works needed,
for instance, a thermal treatment, either in flight [35] or post deposition [36], to create well-defined
core@shell NPs. However, the spontaneous formation of this structure clearly simplified the fabrication
process. This minimum size is slightly below the 8 nm reported by Koten et al. [37] for similar bimetallic
systems. Given that the power used for the fabrication of both NP types was the same, a similar thermal
energy should then be expected. Segregation is a size-dependent phenomenon [38], and lowering the
free energy for phase separation is significant in this size range [39]. In the case of the smaller NPs,
the partial segregation of Cr in certain parts of the surface could suggest that an initial shell formation
occurs. Nevertheless, it would not be enough for a complete shell formation, as in the case of the bigger
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NPs. In addition, the lattice mismatch between both elements implies that segregation would be more
favorable than alloy formation, acting in favor of a core@shell configuration. Previous studies have
reported the segregation during the gas-phase synthesis of NPs of ferromagnetic elements (Fe, Co)
and noble metals (Au, Ag) [40,41]. However, in that case the differences among the characteristics
of the two elements, in terms of atomic size and surface energy, were distinctively larger than those
between Co and Cr; in fact, they constitute a model system of bimetallic segregated structures [42],
as shell formation is strongly favored in that case.

In addition, it is well known that the surface to volume ratio in this size range is highly variable [1].
Assuming that the nanoparticles are spherical, the surface-to-volume ratio of the smaller NPs would be
higher than 1 (calculated with the NP radius extracted from the AFM analysis), meaning that there are
more atoms at the surface than in the volume (i.e., more than 50% are surface atoms). However, as the
percentage of atoms extracted from the sputtering target is only 10% Cr, even taking into account the
higher sputtering yield of Cr, there are not enough Cr atoms to create a complete Cr-rich shell covering
a Co core, even assuming a complete diffusion of Cr at the surface of the nanoparticles. Nevertheless,
the diffusion of the Cr atoms at the NPs surface is observed through the presence of Cr-enriched
regions, as shown in Figure 2. It seems then that Cr displays a clear tendency to migrate towards the
surface. In the case of bigger NPs (Figure 3), the surface atoms represent only 14% of the total, which is
quite close to the 10% Cr atoms available. Therefore, a smaller proportion of atoms are needed to
create a Cr-enriched shell in comparison to smaller NPs. It is well known that the thermalization of
the nanoparticles takes place through the collisions with the cooling gas (argon, in the case of this
work) [43]. Given that the same argon flux was used in the fabrication of both types of nanoparticles,
the available argon gas for the cooling process is identical. As the bigger NPs have a higher stored
energy (the energy is proportional to the number of atoms in the NP) the cooling process is slower,
which favors the diffusion process of the Cr atoms to the surface of the NPs.

3.2. Magnetic Characterization

For the study of the magnetic behavior of the fabricated systems, a single nominal monolayer
of NPs (1 ML) was deposited. Consequently, the deposits are subjected to interparticle interaction
effects [44]. Dipolar interactions will, on the one hand, increase the blocking temperature [45] and,
on the other hand, reduce the coercivity of the loops measured in the blocked regime [46]. There may
also be interparticle exchange interactions as a consequence of the connectivity effects between
antiferromagnetic shells in contact [47,48].

Figure 4a shows the hysteresis loops registered at 5 K in both samples after cooling in a field
H = 50 kOe. The coercivity (Hc) and exchange bias (Hex) fields for the NPs with d = 5.6 nm were found
to be 4170 and 1820 Oe, respectively, whereas for the deposit of NPs with d = 6.9 nm, Hc = 3810 Oe and
Hex = 1510 Oe were measured.
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As these small particles are magnetic monodomains [49] well blocked at 5 K, the coercivity should
increase with particle size. Yet, the opposite trend is observed. This discrepancy is associated with
the inner structure of the NPs unveiled by the above EELS mappings. The bigger NPs present a
well-defined core@shell structure with Co as the main constituent in the core, and a surrounding shell
comprising Co, Cr, and O. The observation of a coercive field in these NPs indicates that the Co core is
metallic. This is probably due to the protective shell, which prevents core oxidation. The smaller NPs
present a more heterogeneous structure, where the incomplete Cr shell allows for a higher degree of
Co oxidation and, thus, a higher fraction of antiferromagnetic Co oxide, favoring, in turn, a stronger
exchange coupling [50,51]. Moreover, for a given antiferromagnetic shell, the interfacial nature of the
exchange bias effect yields a dependence on the reciprocal of the magnetic moment of the core [52],
also explaining the lower Hex in the larger particles. Exchange coupling is well known to enhance the
coercivity of magnetic particles through an increase in the effective anisotropy [52], thus accounting for
the observed values.

In contrast, at 300 K (Figure 4b) the Hc of the bigger NPs is slightly higher than that of the
smaller NPs. In both cases, exchange bias is reduced to zero, indicating that the phase (or phases)
responsible for the exchange coupling must have a Néel temperature, TN, or a blocking temperature of
the antiferromagnetic grains lower than 300 K.

Neither the ZFC nor the FC magnetization curves, measured up to RT, showed a maximum
from which a blocking temperature (TB) could be extracted (see Figure S2, Supplementary Material).
This confirms the blocked state at room temperature of our NP systems, with a mean size of 6–7 nm.
The ferromagnetic behavior (blocked regime) of such small particles at room temperature (RT) is likely
to be associated to the metallic cobalt core assisted by interparticle interactions and by the stabilization of
the surface magnetic moments, thanks to the presence of the surrounding phases [53]. The temperature
dependence of the coercivity above 150 K is plotted in Figure 5, showing a progressive reduction and
vanishing close to 400 K. At 150 K, where the exchange bias field is negligible, the coercivity of the
deposit of 6.9 nm NPs is higher than that of 5.6 nm particles, as expected strictly from the particle size
dependence of coercivity.
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Figure 5. Coercive field dependency on temperature for both samples (5.6 nm, black squares, and 6.9 nm,
red diamonds, in diameter).

3.3. Chemical Characterization

In order to extract more information about the chemistry and electronic structure of the core@shell
nanoparticles, an XPS analysis was carried out in a multilayer of Co@Cr NPs. A depth profile analysis
was performed on the multilayer in order to obtain information on the whole nanostructured system.
The sputtering rate is 0.4 Å/µA·min for continuous thin films [54]. Although it is not possible to
establish a direct correlation between this value and a porous nanostructured coating, the longest
sputtering time used of 375 min ensures that we managed to remove at least one NP layer during the
sputtering process. Figure S3 shows the evolution of the main constituents at different sputtering times.
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Figure 6a shows the analysis of the Co 2p core-level peak. The fitting was performed using four
doublets and was identified using the binding energy (BE) of its 2p3/2 component. The first doublet
at 777.7 ± 0.5 eV corresponds to metallic cobalt [55]. The intensity of this peak is increased with
argon sputtering, as expected from a core@shell structure with a metallic cobalt core. The second
doublet at 779.9 ± 0.1 eV is usually attributed to cobalt oxides [55]. According to the literature, CoO,
Co2O3, or Co3O4 are present in this BE range [55–57]. Besides, when cobalt is present in Co–Cr spinels
(CoCr2O4) it can be included in this narrow BE range. Consequently, the presence of any of these
oxides cannot be ruled out; the coexistence of more than one of them is likely [55,58,59]. However,
the presence of a satellite at 786.5 ± 0.1 eV at all depths suggests the presence of Co in the form of CoO
among these possible oxide mixtures [59]. Finally, the fourth doublet at 781.2 ± 0.4 eV corresponds to
Co(OH)2 [59]. The peak intensity of this component decays exponentially with the sputtering time.
Thus, it is considered that this cobalt hydroxide is formed at the surface of the NPs due to atmospheric
exposure. A detailed evolution of the metallic, oxide, and hydroxide components as a function of the
sputtering time is displayed in Supplementary Figure S4.
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sputtering time.

Figure 6b presents the evolution of the O 1s core-level peak with the sputtering time. The spectra
were fitted using two components: The first one, at 529.5 ± 0.2 eV, can be associated with metallic
oxides. The second, at 531.8 ± 0.2 eV, can be attributed to metallic hydroxides. The compositional
ratio of the hydroxide/oxide components in O 1s follows the same tendency as the hydroxide/oxide
component evolution in the Co 2p spectra (Figure S4).

Finally, the analysis of the Cr 2p core-level spectra revealed the complete oxidation of chromium,
irrespective of the sputtering time (Figure 6c). A single doublet was used for the fitting, with a BE of
the 2p3/2 component at 576.5 ± 0.1 eV, which can be attributed to Cr3+ as a constituent of a chromium
oxide (CrxOy) or as a part of a mixed oxide Co–Cr (CoCr2O4). As for the case of the Co 2p, neither of
these species can be discarded. The small satellite at 588.5 ± 0.1 eV is characteristic of Cr2O3 and,
therefore, at least the presence of this oxide can be confirmed. On the contrary, neither the component
associated to Cr0 nor the one of Cr6+ could be detected [55].

In summary, the XPS analyses are consistent with a core@shell structure in which a metallic Co
core is surrounded by a shell composed of Co and Cr oxides and a surface enriched in Co(OH)2 due
to atmospheric exposure. Both elements, Cr and Co, have a strong tendency to become oxidized.
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According to the XPS analysis, Cr is mainly found as Cr3+ and Co as Co2+, which means that Cr has one
unpaired d electron more and, therefore, a higher tendency to get oxidized. Considering the fact that
Cr is mainly located on the surface, and in form of chromium oxide, the possibility of the formation of
a passive layer as the one Cr forms on stainless steels cannot be ruled out. Similar behavior has been
reported on CoCr alloys with higher Cr contents, where a preferential Cr oxidation was observed in a
surface enriched in Cr with Co depletion [60]. This is compatible with the presence of a metallic Co
core inside the NPs.

3.4. Nanoparticles with a Different Stoichiometry

According to the previous sections, one strategy to obtain a core@shell structure consists of
decreasing the ratio between surface and bulk atoms, while keeping fixed the ratio of Co and Cr
atoms in the sputtering target. Nevertheless, an alternative and more common strategy consists of
increasing the content of shell (Cr) atoms. This latter approach has been adopted to fabricate NPs
where a sputtering target with a higher content of Cr (Co80Cr20) has been used. The growth parameters
were adjusted in order to obtain nanoparticles with a mean diameter close to 7 nm in order to allow
the comparison with the previous Co@Cr NPs grown with the Co90Cr10 target.

Figure 7 shows a representative Cs-corrected HR-STEM image of a typical NP obtained in this new
target. As can be observed, also in this case the core@shell structure is the most stable configuration.
The EELS analysis revealed that Co is located within the NP core, while Cr is forming the shell,
in the same way as for the previous NPs grown with the lower argon flux and the Co90Cr10 target.
The presence of oxygen is also evidenced, preferentially where Cr is present, due to air exposure.
From a statistical analysis of the TEM images, an average NP size of 7.7 ± 0.5 nm, with an average core
4.3 ± 0.3 nm, and a shell 1.70 ± 0.11 nm can be extracted. Taking into account the target composition
(Co80Cr20) and considering that the core is formed by pure Co, a core@shell structure should have
a 5.4 nm diameter core with a shell of 0.55 nm, i.e., three times smaller than the obtained shell.
This mismatch could arise from the fact that Cr is oxidized and the oxide has a bigger lattice parameter
than pure Cr [61]. Nevertheless, a certain presence of Co in the shell cannot be completely ruled out.
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Figure 7. Cs-corrected HR-STEM data corresponding to the CoCr NPs from the Co80Cr20 target.
A high-magnification image is presented together with the corresponding EELS chemical maps.

Line profiles were also extracted from the three samples (see Figure 8). Figure 8a corresponds to the
smallest Co90Cr10 NPs displaying a homogeneous metal distribution (this is no core@shell structures).
For the samples with a diameter of 6.9 nm (Figure 8b,c for Co90Cr10 and Co80Cr20, respectively) the
core@shell structure is evidenced. For Co90Cr10, the Co, although mainly centered in the core, is also
clearly present in the shell, suggesting that this shell is formed by Co, Cr, and O. On the other hand,
for Co80Cr20 material the shell is mainly formed by strongly oxidized Cr. The fact the outermost shell
is formed by the three compounds for the Co-rich material may explain the larger size of the shell.

The power used for the NP fabrication (5 W) was nearly three times lower than in the previous case
(14 W). Interestingly, despite this lower applied power to the magnetron, 7 nm diameter nanoparticles
have been obtained. The reason for this could be understood in terms of the higher sputtering yield
of Cr, as well as its larger content in the target. In any case, this lower power implies that a smaller
thermal energy supplied to the NPs during the fabrication process. However, a thicker shell was
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systematically observed in the TEM analysis of these NPs (see Supplementary Figure S5) and revealed
the fact that Cr diffusion is again highly favored.
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(b) Co90Cr10 6.9 nm, and (c) Co80Cr20 7 nm.

The well-defined core@shell structure gives us the opportunity to try to access the fundamental
magnetic properties of the NPs. Hence, in this case, the magnetic characterization was carried out
on samples with less than a monolayer of nanoparticles. This allowed us to reduce the interparticle
interaction, leading to a deep understanding of the magnetic properties of the NPs themselves.
Nevertheless, a minimal density is needed to gain access to some magnetic signal. The compromise
was found in samples with 15% of a monolayer of nanoparticles.

Figure 9a shows ZCF-FC curves, where the diamagnetic contribution of the Si substrate
(MSi = 5.2 × 10−6 emu) has been corrected. In this system, a blocking temperature of TB = 70 ± 10 K
was found (cf. Figure S6), a value that is even higher than reported TB = 50 K for Co NPs of 10 nm
in diameter [44]. In fact, the TB of these Co@Cr NPs is similar to that expected for Co NPs with a
diameter twice as large, which implies a corresponding enhancement of the effective anisotropy in
our Co@Cr NPs. Since, for the given surface coverage, dipolar interparticle interactions are expected
to have only a moderate effect on the blocking temperature [62], this result is attributed to exchange
coupling between the ferromagnetic Co core and an antiferromagnetic shell.
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Figure 9. (a) Zero-field cooled-field-cooled (ZFC-FC) curves measured at H = 1500 Oe. Hysteresis loop
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The hysteresis loop displayed in Figure 9b, measured at 5 K, shows a coercive field of
Hc = (3.2 ± 0.3) kOe, approximately 16% lower than that measured for the Co@Cr NPs produced
with the Co90Cr10 target (Figure 4). The difference can be attributed to both a smaller Co core and a
weaker exchange coupling (due to a reduced shell oxidation) in the case of the Co80Cr20 system.

In contrast, the hysteresis loop at 300 K (Figure 9c) shows negligible remanence and coercivity,
as expected for the superparamagnetic (SP) response indicated by Figure 9a. This SP regime is, in turn,
expected from the small diameter estimated above for the Co core (dTEM ≈ 4.3 nm in diameter), since
the critical SP size at RT for a Co NP is d ≈ 9 nm [63]. The magnetic volume (Vmag) of the sample
can be extracted by fitting the observed SP response to the Langevin function [64,65], obtaining
Vmag = 5.3 ± 0.3 × 10−20 cm3, from which the magnetic diameter dmag = 4.7 ± 0.2 nm follows, in good
agreement with dTEM, particularly after taking into account that ignoring the size distribution in a
Langevin fit will yield an effective particle moment larger than the mean particle moment of the
distribution [62]. Note that the use of the Langevin equation, which assumes a negligible anisotropy
barrier compared to the thermal energy, is justified in the first place by the fact that the measurement
temperature (300 K) is more than four times higher than the blocking temperature of any of the samples,
the criterion suggested by Mamiya et al. for typical size distributions [66].

Once the size of the Co core has been established, the effective magnetic anisotropy constant of
the Co@Cr NPs (KCo@Cr) can be extracted from the Néel–Brown law governing the relaxation time of
the SP NPs as [13]:

KCo@Cr =
25× TB × kB

π
6 × d3 = (5.8± 1.2) × 105 J/m3. (1)

The value obtained nearly doubles the volume anisotropy for FCC Co (KCo = 2.7 × 105 J/m3) [67].
As mentioned above, this enhanced value could possibly be due to the existence of an additional
contribution to the anisotropy from the exchange coupling between the ferromagnetic core and an
antiferromagnetic shell.

4. Conclusions

Well-defined Core@shell Co@Cr nanoparticles can be spontaneously formed in the gas phase
under certain experimental conditions using alloy targets. Starting from a Co90Cr10 target, we observe
that a minimum NP size is needed to obtain shell formation without further treatments. When the
number of atoms at the surface is higher than number of atoms at the volume, there is not enough
Cr to create a shell and only certain Cr segregation is observed. This occurred for the NPs with
a mean diameter of 5.6 nm. On the other hand, in the NPs with a mean diameter of 6.9 nm the
number of surface atoms becomes smaller than the volume atoms and a core@shell structure is formed.
In this system, a Cr-enriched shell surrounds a Co core. For a similar NP size, when the Cr content
is increased (using a Co80Cr20 target) a thicker Cr coating is formed, as expected from the higher Cr
content. These results evidenced the tendency of Cr to migrate towards the surface to form a shell,
which subsequently oxidized after air exposure.
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In these conditions, ferromagnetic NPs stable in a wide temperature range (below 300 K) are
obtained using a Co90Cr10 target, reducing the critical size for room temperature superparamagnetism
to well below 7 nm. This is caused by the enhancement of the total anisotropy due to an exchange bias
contribution stemming from the coupling between the different magnetic phases. In the smaller NPs
(5.6 nm), there is a larger presence of interfaces due to the more heterogeneous structure, which favors
an increase in the coercive field and the exchange bias. This, together with the dipolar interactions
between NPs, is responsible for the hard magnetism at low temperatures and the blocked response at
RT. Although the NPs with a larger proportion of Cr remained superparamagnetic at RT, they present
nearly twice as much anisotropy as conventional FCC Co NPs.
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of the chemical composition extracted from the wide scan spectra taken at different sputtering times with Ar+;
Figure S4: Evolution of the cobalt components with sputtering time; Figure S5: Comparison of the NPs formed
from a Co90Cr10 and Co80Cr20 target; Figure S6: log (MFC-MZFC) vs. T of the Co80Cr20 7 nm NPs. A change in
the slope can be observed at T ≈ 70 K, indicating the blocking temperature.

Author Contributions: Conceptualization, Y.H.; methodology, L.M., E.N., and Y.H.; data acquisition J.S.-M.,
E.M.J., L.M., Á.M., E.H.S., J.A.D.T., E.N., Y.H.; formal analysis J.S.-M., E.M.J., L.M., Á.M., E.H.S., J.A.D.T., E.N.,
Y.H.; investigation, J.S.-M. and E.M.J.; writing—original draft preparation, L.M.; writing—review and editing
J.S.-M., E.M.J., L.M., Á.M., E.H.S., J.A.D.T., E.N., Y.H.; supervision, Y.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science, grant number RYC2018-024561-I;
the National Natural Science Foundation of China, Grant Number NFSC-21850410448; The Centre for
High-resolution Electron Microscopy (Ch̄EM), supported by SPST of ShanghaiTech University under contract
No. EM02161943 and NSFC- 21835002; the Spanish MINECO, grant number FIS2016-76058-C4-1-R and
MAT2015-65295-R; and the Comunidad de Madrid grant number P2018/NMT-4321.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. He, L.-B.; Zhang, L.; Tang, L.-P.; Sun, J.; Zhang, Q.-B.; Sun, L.-T. Novel behaviors/properties of nanometals
induced by surface effects. Mater. Today Nano 2018, 1, 8–21. [CrossRef]

2. González-Rubio, G.; Mosquera, J.; Kumar, V.; Pedrazo-Tardajos, A.; Llombart, P.; Solís, D.M.; Lobato, I.;
Noya, E.G.; Guerrero-Martínez, A.; Taboada, J.M.; et al. Micelle-directed chiral seeded growth on anisotropic
gold nanocrystals. Science 2020, 368, 1472–1477. [CrossRef]

3. Seh, Z.W.; Kibsgaard, J.; Dickens, C.F.; Chorkendorff, I.; Nørskov, J.K.; Jaramillo, T.F. Combining theory
and experiment in electrocatalysis: Insights into materials design. Science 2017, 355, eaad4998. [CrossRef]
[PubMed]
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