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Abstract The present work focuses on the study of
exchange-biased magnetic core/shell nanoparticles at
the atomic scale. The nanoparticles (NPs) consist of a
perfectly epitaxial crystalline cobalt oxide (CoO) shell
on a magnetite (Fe;0,4) core. The numerical core/shell is
built by taken into account the spinel structure of the
core (Fe;04) and the face-centered cubic structure of the
shell (CoO). Two different configurations of core/shell
NPs were examined: homogeneous and inhomogeneous
core/shell. Our magnetic simulations are based on a 3D
classical Heisenberg model. Monte Carlo simulations
performing single spin rotation are used to investigate
the effect of exchange bias on the spin configurations
and hysteresis loops of core/shell nanoparticles. The
numerical results reveal, as expected, a significant hys-
teresis loop shift obtained for a weak interface coupling.
In addition, the magnetization reversal is not perfectly
uniform in space when the interfacial coupling is differ-
ent from zero. Finally, the increase in the magnetic
interfacial coupling produces an increase in coercive
field and a decrease in the exchange bias field.
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Introduction

Over the past three decades, magnetic nanoparticles
(NPs) have acquired a large number of experimental,
theoretical, and numerical interests. Indeed, these inter-
ests are due to the original physical properties of NPs
which differ significantly from those of the bulk mate-
rials because they are strongly influenced by the con-
finement effect (Gleiter 1989). They have found broad
and promising applications in various fields (Bader
2006) such as magnetic fluids (Duan et al. 2013), bio-
medicine (Tartaj et al. 2003) (e.g., contrast agent for
magnetic resonance imaging (MRI) (Jun et al. 2008),
therapeutic hyperthermia (Thorat et al. 2013), magnetic
information storage devices (Terris and Thomson 2005),
and permanent magnets (Balamurugan et al. 2012).

In the field of magnetic recording, the current chal-
lenge is to increase the storage density. In this context,
particular attention was paid to the magnetic NPs due to
their small size. The most important condition is that
NPs retain their stable magnetization with time and
temperature. However, below a critical size, as a result
of size reduction, the magnetic stability of the materials
decreases at a given temperature called the blocking
temperature (7). Consequently, NPs present a
superparamagnetic state preventing a difficult contribu-
tion in the field of magnetic recording (Bedanta and
Kleemann 2009). This behavior can be overcome by
exchange bias coupling (EB) (Skumryev et al. 2003).
Indeed, EB results from the coupling between the spins
at the interface common to the ferromagnetic (F) or
ferrimagnetic (Fi) and the antiferromagnetic (AF)
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phases, during cooling by the Néel temperature of the
AF component. This interfacial phenomenon induces
additional anisotropy which can increase 7 in the case
of magnetic NPs, improving their performance in the
ultra-high-density information storage area (Nogués
et al. 2005). However, the study of EB in systems of
NPs resulting from different magnetic phases
(core/shell, shell/shell NPs) remains so complicated.
Indeed, different parameters are involved such as sur-
face and interface effects (absence of microstructure at
the interface or value of surface anisotropy), inhomoge-
neity of NPs, presence of collective response (dipolar
interactions, interparticle interactions), state of the inter-
face (roughness), and thickness of the shell (Iglesias
et al. 2008, O’Grady et al. 2010, Manna and Yusuf
2014, Binns et al. 2010). The study of the physics
underlying the EB phenomenology, particularly in
core/shell NPs, remains a subject of interest and contro-
versy. For example, it has been reported that both sur-
face and interface moments play an important role in the
EB effect in the case of Fe/y-Fe,O5 core/shell NPs
(Chandra et al. 2012), which is dominated by frozen
spins at the interface between the core and the shell in
the case of Fe/Fe;O,4 core/shell NPs (Ong et al. 2012).
In this context, simulation techniques based on Mon-
te Carlo (MC) methods can play an important role in
giving a detailed microscopic description of the spin
structure. It allows us to compare experimental results
with the suggested model. To the best of our knowledge,
a detailed modeling of magnetic core/shell nanoparticles
taking into account all their characteristic properties
(morphology, crystallographic structure) is still not
solved. The proposed numerical models are therefore
in continuous development in order to reproduce as
closely as possible the observed experimental properties
of the real system. For example, Zaim et al. conducted
MC studies to investigate the influence of shell cou-
pling, interface coupling, and crystal field on the critical
and compensation temperatures by implementing Ising
model on ferrimagnetic core/shell with different shapes
as nanocubes (Zaim et al. 2009) or a single spherical
particle (Zaim and Kerouad 2010). A more realistic
model with Heisenberg spins was developed by
(Zianni and Trohidou 1999) where they highlighted
the role of surface anisotropy on the reversal mechanism
of small AF NPs by associating uniaxial anisotropies to
the particle core and a radial anisotropy for surface sites.
In 2012, they proposed a mesoscopic model to simulate
the properties of an assembly of core/shell NPs in Co/
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CoO system (Margaris et al. 2012). Recent studies in
this group show the existence of a robust EB in an
inverted core/shell NPs (Estrader et al. 2013). Accord-
ing to (De et al. 2016), the division of the shell in
different regions with random anisotropies is proposed
to investigate the presence of crystallite in the experi-
mental shell. However, in the models suggested above,
the actual crystallographic structure of the phases con-
stituting the core and the shell was not taken into ac-
count. The magnetic nature of these materials (ferro-
magnetic, antiferromagnetic) is considered but with a
simplified cubic structure.

This work is devoted to the numerical study by
means of MC simulations of core/shell magnetic NPs.
The studied system is a stoichiometric magnetite core
with a spinel structure coated by a face-centered shell of
cobalt oxide (CoO). The particularity of such a system is
its ability to have an epitaxial growth between the core
(ferrimagnetic) and the shell (antiferromagnetic), so the
interface effects such as EB could be enhanced
(Gaudisson et al. 2014). To better understand the prop-
erties of our system, a detailed microscopic description
becomes necessary. Therefore, the MC method seems to
be the most appropriate to elucidate the intimate spin
structure of the interface between the core and the shell.
The particularity of our simulations is that we consider
the crystallographic structure of the core and the shell,
so the measured EB properties result from the contribu-
tion of the interface of a more realistic structure of
magnetite and cobalt oxide. For this purpose, the paper
is organized as follows: in “Model and simulation,” we
describe the model and the simulation details considered
in our work. “Results and discussion” reports the results
and discussions. Finally, “Conclusion” is devoted to our
conclusions.

Model and simulation
Structural model

Our numerical sample consists of a Fe;O, magnetite
core surrounded by a cobalt oxide CoO shell. Magnetite
and cobalt oxide belong to two different crystalline
structures: spinel structure for magnetite and face-
centered cubic for cobalt oxide with unit cell parameters
8.397 A and 4.26 A, respectively (Coey 2010). The
difference in unit cell parameters allows the epitaxial
growth of a cobalt oxide phase on a magnetite phase
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(8.397=2x4.26 A). Therefore, we used a three-step
construction for the core/shell NP model (Fig. 1).

The steps in the construction of a core-shell NP are as
follows:

a) Construction of the ferrite core:

We considered the inverse spinel structure with space
group Fd3m of unit cell 8.4 A and built a spherical
magnetite particle of radius 25.2 A.

b) Construction of the shell:

To model the cobalt oxide shell, we considered atom-
ic positions of a face-centered cubic cell with a 4.2 A
unit cell. Thus, the shell is built by creating a hollow
sphere of cobalt oxide of external radius 33.7 A, and
internal radius 25.2 A. This internal radius has been
chosen in order to be compatible with the size of the
magnetite core.

¢) Construction of the core/shell:

In the last stage of the construction, we assemble the
magnetic core with the cobalt oxide shell. This assembly
avoids any overlap between the atoms at the core/shell
interface. This interface is defined by the spins in the
outer layer of the core and the surrounding AF inner
layer of the shell. Thus, we obtain a core/shell Fe;0,4/
CoO NP of 33.7 A radius, consisting of 7209 magnetic
atoms. Indeed, the size of this NP was chosen to be
smaller than the reference experimental NPs (10 nm) in
order to minimize the calculation time. For example, a
simulated annealing under same calculation conditions
for a structure whose size is 1.5 greater than that of a
small NP, the calculation time will be multiplied by 3.

Usually, core/shell nanoparticles are modeled by
means of simple cubic structures consisting of ferromag-
netic (Iglesias et al. 2007a; Kechrakos and Trohidou
1998) or ferrimagnetic (Zaim et al. 2009) core and
antiferromagnetic shell or an AF core surrounded by a
F shell (Vasilakaki et al. 2015). In this work, we con-
sidered the experimental structure of magnetite and
cobalt oxide, which makes our sample much more com-
plex than those discussed in the literature, but also much
closer to the systems studied experimentally (Gaudisson
et al. 2014). The atomic model presented here is an
approximation of real NPs core/shell that remains es-
sential to study the exchange bias in more detail. Indeed,

the atomic scale modeling of magnetic NPs allows a
natural treatment of the effects of symmetry breaking,
lack of coordination, interface morphology, frustration
effects ... We note that our numerical work has been
applied to a single nanoparticle for two reasons. The first
one is due to the fact that in the frame of an atomic scale
MC simulation, each spin is assimilated to a 3D vector,
so when an assembly of NPs of that size is simulated, the
number of spins becomes enormous and the calculations
become time-consuming. The second one is the possi-
bility of avoiding collective effects, generally present in
experimental system in order to evaluate the internal
properties.

Magnetic model

We compute the magnetic properties of the system by
mean of a classical atomistic spin model with a three-
dimensional Heisenberg Hamiltonian that reads as
follows:

2
N-l 1 - = - = — ?i

H=3% |52 JiSi8;Chy SiBex+Kui| 1= Ui

iz | 2jev Si

In this expression, N is the number of magnetic sites,

S'; is the atomic spin at site 7. The first term corresponds

to the exchange energy between spins ?,« and S Jj» Ji
represents the coupling constant while index j is related
to the first nearest magnetic neighbors (V) of atom i. The
second term is the Zeeman energy, Cy is a conversion
factor allowing the energy to be expressed in Kelvin,

= .. =
while H B oxt|| 18 in Tesla, and H S

‘ in Bohr magneton

(). The last term corresponds to the uniaxial anisotro-
py energy with Kyj; the uniaxial effective anisotropy

constant and U: is a unit vector along the easy magne-
tization axis. We performed our simulation using Me-
tropolis Monte Carlo algorithm. Temperature 7" and
exchange coupling constant J;; are expressed in Kelvin,
the magnetic moments are in pg and the anisotropic
constant Kyj; is in K/atom. At this stage of the work,
the surface anisotropy effect is not taken into account.
We assume that dipole-dipole interactions are negligible
inside core/shell nanoparticle. The role of this interac-
tion becomes more relevant in the case of an assembly
of nanoparticles.

The simulation of our core/shell NP requires the
knowledge of different magnetic parameters such as
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Fig. 1 3D illustration of a
core/shell Fe304/CoO
nanoparticle

anisotropy constants, easy magnetization axes, and ex-
change coupling constants. To perform our calculations,
we must choose these parameters for the core, the shell
and the magnetic interface between them. For practical
reasons, we associate to each atom a type and a mag-
netic moment according to the nature of the phase it
belongs.

Concerning the core, magnetite Fe30, is a soft ferri-
magnetic material below 858 K. It crystallizes in an
inverse spinel structure. It has a weak bulk anisotropy
constant K, =— 1.35 x 10° erg/cm® along [111] direction
(Coey 2010). The unit cell consists of 32 oxygen ions
(O0?") and 24 iron cations distributed in two octahedral
(B) and tetrahedral (A) sublattices. The tetrahedral sites
are occupied by 8 JFe®* cations and the octahedral sites
are occupied by 8 zFe’* and 8 zFe** cations. Magnetic
ions gFe™, gFe?*, and 4Fe®*, whose respective types are
fixed to 0, 1, and 2, are represented by Heisenberg
classical spins while oxygen ions are considered as
non-magnetic but allow the superexchange interaction
between iron ions. We assume the magnetic moments of
iron cations in both sites A and B as o= =5 pup and
o =4 pp (Du Trémolet de la Lacheisserie et al. 2000).
Concerning the exchange interactions, spins interact via
antiferromagnetic superexchange interactions with
nearest magnetic neighbors when considering
AFe**—,Fe’* (A-A) or 4Fe**— gFe** (A-B) bonds,
whereas spins interact via ferromagnetic double ex-
change for zFe**— gFe®* (B-B) bonds. The exchange
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integrals were taken to be Jap=—18 K, Jop=—28 K
and Jgp = 3 K in agreement with those reported by Coey
in (Coey 2010). Since the core anisotropy is weak, it can
be assumed that it is zero or weak in uniaxial direction
that simplifies the interpretation of hysteresis loops. We
expect the results to be almost independent of this
choice.

As far as the shell is concerned, cobalt oxide CoO is
an antiferromagnetic material with Néel temperature
Tn=291 K. CoO is hard magnetic material with a very
high anisotropy value K, =2.7 x 10° erg/cm® along the
[111] direction (Kanamori 1957). In its face-centered
cubic crystallographic structure, each Co** ion is locat-
ed in an octahedral position surrounded by 6 0> ions
and vice versa. The Co®* magnetic moment is equal to
Heg+ = Spg (Du Trémolet de la Lacheisserie et al.
2000). Concerning the exchange interactions, spins in-
teract via antiferromagnetic superexchange interactions
with first neighbors (type 3) at an angle of 90° with an
exchange integral J; and second neighbors (type 4) at an
angle of 180° with an exchange integral J,. In the
literature, we found that ratio J,//; is —8 in the work
of Archer et al. (2008), but 3 in that of Coey (2010). We
chose to take the values of J; =—6.9 Kand ,=—21.2K
as proposed by Coey. It can be noted that those coupling
constants lead to frustration.

Concerning the interface, the exchange integrals are
not well known in the literature, we therefore assume
that the zFe* and zFe’* magnetite moments interact
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ferromagnetically with Co?* moments; thus, the respec-
tive exchange integrals values Jy; and J,3 are positive,
while 4Fe** moments are in an antiferromagnetic cou-
pling with Co®* moments, so the associated exchange
integral J»3 is negative. One can note that type 4 only
makes sense within the structure of cobalt oxide to
distinguish between first and second neighbors, so no
interaction is possible between this type and the spins of
the core. Therefore, coupling constants J;; describing the
exchange interactions in the nanoparticle can be written
as a (5 x 5) matrix as follows:

e J; (K) JFe¥  Fe e Cot Cot Y
sFe’* 3 3 28 Jos 0
pFe’* 3 3 0 i3 0
JFe** | —28 0 -18 I 0
Co™ | Ju i3 Iy —69 =212
Co™ 0 0 0 =212 0

~ J

At the interface, the coupling may be zero, weak,
intermediate or strong. We focused our work on the
choice of different interface coupling constants capable
of reproducing the exchange bias coupling properties
present in core/shell NPs.

Simulating hysteresis loops by MC

It should be noted that in the frame of classical MC
method, one can perform calculations by using a single
spin rotation algorithm that works by generating trial
moves randomly oriented throughout space. This meth-
od is ineffective since the acceptance ratio drops to
nearly zero as the temperature approaches zero Kelvin.
The efficiency of the simulation can be improved by
limiting the new spin orientation in a narrow cone
around the direction of the initial spin (Chubykalo
et al. 2003; Nehme et al. 2015). This algorithm is called
the cone algorithm (CA). Despite this improvement, a
crucial problem remains because we are sampling an
energy barrier that is not the expected one. Indeed, the
acceptance or rejection of a new state/move is based on

_AE .
the Boltzmann probability densities e *s7 where AE is
the energy difference between the initial and final states.

The magnetic energy of this system results in the sum of
different contributions attributed to exchange interac-
tions (Eexcn), effective anisotropy (Ega), Zeeman energy
(EZeeman)- So, one expresses AE as follows: AE =

AEoxeh + AEgA + AE7ceman. Thus, the Boltzmann proba-
bility can be written as follows:

_AE _AEech _AEpp _AEzceman
e kT—e KT X @ kgl X @  kpT

If a simulation is performed falls in the case of the
Stoner-Wohlfarth (SW) model (i.e., uniform rotation of
magnetization), the corresponding AE.,., will be zero.
As we perform single spin rotations, the rotation of the
moments induces an extra/additional energy barrier
(AExen #0), which yields to an extra value of the coer-
cive field H called as “algorithmic contribution” be-
cause it is provided by the dynamics of the algorithm.
The coercive field calculated in the absence of anisotro-
py corresponds to Hy. Its value is strongly dependent
on the field scan speed (FSS), the coupling exchange
constant J (i.e., AE, « J) and the dynamics of the
algorithm used (CA here). To overcome the induced
barrier, one needs to increase NMCS (i.e., work with a
slow FSS). This term vanishes to zero when NMCS
tends to infinite values (Nehme et al. 2015). The value
of the coercive field is then considered as a sum of an
algorithmic contribution field (H.y) and a contribution
of the effective anisotropy field (Hga) which is directly
proportional to the effective anisotropy constant within
the validity limit of the SW model. We can thus express
the coercive field H,. as follows: H.= H.y+ Hg. On the
other hand, the value of the coercive field is given by

_ H!-H, + — .
H, === where H and H_ stand for positive and

negative reversal fields, respectively. Therefore, one can
write: H, =—Hc + Hg, and H = Heo + Hi,. It
follows the following:

—  The algorithmic contribution H., affects equally the
negative and positive reversal fields
(H = Hy = Heo),

— The negative and positive effective anisotropic
fields (Hy, and Hp,), are not necessarily the same
especially in the case of a system presenting ex-
change bias properties, the measured coercive field
is then H, = "< ;Hi' =Hy+ H—EA;H;‘A,

— The value of the loop shift on the field axis
expressed by the exchange field (H.) 1is
H. = Hr;H:‘ _ HEA;H;A .
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The measured coercive field depends on the algo-
rithm contribution, while the exchange bias field does
not, but depends only on the effective anisotropy.

It is then necessary to measure the algorithmic con-
tribution of the coercive field. This coercive field is a
function of the interfacial coupling as one can expect
from AE,.,., change and the anisotropic contribution. In
the current model, the number of interfacial couplings is
negligible compared to the total number of couplings.
Therefore, the value of H o measured for a zero interfa-
cial coupling is taken as a reference. In the following, we
note H," the measured value extracted from the MC
simulation, once the algorithmic contribution is
subtracted from the coercive field.

Results and discussion
Simulated annealing

To obtain the configuration of equilibrium spins by MC
simulation, we used the simulated annealing process
(Kirkpatrick et al. 1983). Our numerical process starts
from a random spin configuration at a high temperature
of 1600 K. 10° Monte Carlo steps per spin for each
temperature were considered during calculations. The
temperature of the system is slowly cooled according to
the law T; . | = ar T; where ar = 0.98 is the coefficient of
decrease of the temperature. This process is done for
580 temperature steps to reach a final temperature close
to 0.01 K. For the different types, the anisotropy is
considered uniaxial according to direction [111].
Figure 2 compares a section at z = 0 of the final magnetic
configurations obtained without interfacial coupling (a)
and for weak interfacial coupling (b).

In the absence of interfacial coupling, the magnetic
order is perfectly established in the core: the zFe** and
sFe’™ moments are aligned parallel to each other and
antiparallel to the AFe** moments, in agreement with the
magnetic structure of magnetite. On the contrary, in the
presence of interfacial coupling, these moments remain
collinear with each other, but are not always oriented
along the [111] direction. It should be noted that in all
cases, the moments of cobalt are not collinear because
the cationic topology and the AF coupling promote
magnetic frustrated interactions. This non-collinearity
becomes more important in the contact areas between
the core and the shell and can be attributed here to the
small size of the NP for which the surface effects (lack
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of coordination) are important. The resulting spin con-
figuration obtained for each coupling matrix will subse-
quently be used as an input file for the hysteresis loop
measurements. The external magnetic field will be
swept in the direction of the simulated annealing end
state.

Study of exchange bias coupling

In all the following cases, the value for the simulation
temperature was chosen to be 7=5 K in order to study
the magnetic properties at low temperature. The simu-
lations have been performed with 601 different steps of
field between + 10 77— — 10 T'— + 10 7. The external
magnetic field is applied in the direction of the final state
obtained by the simulated annealing procedure. The
hysteresis loop is recorded at a constant FSS and aver-
aged over 20 cycles. The cone algorithm (CA) based on
a single spin rotation has been used with an optimal
cone radius value Ryn. =0.1 (Nehme et al. 2015). The
term “reduced magnetization” (M") refers to the ratio
between the average of the magnetization (M) of all
magnetic moments constituting the core/shell nanopar-
ticle and the saturation magnetization (Mg, of the mag-
netite core as follows (A):

« M iMi
M = tOt,Where Mtot = ZIHT (A)

sat

It should be noted that several simulation tests were
performed on our core/shell NP by varying the interfa-
cial coupling matrix. We report here the most significant
cases that led us to reproduce EB coupling. Therefore,
the interfacial coupling may be weak or strong. The test
performed in the absence of any interfacial coupling is
done in order to compare the effect of interfacial cou-
pling on the EB properties.

In the case of zero interfacial coupling, the core and
the shell are perfectly decoupled. The reversal of the
magnetic moments is uniform. The hysteresis loop of
the reduced scale magnetization, displayed in Fig. 3
(black curve), is symmetrical and almost square. Satu-
ration magnetization M which is close to 1, results from
magnetite as the Co®* moments are antiferromagnetical-
ly coupled. One can note that the value of the measured
coercive field (1.94 T) is significantly larger than the
expected one. Theoretically, in the case of uniform
rotation, we expect a coercive field that is consistent
with the SW model according to the following equation:
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Fig. 2 Representation of a z-section of the final spin configuration obtained in absence (a) and presence (b) of interfacial coupling
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=0.0536 T (KU = 0.024 K/atom and Ms = 4/3 uB)

HoH.

The huge difference between the measured and the-
oretical values is attributed to the algorithmic contribu-
tion to the values of the coercive fields by MC (Nehme
et al. 2015). Therefore, the value of the extracted field
corresponds to the coercive field predicted by SW mod-
el (tioH. =0.0536 T).

In the case of weak interfacial coupling, Jy; and J3
were chosen to be 1 K and J,;5 to — 1 K. The correspond-
ing hysteresis loop (Fig. 3a) presents a negative shift and
an increase in its coercivity in comparison to that ob-
tained for zero interfacial coupling (uoH,. =0.23 T).
The moments of cobalt are almost blocked under the
effect of the field, giving rise to a very low residual
magnetization, even negligible. Since our system ex-
hibits a large KAy value, the reversal of AF shell is hard
to be completely achieved. The weak interfacial cou-
pling leads to the appearance of a large exchange bias
field and partial drag of the interfacial spins of the AF
phase; thus, the coercivity is increased. This effect is
qualitatively comparable to the observations on the ex-
perimental hysteresis loops of the Fe30,/CoO NPs sys-
tem (Gaudisson et al. 2014; Franceschin et al. 2018).

In the case of strong interfacial coupling, Jy3, J13, and
Jo3 are assumed to be equal to the exchange integrals
characteristic of cobalt ferrite CoFe,O,. Indeed, exper-
imental results in this system show that the structure of
the sample cannot be described using only two ideal
phases (Fe;04 and CoO), but seems much more

complex. Indeed, zero and in-field °"Fe Mossbauer
spectrometry measurements reveal the presence of in-
termediate phase of type CoyFe, **Fe,**0, magneti-
cally hard between the core and the shell resulting from
the diffusion of Co®* ions from the shell into the vacan-
cies of the core (Yaacoub et al. 2019). Therefore, we can
adopt the coupling matrix of CoFe,Oy, as an intermedi-
ate interfacial coupling matrix. Thus, Jy; and Ji3 are
chosen to be 4 K and /3 to — 24 K. The corresponding
calculated hysteresis loop (Fig. 3b), which is almost
symmetrical and larger in width and height, suggests
that the magnetization reversal is almost uniform. In
fact, the interfacial coupling between the core and the
shell is stronger than in the previous case, so the Co**
moments rotate within the external magnetic field. As a
result, the coercive field increases (1oH, = 0.57 T). Par-
tial polarization of cobalt moments results in significant
induced magnetization, increasing the remnant and total
saturation magnetization of the system by 0.12 uB.

To highlight the difference between the cases studied,
we report in Table 1 the values of interfacial coupling,
coercive, and exchange fields, using zero interfacial
coupling as reference.

In conventional structures consisting of two simple
and different magnetic phases such as bilayers or core/
shell nanoparticles, simulation results show (Iglesias
et al. 2007b, 2008; Wu et al. 2007) that increasing the
value of coupling integrals at the interface improves the
exchange field. But this fact is not always in agreement
with experimental features. In our detailed model, we
show that increasing the strength of interfacial coupling
does not necessarily increase the exchange field. It all
depends on how the imposed interfacial coupling affects
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interactions between the ions in the cobalt shell and
those in the iron core. Here, we have shown that the
greatest shift with an increase in coercivity is obtained
for the lower interfacial coupling.

Study of inhomogeneous NPs

From an experimental point of view, the structure and
the morphology of core-shell NPs could be inhomoge-
neous formed of core/polycrystalline shell NPs
(Gaudisson et al. 2014). It should be noted that there is
an epitaxial growth relationship between the core and
the shell for different architectures (structural homoge-
neous or inhomogeneous shell). In order to study the
effect of such inhomogeneity on the exchange bias
properties, we also modeled the atomic structure of a
polycrystalline shell (Fig. 4b). The modeling of this
shell uses Voronoi’s tessellation with four non-
interacting monocrystalline pieces whose size and posi-
tion are randomly selected. Such a configuration may
reduce the magnetic frustration compared to that ob-
served in the case of complete shell, as the interfacial
surface is smaller. We consider a distribution of cobalt
atoms around the magnetite that mimics the

Table 1 Hysteresis loop characteristics for different coupling strengths

experimental NPs (Gaudisson et al. 2014; Yaacoub
et al. 2019). The resulting NP called core/
polycrystalline shell has the same core diameter and
shell thickness as the previous NP, which is now called
as core/monocrystalline shell NP. Figure 4 summarizes a
comparative study between NPs with monocrystalline
and polycrystalline shells.

It should be noted that the same study carried out on
core/monocrystalline shell NPs for the different values
of interfacial coupling was carried out under the same
numerical conditions on the core/polycrystalline shell
NPs. As an example, we present here the simulated
annealing and hysteresis loops obtained in the case of
weak interfacial coupling. As schematized in Fig. 4d,
the magnetic configuration obtained at 0 K shows that
the magnetic moments of the core are collinear and
weakly influenced by the coupling in the contact areas
with cobalt shell, but the magnetic moments of the shell
are disordered near the interface and find their alignment
at the outer shell layer.

The corresponding hysteresis loops obtained in the
same conditions for the two kinds of NPs are compared
in Fig. 4e and f. In the absence of interfacial coupling,
the hysteresis loops are obviously symmetrical. For

Coupling Jos (K) Ji3 (K) J3 (K) HoH (T) foH.” (T) toHex (T)
Zero 0 0 0 1.94 0.053 =~ 0.00
Weak 1 1 -1 2.12 0.23 0.33
Strong 4 4 —24 2.46 0.57 0.04
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Fig. 4 Numerical modeling of core-shell NP (a, b), magnetic configuration (¢, d), and hysteresis cycles (e, f) obtained for core/
monocrystalline and core/polycrystalline shell NP, respectively

the configurations presented do not have the same inter-
face density in cobalt ions. It should be noted that we
have considered a single nanoparticle, knowing that
experimentally the coercive field results from a collec-
tive response of thousands of non-homogeneous NPs.
According to Table 2, one can see that the exchange
bias field is approximately the same for the two types of
core/shell NPs, although the magnetic configurations of

weak interfacial coupling, the loops of the two NPs
present a negative shift, with different shifts of the
negative and positive reversal fields (e) and (f). In the
case of the core/polycrystalline shell NP, H. remains
identical to that of the case of the zero interfacial cou-
pling, but H,* varies, so H, decreases slightly, whereas it
increases slightly in the case of the core/monocrystalline
shell NP. This difference can be attributed to the fact that
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Table 2 Hysteresis loop characteristics for different coupling strengths obtained for core/monocrystalline and core/polycrystalline shell NP

Jos (K) Ji3 (K) J23 (K) ot (T) ot (T) poHex (T)
Core/monocrystalline shell 0 0 0 1.96 0.053 ~ 0.00

1 1 -1 2.08 0.17 0.28
Core/polycrystalline shell 0 0 0 1.94 0.053 ~ 0.00

1 1 -1 1.76 0.13 0.26

the shell are not the same: the monocrystalline shell is
more disordered than the polycrystalline one.

Conclusion

The modeling of nanoparticles at the atomic scale makes
it possible to study more precisely the EB phenomenon
resulting from the competition between the core and the
shell induced by magnetic interfacial interactions. We
have shown that increasing the value of coupling inte-
grals at the interface does not systematically improve the
exchange field as the literature shows. Indeed, EB cou-
pling depends on the complex matrix of interfacial
coupling. However, our numeric model is able to simul-
taneously reproduce a significant shift in the hysteresis
loop and an increase in coercivity for a weak magnetic
interfacial coupling in qualitative agreement with the
experimental observations on the hysteresis loops of
the system under consideration. In addition, the coercive
field is reinforced for a stronger interfacial magnetic
coupling, i.e., the interfacial coupling constants are as-
sumed to be identical to those of cobalt ferrite. We have
also shown that taking into account the morphology of
the NPs slightly influences the properties of EB. The
tendency of the present results seems fairly consistent
with the observations made on the experimental hyster-
esis loops of core-shell NPs’ system (Gaudisson et al.
2014; Franceschin et al. 2018; Flores-Martinez et al.
2018, n.d.).

It should be noted that our built core/shell NP re-
mains an approximate model that tends to mimic the
experimental system. To achieve this objective and bet-
ter establish the morphology-EB relationship and mag-
netic properties, there is still a lot of work to be done.
The model must first be improved by considering an
intermediate phase of cobalt ferrite between the core and
the shell as experimentally established, resulting in a
realistic but more complex core/shell/shell morphology.
The main problem here is to manage/control the

@ Springer

presence of two interfaces for which the values of the
magnetic coupling constants remain difficult to esti-
mate. In addition, the increasing number of atoms makes
the computation time very long. A second approach
consists in describing a complete polycrystalline shell
as a random tiling of single crystalline pieces: in this
case, the problems are related to the increasing contri-
bution of interfacial zones (between pieces and between
piece and core). Such modeling approaches are under
way.
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