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Cohep@CoO NPs and Hysteresis loops after ZFC and FC modes
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Abstract

This study presents a comparison of the magnetic properties of core/shell nanoparticles
composed of cobalt (Co) and cobalt oxide (CoO), with variations in their crystalline structure.
Specifically, we investigated poorly crystallized core/shell nanoparticles (with a diameter of
8.8 nm) prepared from face-centered cubic (fcc) cobalt polycrystals synthesized via the micellar
approach, as well as highly crystallized nanoparticles (with a diameter of 9.9 nm) prepared from
hexagonal (hcp) cobalt single-crystals formed using the organometallic decomposition
approach. The oxidation process is conducted in a solution.

To examine the structural characteristics, high-resolution transmission electron microscopy

(HRTEM) was employed. Our findings revealed that the Co fcc polycrystals yield a poorly fcc



crystallized CoO shell, whereas the Co hcp nanoparticles exhibited a highly crystallized CoO
shell.

Furthermore, we conducted a magnetic investigation utilizing a Vibrating Sample
Magnetometer (VSM). The results clearly demonstrate the significant influence of the
core/shell nanoparticle's crystalline structure on the interfacial magnetic coupling. Specifically,
we observed an exchange bias exclusively in the Conp/CoO nanoparticles. Notably, the
measured exchange bias field (655 mT) surpasses previously reported values in literature for
similar nanoparticles with an hcp cobalt core. This enhancement can be attributed to several
factors, including the high-quality Co/CoO interface, the disparate magnetic anisotropy
between the core (Co hcp) and the shell (CoO), as well as the optimal ratio between the core
and shell, thereby inducing a heightened interfacial magnetic coupling.

1. Introduction

The exchange bias (EB) effect was discovered in 1956 by Meiklejohn and Bean for Co@CoO
NPs [1]. It resulted from interfacial exchange coupling between two materials (characterized
by a notable difference in magnetic anisotropy), usually, one is ferromagnetic (FM) while the
other is antiferromagnetic (AFM). This effect is highlighted by a horizontal shift of the
hysteresis loop as well as an increase in the coercivity [2]. For the applications, controlling the
exchange bias is of paramount importance. Hence, since its discovery, it has been widely
exploited in different systems including spintronic devices such as spin valves [3], sensors [4]
and nanostructured permanent magnets [5]. From a fundamental point of view, despite
extensive research on both films [6-10] and nanoparticles (NPs) which can be synthesized
through chemical process [11-23] or produced using physical approaches [24-27], the
underlying mechanism that governs this intricate phenomenon is still not fully understood. This
statement is well supported by an important number of recent papers related to experimental
and theoretical EB studies [8,10,15,28,29 for example].

For a given combination of FM and AFM materials, it is now well known that EB effect depends
on many structural characteristics [2] including the size and the crystalline structure of the
nanomaterials. Thus, the optimization of this effect requires an optimal volume ratio of both
FM and AFM materials [16,21,23,24,26], a minimal shell thickness, which has to be above a
critical value [8,13,18], as well as a high interfacial quality in terms of crystallinity
[14,16,17,19,20]. The morphology is another characteristic which can impact the EB effect

[13,17,18,22,27]. Based on current understanding, and despite extensive research efforts aimed



at enhancing the EB effect in NPs, which is crucial for the advancement of EB devices,
achieving all the necessary conditions in a specific system remains a formidable challenge.

In this paper, our purpose is to control and optimize the crystalline structure of core (Co)/shell
(CoO) NPs from poorly to highly crystallized NPs. This achievement has been made possible
through our ability to proficiently master two distinct synthesis processes for Co NPs, resulting
in the formation of two distinct crystalline structures of metallic cobalt. By using the strategy
of chemical reduction in reverse micelles, we form Co fcc polycrystals while the thermal
decomposition approach favored highly-crystallized Co hcp single crystals. The partial
oxidation of the two types of Co NPs allowed the formation of core (Co) /shell (CoO) NPs with
different crystallinities (the core, the shell and at the interface Co/CoO) while keeping almost
similar sizes. An accurate comparative magnetic study performed by vibrating sample
magnetometry (VSM) of the two populations of partially oxidized NPs clearly showed a drastic
effect of the sample crystallinity on the magnetic properties. Corc@C0O NPs did not exhibit
any horizontal shift of the hysteresis loop while a large one was observed for Conc,@Co0O NPs.
This outcome can be attributed to the excellent quality of the Co/CoO interface, along with the
distinct magnetic anisotropy observed between the core (Co hcp) and the shell (CoO) in the
latter scenario, in contrast to Corec@Co0O NPs. As a result, a strong interfacial magnetic
coupling was induced. To our knowledge, for NPs synthesized via a colloidal approach, the
observed value of EB, which is 655 mT for the core (Concp)/shell (CoO), surpasses those

reported in existing literature.

2. Experimental section

2.1. Chemical

All materials were used as purchased without further purification. Cobalt acetate and ethanol
(VWR), isooctane and hexane (Sigma Aldrich), sodium di(ethylhexyl) sulfosuccinate
(Na(AOT)) (Fluka), and NaBH4 (Acros Organic, 95%); dodecanoic acid (Acros). The synthesis
of cobalt (I1) bis(2-ethylhexyl)sulfosuccinate, (Co(AOT)2) has been described previously [30].
CoCl2.6H>O (Sigma-aldrich, 98%), PPhs (fluorochem, 95%), were commercially bought.
Ethanol absolu and diethylether were degassed. THF was distillated under nitrogen then dried

over molecular sieves, 4A (Sigma-aldrich) and finally degassed by Argon.

2.2. Synthesis of dodecanoic acid 7.9 nm-Co fcc nanoparticles
Cobalt fcc NPs stabilized by dodecanoic acid chains were synthesized via chemical reduction

in reverse micelles (water in oil droplets) as described in a previous paper [31]. The size



polydispersity was optimized by controlling the reducing agent (sodium borohydride)
concentration. The NPs were dispersed in hexane. Their mean diameter and size polydispersity
were equal to 7.9 nm and 10%, respectively.

2.3. Synthesis of oleylamine 9.0 nm-Co hcp nanoparticles

Cobalt hcp nanoparticles stabilized by oleylamine were synthesized by disproportionation of
CoClI(PPhg)s as described in a previous paper [32a]: In a controlled environment within a glove
box under a nitrogen atmosphere, a mixture was prepared by combining 10 mL of degassed
OAm with [CoCI(PPhz)3] in a 25 mL vial. The vial was sealed with a septum, which was
punctured by a pipette to allow for overpressure. Subsequently, the solution was subjected to
stirring and heating using a 50 mL "drysyn" apparatus filled with sand. The mixture was heated
by controlling the increase of the temperature from 20 to 190°C in 1h to obtain the nanospheres.
Subsequently, the solution was cooled down to room temperature, and the NPs were washed
by adding 20 mL of ethanol and then centrifuged for 5 min at 2500 rpm. The blue supernatant
was removed, and the resulting black solid was then dispersed in toluene. Their mean diameter
and size polydispersity were equal to 9.0 nm and 9%, respectively. The synthesis of the

organometallic precursor CoCI(PPhs)s is described in reference [32b].

2.4. Apparatus

(High-resolution) transmission electron microscopy (HRTEM) was performed using a JEOL
JEM 2010 UHR microscope equipped with a LaB6 filament and operating at 200 kV. The
images were collected with a 4008 x 2672 pixels CCD camera (Gatan Orius SC1000) coupled
with the DIGITAL MICROGRAPH software. The samples are prepared by depositing some
drops of the colloidal solution on a Cu grid covered with a carbon thin film.

Magnetic measurements were conducted using a Quantum Design vibrating sample
magnometer (VSM). In all magnetic measurements, the applied magnetic field was aligned
parallel to the substrate. In the FC (Field Cooled) mode, the magnetization versus field
measurements were carried out by cooling the samples from 300 K to 3 K in a magnetic field
of 5T. For the ZFC (Zero Field Cooled) mode, the samples were cooled from 300 K to 3 K in
the absence of field. Hysteresis curves were taken at 3 K for all the samples. Samples were
prepared by depositing some drops on a highly oriented pyrolytic graphite (HOPG) substrate.
The exchange bias field is calculated as Heg=|Hci-He2| /2, where Hei and He are the negative

and positive coercive fields, respectively.



3. Results and discussion

3.1. Elaboration and comparative structural study of Corc@Co00O and Concp@CoO core shell
nanoparticles

Corec@C00 and Concp@CoO0 core shell nanoparticles were obtained by oxidizing two types of
Co NPs differing by their nanocrystallinity, which was either fcc or hcp. In both cases, the
oxidation process is conducted in solution (Fig. 1). Initially, a Co NP colloidal solution is
prepared with a concentration of 8.10° M NPs and transferred to a beaker. The atmosphere of
the beaker was then saturated with O> for a duration of 5 min, taking care to prevent direct gas
injection into the solution. Subsequently, O2 was allowed to gradually diffuse into the solution.
This experimental procedure, which avoids direct bubbling of gas into the NP solution, enabled
the gradual diffusion of the gas leading to an optimal control of the partial oxidation of Co

nanocrystals resulting in the formation of well-defined core-shell structures.

N,

|‘ Metal NPs HJ Core/Shell NPs

@ 5 min 288h @
O, \
5 min 0.5h

— (&

5 min saturationwith O,  Slow diffusion of O, into
of the colloidal solution the colloidal solution
atmosphere

|

or

|

Figure 1. Schematic diagram of the preparation process of Co@CoO core/shell nanoparticles.

3.1.1. Corec@CoO core shell nanoparticles

3.1.1.1. Co fcc nanoparticle synthesis



Co fcc NPs used to form Cowc@Co0O core shell NPs, are synthesized by chemical reduction in
reverses micelles (Experimental section) [31]. They are characterized by a mean diameter and
size polydispersity equal to 7.9 nm and 10%, respectively (Fig. 2A) and are passivated with
dodecanoic acid which gives them a great stability against coalescence and undesirable
oxidation [33,34]; the colloidal solvent is hexane. (HR)TEM image of one single particle (Fig.
2C) showed small crystallized domains (less than 1nm) indicating the low crystallinity of the
metallic cobalt. This statement is further confirmed through the diffraction pattern (Fig. 2B)
which revealed two diffuse rings at 2.00 A and 1.24 A, which were indicative of the (111) and

(220) lattice spacings of fcc cobalt; no cobalt oxide is detected.

Figure 2. (A) TEM image of 7.9 nm Co fcc nanoparticles, (B) corresponding electron
diffraction pattern and (C) HRTEM image of a single nanoparticle. (D) TEM image of 8.8 nm
Corec@CoO nanoparticles, (E) corresponding electron diffraction pattern and (F) HRTEM
image of a single nanoparticle.

3.1.1.2. Core (Corcc)/shell (CoO) nanoparticle formation
Before a 12-day diffusion period with O, the (HR)TEM study did not allow the detection of
core/shell structures. However, starting from the 12" day, the formation of NPs characterized

by a core/shell contrast was observed (Fig. 2D). The mean diameter of the Co core and thickness



of the cobalt oxide shell were determined to be 4.4 nm and 2.2nm, respectively, resulting in a
total size of 8.8 nm with a size polydispersity equal to 11%. The absence of crystallinity for the
shell (Figs. 2E, F) made it difficult to discriminate between the two possible cobalt oxide, CoO
or Coz04. However, considering the formation of the spinel structure CosO4 which typically
requires high temperatures [35,36], and the fact that we conducted the experiments at room
temperature, we can exclude this possibility. Thus, we concluded that the core (Cofc)/shell
(CoO) structure was obtained at room temperature. The slightly larger average diameter (8.8
nm), compared to the 7.9 nm observed for pure Co NPs, can be attributed to the lower density
of the CoO material compared to the fcc metallic cobalt. Additionally, we observed that these
partially oxidized NPs were highly stable and did not coalesce (Fig. 2D). This feature indicated
that dodecanoic acid, similar to pure Co NPs, serves as a ligand in providing stability. The role
of the ligand must be emphasized here: as demonstrated by Kazmierczak et al. [37], the
carboxylate group interacts by bridging the Co?* ions on the particle surface, which not only
effectively protects against coalescence and ensures colloidal stability, but also protects against
oxidation, which explains the time required to obtain the oxide shell.

3.1.2. Conep@CoO core shell nanoparticles

3.1.2.1. Co hcp nanoparticle synthesis

Co hcp NPs used to form Conp@CoO core shell NPs, were synthesized using the
organometallic decomposition approach (Experimental section) [32]. Conversely to the Co fcc
NPs, they were passivated with oleylamine and dispersed in toluene. Their mean diameter and
size polydispersity are equal to 9.0 nm and 9 % respectively (Fig. 3A). The electron diffraction
pattern (Fig. 3B), shows 7 sharp rings at 2.13, 1.97, 1.87, 1.52, 1.20, 1.14 and 1.04 A
corresponding to the (100), (002), 101), (102), (110), (103) and (112) of hcp Co. Note that the
rings at 1.20 and 1.52 A could also indicate the presence of the (311) and (220) planes of CoO.
However, because we could not observe the other reflections of CoO, we can conclude that
pure hcp Co is formed without CoO. The high crystallinity of these Co hcp NPs is clearly
illustrated in the high-resolution image of a single particle (Fig. 3C), where regular 2.00 and
2.15 A spacing can be observed. These are the characteristic distances of the (002) and (100)
planes of hcp Co.



Figure 3. (A) TEM image of 9.0 nm Co hcp nanoparticles, (B) corresponding electron
diffraction pattern and (C) HRTEM image of a single nanoparticle. (D) TEM image of 9.9 nm
Concp@Co0O nanoparticles, (E) corresponding electron diffraction pattern and (F) HRTEM

image of a single nanoparticle.

3.1.2.2. Core (Concp)/shell (CoO) nanoparticle formation

The process employed for partially oxidize Co fcc polycrystals was likewise applied to Co hcp
single crystals. As a result of this solution oxidation process, which exhibits high
reproducibility, pure oleylamine coated Co hcp NPs underwent a transformation into core/shell
geometry. It is noteworthy that this transformation occurred at an earlier stage, specifically after
a diffusion time of 30 min with O2, compared to dodecanoic acid coated Co fcc NPs, which
took 12 days. This discrepancy is attributed to the stronger interaction between dodecanoic acid
ligand/cobalt compared to oleylamine [37]. Indeed, amine adsorption takes place on the surface
of the metallic cobalt due to the interaction between the free amine doublet and is thus less
effective in protecting against oxidation, as shown by the difference in kinetics with Co fcc.
Nevertheless, it is strong enough to prevent the coalescence in solution.

Following a diffusion time of 4 days with O, the core@shell NPs possessed a core diameter
and a shell thickness of 3.7 nm and 3.1 nm, respectively, which resulted to a total particle size
equal to 9.9 nm and a size polydispersity equal to 12 % (Fig. 3D). The corresponding electron



diffraction pattern (Fig. 3E) exhibited distinctive features of both hcp Co and CoO. The
observed rings at 2.14, 1.96, 1.89, 1.46, 1.20 and 1.15 A corresponded to the (100), (002), (101),
(102), (110) and (103) and (112) planes of the hcp Co, respectively. Additionally, the presence
of CoO is clearly evidenced by the ring at 2.50 A which corresponds to the (111) planes.
Although it is possible that the two rings at 1.20 and 1.46 A corresponding to the (311) and
(220) planes of CoO were present, their close proximity to those of hcp Co, made their
distinction difficult. Furthermore, (HR)TEM study revealed the formation of Co hcp single-
crystalline cores surrounded by a shell composed of relatively large CoO crystallized domains
(~*2 nm) with varying orientations (Fig. 3F). The high hcp crystallinity of the Co core was
confirmed by the presence of regularly spaced lattice planes with a characteristic distance of
2.00 A, corresponding to the (002) of hcp Co. The crystallized nanodomains in the shell
exhibited one type of regular lattice planes, which were identified as the (111) spacing of CoO,
characterized by a distance of 2.50 A.

This structural study clearly evidenced the formation of Conce@C0O NPs characterized by a
high crystallinity in both the core and the shell. The epitaxial growth of CoO on the surface of
the Co hcp shell is highly probable due to the exceptional crystallinity of the initial hcp Co
nanoparticles (NPs) and the employed oxidation technique. This is well supported by different
systems featuring highly crystalline Co and CoO nanomaterials, reinforcing the presence of a
Concp/CoOxcc interface. Notably, Berger et al. [7] convincingly demonstrated a continuous and
epitaxial layer of CoO, measuring 2 nm in thickness, on the Co hcp layer. Moreover, Gatel et
al. [17] conducted a study revealing another instance of an epitaxial interface in Concp/C0O#cc
core-shell nanowires where the epitaxy was observed on both the tips and the edges of
nanowires. In this case, the CoO shell thickness was 1.2 nm on the edges and 1.4 nm on the tips
of the Co cores (12 nm x 130 nm).

As for Cowc@C0O NPs, Concp@Co0O NPs were highly stable against coalescence which
indicated that oleylamine still played the role of ligands for CoO shell.

The comparative structural study presented here, shows an important effect of the starting Co
NP nanocrystallinity on the oxidation process. The same process used to oxidize poorly Co fcc
NPs and Co hcp single crystals resulted in amorphous and highly crystallized CoO shells,
respectively. This result shows that a high crystallinity of the CoO shell requires a highly-
crystallized starting nanomaterial. Moreover, the clear identification of CoO surrounding Co
hcp NPs, reinforces our theory that CoO oxide (but amorphous ones) grows at the surface of
Co fcc NPs.



3.2. Comparative magnetic study of Cosc@CoO and Conep@Co0O core shell nanoparticles

In order to study the effect of the crystallinity of the Co@CoO NPs on the exchange bias effect,
a comparative high field study was performed with Cofx@C00 and Conep@Co00O NPs.

For both samples, the magnetization versus field measurements were carried out by cooling the
sample from 300K to 3K in a magnetic field equal to 5T (FC mode). Prior to the field cooling
which was performed at above the Néel temperature (Tn) of CoO, 293 K, the spins in the FM
(Co core) were aligned parallel to the applied magnetic field while the spins in the AFM (CoO
shell) were randomized. Upon field cooling to 3K (< Tn), magnetic order was established in
the AFM, resulting in an antiparallel configuration of the spins. During the cooling, if the FM
and AFM interacted, it signified that the interfacial spins in the Co core and in the CoO shell
lay in the same direction. During the magnetization versus field measurements, when the field
is inverted (to negative values), the spins in the FM began to flip. However, if the magneto-
crystalline anisotropy of the AFM was large enough, their spins remained fixed. The latter tend
to retain the spins reversal of the Co FM and the magnetic field required to invert the
magnetization in the FM material and as such, was therefore superior compared to that without
FM/AFM coupling. Conversely, when the magnetic field returned to positive values, spin
reversal in the FM was facilitated, compared to the case without FM/AFM coupling. The
consequence was a dissymmetry of the hysteresis curve along the axis of the magnetic field.
For both core/shell samples as well as for the non-oxidized cobalt NPs (fcc and hcp), classical
hysteresis, in the zero-filed-cooled mode, were also carried out. The samples were cooled from
300 K to 3 K in the absence of field.

All magnetic hysteresis were carried out with the field applied parallel to the substrate.

As references, the high field behavior of the Co fcc and Co hcp NPs (used for the oxidation
step) were also studied. Figures 3A, 4A show the hysteresis in ZFC mode for the 7.9 nm-Co
fcc and 9 nm-Co hcp NPs. Figures 3B, 4B show the hysteresis in ZFC and FC modes for the
oxidized NPs, i.e., Corcc (4.4 nm)@CoO (2.2 nm) and Conep (3.7 nm)@Co0O (3.1 nm).

3.2.1. Cofec (4.4 nm)@CoO (2.2 nm) core shell nanoparticles

For the starting Cofcc NPs (ZFC mode) (Fig. 4A), the saturation was reached at around 3 T
indicating the alignment of all the spins. The value of the coercive field (Hc) was found at 160
mT with a ratio of remanent-to-saturation magnetization (Mr/Ms) of 0.50 (Table 1). These
values are in good agreement with those found in the literature for pure metal dodecanoic-
coated Co NPs [34]. After the partial oxidation of Co fcc NPs into Cowc@CoO, we observed a

significant increase in Hc from 160 to 185 mT, the other characteristics remained unchanged.

10



This behavior well accounts for the formation of an AFM shell surrounding the FM core [23,
38] (Table 1). In order to study a possible exchange bias effect in this system, the magnetization
curves were performed by cooling the sample under a magnetic field of 5T. The magnetic curve
remained similar to that obtained in ZFC mode (Fig. 4B). No shift of the hysteresis curve along
the axis of the magnetic field was observed. The coercivity enhancement compared to the Co
NPs (in FC and ZFC modes) without any loop shift for Coxc@C0O NPs (in FC mode) is
explained by the overly small anisotropy of the CoO shell, which is inherent to its amorphous
structure. The absence of magnetic order of the spins in the AFM, resulted in an inordinately

small FM/AFM coupling and then, in the absence of exchange bias. [2].
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Figure 4. Hysteresis curves taken at 3K of (A) Co fcc nanoparticles (solid line) and (B)
Corcc@Co00O nanoparticles in ZFC mode (solid line) and FC mode (dashed line).
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Table 1

Structural and magnetic characteristics of Co fee, Co hep, Cofecc@CoO and
Cohep@CoO nanoparticles, extracted from TEM and the hysteresis loops of the
zero- field cooled (ZFC) and field-cooled (FC) in a magnetic field of 5 T. Mr/Ms:

ratio of remanent-to-saturation magnetization, He: coercive field.

Structural parameters COgece Cog @Co0O Copep COpep@Co0O
Drem (nm) 7.9 8.8 9 9.9

o (%) 10 11 10 12

ZFC mode

M,/M; 0.5 0.5 0.43 0.18

He (mT) 160 185 145 382

FC mode

M,/M, 0.5 0.33

H. (mT) 185 895

3.2.2. Conep (3.7 nm)@Co0 (3.1 nm) core shell nanoparticles

In the following analysis, we will shift our attention to the highly crystallized system
comprising Conep (3,7 nm)@Co0O (3.1 nm) NPs to compare its magnetic properties to those of
the poorly crystallized ones, specifically Corc@Co0O NPs. For the starting highly crystallized
Co hcp NPs (ZFC mode) (Fig. 5A), the saturation was reached at around 3T, the coercive field
was found at 145 mT and the M,/Ms was equal to 0.43 of the metal NPs (Table 1). These
observed values are in agreement with the expected magnetic properties of cobalt hcp metallic
nanoparticles, as previously reported (32).

12
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Figure 5. Hysteresis curves taken at 3K of (A) Co hcp nanoparticles (solid line) and (B)
Concp@Co0 nanoparticles in ZFC mode (solid line) and FC mode (dashed line).

Subsequent to the oxidation that transformed the nanoparticles into Concp@C0O, the hysteresis
loop (ZFC mode), showed an increase of Hc from 145 to 382 mT. This behavior aligned with
the expected feature of an interface between FM and AFM regions in the case of poorly
crystallized Co fcc NPs.

When this magnetization curve with a field of 5T was applied during the cooling from 300 to 3
K (FC mode), a large shift of the hysteresis loop along the magnetic field axis, with a coercive
field of 895 mT (Fig. 5B), was observed while the hysteresis loop in ZFC mode was, as
expected, symmetrical. Notably, in the highly crystallized system, the AFM (CoQO) was highly
crystallized with a large magnetocrystalline anisotropy. This favor, through its coupling with
FM, an exchange bias effect, Heg = 655 mT. In this case, the FC cooling induced the AFM
ordering of the spins in CoO. Thereafter, the AFM exerted a pinning action on the
magnetization of the FM which gave rise to a significant loop shift.

As reported by Nogues et al. [39], various factors can influence the efficiency of exchange

interactions and therefore the Heg value. In the case of nanoparticles, for a ferromagnetic core
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(FM) covered by an antiferromagnetic layer (AFM), we need to take into account the roughness
of the interface, the crystalline state (amorphous or not) of the surface of the metal core on
which oxide layer grows, the homogeneity of the interface or the presence of impurities.

The analysis of the correlation between Heg behavior and the thickness of the oxide layer
presents a complex challenge. However, empirical evidence generally indicates a decreasing
trend of Heg with increasing thickness of the oxide layer. Note here that the surface oxide layer
thickness of Co fcc (2.2 nm) is slightly less than that of Co hcp (3.1 nm). This may work against
exchange for Co fcc/CoO.

But the main effect is due to the different crystallinity of the Co (metal)/CoQ interface. Indeed,
Nogues et al. [39] showed that in this case, due to the inhomogeneity of the interface, the
exchange coupling decreases in the case of polycrystals (Co fcc case) compared to single
crystals (Co hcp case). Similarly, the roughness of the interface and, above all, its amorphous
nature reduce the value of Hes, since the latter strongly depends on the spin structure at the
interface and therefore on the alignment of the spins between the ferromagnetic core and the
antiferromagnetic shell.

A ligand effect cannot be ruled out, but it is difficult to quantify. Nogues et al. [39] also reported
that the presence of impurities at the interface (C, H or H20) tends to decrease the Hes value.
In the case of an oxide layer growing on passivated NPs, the presence of such impurities is to
be expected, especially as the ligand/metal interaction is strong, which again works against Co
fcc since, as mentioned above, the carboxylate-Co interaction is stronger than the amine-Co
interaction.

It is therefore the effect of the nanocrystallinity of the cobalt NPs, and then of the Co/CoO
interface, which are primarily responsible for the effects observed here.

This result clearly evidences the importance of the crystallinity of Co@CoO NPs, in the
metallic core, the oxide shell as well as the vicinity of the interface Co/CoO, on the exchange
bias effect.

To the best of our knowledge, the Hes value found here for the Co(hcp)@CoO NPs, i.e. 655
mT, is higher than the ones reported in the literature for such core/shell NPs with an hcp cobalt
core (Table 2). This behavior could be attributed to (1) the high hcp crystallinity of the
core/shell NPs as well as (2) their optimal geometry. Undeniably, it is shown that the exchange
bias in such NPs reaches a maximum when the core and shell dimensions are similar [16],

(Table 2), as in our case.
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Table 2
Structural parameters and exchange bias field of Cohcp@CoO nanoparticles reported in the literature.

COpep/CoO NPs Co core size CoO shell thickness Co/Co0 size Field cooled (T) Exchange bias field Reference
(nm) (nm) (nm) (mT)
3.7 3.1 9.9 5 655 This study
2.5 25 7.5 5 434 m
10.6 1.9 14.4 0.5 48 {15
133 3 19.3 1 80 o
9 3.4 15.8 5 257
13 8 29 5 60
13 x 130 1.2 15.4 x 132.4 S5 100

Conclusion

In this paper, we have shown our findings on the partial solution-oxidation of Co fcc
polycrystals and Co hcp single crystals which led to the formation of CoO fcc shell, poorly and
highly crystallized respectively. Through a meticulous and accurate comparative magnetic
investigation, we have highlighted the significant role played by the crystalline structure,
particularly in the vicinity of the Co/CoO interface, in the resulting core/shell NPs. Notably,
the observed exchange bias effect is exclusively witnessed in the highly-crystallized Concp/CoO
core shell NPs. The remarkably high value of Heg found can be attributed to both the superior
crystallinity of the NPs as well as the optimal ratio of the core diameter to the shell thickness
in the NPs.

We would like to express our sincere gratitude to Dr. Vincent Russier of ICMPE, Université
Paris-Est Créteil, for his invaluable contributions and insightful discussions throughout this
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