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A numerical study on the interplay between the intra-particle and
interparticle characteristics in bimagnetic soft/soft and hard/soft
ultrasmall nanoparticles assemblies

Franciscarlos Gomes da Silva,*® Marianna Vasilakaki, ® Rafael Cabreira Gomes, >¢ Renata Aquino, ¢
Alex Fabiano Cortez Campos, ¢ Emmanuelle Dubois, ¢ Régine Perzynski, ¢ Jérdme Depeyrot ? and
Kalliopi Trohidou®

A mesoscopic scale approach and the Monte Carlo (MC) method has been employed to study the exchange bias behavior of
ultra-small MnFez204 (soft)/maghemite (soft) and CoFe204 (hard)/maghemite (soft) nanoparticles in dense and diluted
assemblies at low temperatures. The analysis of our MC results clearly shows that in the powder samples the contribution
to the exchange bias field (Hex) and the coercivity (Hc) comes mainly from the intraparticle core/shell structure in the
hard/soft sample and that the interplay between the internal characteristics and the interparticle interactions is more
important in the soft/soft samples where the dipolar strength is enhanced. In the diluted frozen ferrofluid samples where
interparticle exchange interactions are absent and the role of the dipolar interactions is not significant the exchange bias
effects are reducing, and they come from the intra particle structure. The variation of Hex and H. with the applied cooling
field well reproduces the experimental findings and sheds light on the key mechanisms of the observed magnetic behavior.
Our results demonstrate the possibility to control the magnetic behaviour of nanostructures by using properly chosen

core/shell bimagnetic nanoparticles.

1. Introduction

The exchange bias (EB) effect has been discovered in 1956 on
Co/CoO core/shell (CS) nanoparticles.1-3 Later, this effect has
been investigated in detail by many research groups from both
theoretical*® and experimental points of view.7-11 The reason
for this thorough investigation is that bimagnetic core/shell
nanoparticles are becoming progressively more attractive in
diverse fields such as hard magnets or magnetic recording
media and biomedical applications.12:14 |n addition, thanks to
the progress in controlled chemical synthesis and to the
advances in technical instruments for the study of the
structural-morphological and magnetic properties, it is possible
to explore EB in a wide range of nanoparticle systems, such as
doubly—inverted nanoparticles,!5-16 core/shell nanoparticles
with different compositions,7-18 and nano-composites.1® In a
recent review, Lopez-Ortega et al.13 have given a detailed study
of the magnetic behavior and applications of exchange coupled
bimagnetic hard/soft and soft/hard magnetic core/shell
nanoparticles. In addition, Monte Carlo studies have shed light
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on the role of interface and surface spins on the exchange bias
properties,*6.20-21 in various nanoparticle systems.

The cooling field dependence of the exchange bias field and
the coercivity in core/shell nanoparticles has been studied by
several authors.619.20-23 |n these works, it has been observed
that as the applied field increases the exchange bias
phenomena are increasing. This is attributed to the competition
between the Zeeman energy and the exchange anisotropy
energy for a range of applied fields. Further increase of the
applied field leads to the reduction of the exchange bias effects
because the Zeeman energy starts to dominate and tends to
direct the interface spins along the field.

In the assemblies of magnetic nanoparticles, interparticle
interactions play important role in the exchange bias behaviour
of the systems. It has been demonstrated that the interplay
between internal nanoparticle characteristics and interparticle
interactions determine the magnetic response of the
nanoparticles to an externally applied field.21.2426 |ndeed, in
previous experimental studies, we have investigated the effect
of core and shell composition to the exchange bias properties
of ultra-small MnFe,0,@y-Fe;O3 and CoFe,0,@y-Fe,03
core/shell nanoparticles at low temperature (a few K’s).27-30 By
studying dilute and dense dispersions as well as powders, it has
been demonstrated experimentally that inter and intraparticle
interactions play an important role in the EB properties. Our
finding showed that in concentrated frozen dispersions, the
dipolar interparticle interaction reduced the exchange bias
field. Interparticle exchange bias was found to dominate in
powder nanoparticles samples. An open question is the role of
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the composition and the mechanism of the observed behaviour
in MnFe,0,@y-Fe;03  (soft/hard) and CoFe;0,@y-
Fe,0s(hard/soft) nanoparticle systems.

In the present work, we investigate systematically by Monte
Carlo simulations the role of the intraparticle characteristics and
their interplay with interparticle interactions in the exchange
bias behaviour of the assemblies. In particular, the cooling field
dependence of H. and He is analysed in dense and in very
diluted assemblies (frozen ferrofluids) using mesoscopic scale
modelling. Since in the diluted dispersions, interparticle
interactions play a minor role the influence of the intraparticle
characteristics is clearly revealed. In all cases we discuss the

numerical results in the context of our experimental findings.27-
30

2. The model

To model spherical MnFe,04/y-Fe;03 nanoparticles (of
diameter d ~ 3.3nm and y-Fe,03 shell thickness ts;, = 0.4 nm)
assemblies and spherical CoFe;04/y-Fe;03 nanoparticles (of d ~
3.1 nm and y-Fe,0s3 shell thickness ts; = 0.5 nm) assemblies in
frozen ferrofluids (very dilute samples) and powders (dense
samples), we consider systems of N ultra-small spherical
nanoparticles with a ferrimagnetic (FiM) core/FiM shell
morphology. The particles are located randomly on the nodes
of a cubic lattice inside a box of dimensions 10a x10a x10a for
the dense assembly and of dimension 20a x20a x20a for the
diluted one, where a is the lattice spacing for the sample and it
is equal to the particle diameter D, therefore there is no
overlapping of the nanoparticles. It isimportant to note that the
choice of this model is the appropriate one to capture the
internal structure and to describe the interparticle
characteristics, as discussed in reference 31.

A set of three classical spin vectors is used to describe each
of the nanoparticles in the assembly: one spin for the core §a.
and two spins S*'Shli and S"Sh% for the two sublattices of the shell
with magnetic moments ﬁ'q[’i = mé,iS"[’i with i=1,..., N and € =
¢, shl, sh2 and mg = M ¢xVei/MsxV, where Ms ¢ is the
saturation magnetization and Vg is the volume of each
nanoparticle region. M is the total saturation magnetization of
the nanoparticle and V is the particle volume (Fig. 1). We have

Fig 1 Schematic representation of the intra-particle and the
inter-particle interactions for three random particles (i, j, k)
in the assembly. Solid lines show the exchange intra-particle
and the broken lines the exchange inter-particle (when the
nanoparticles are in contact) interactions respectively.
Double arrows show the dipolar inter-particle interactions of
dipolar strength g.
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considered one spin for the FiM core giving its net magnetic
moment with uniaxial anisotropy and two for the shell because
of the ultra-small size of the nanoparticle and the very small
shell thickness. The two magnetic moments of the shell are
randomly oriented. Therefore in the model, the core is well-
ordered retaining some of the bulk characteristics and the shell
is disordered, spin-glass like.2! We introduce short range intra-
particle exchange interaction between the Mn or Co ferrite core
spin and each of the two maghemite shell spins (interface
coupling Ja and J2) and between the two shell spins (shell
coupling Jshen). Long-range inter-particle dipolar interactions
among all spins in the assemblies are considered. In the case of
the dense assembly (powder sample) for the particles that are
in contact, because of the very small shell thickness,?® the
particles’ core spin interacts with the nearest neighbors shell
spins via exchange interactions (Jeshi, Jeshz). 31 The nearest
neighbours shell spins also are exchange coupled (Jsh1sh2)-

The total energy of the system for the N nanoparticles is
given by:

N
f:—lz‘:‘] (ss _)+J (ss _)u (s 5 )}
2 cl c,i shl,i c2 c,i sh2.,i shell shl,i sh2,i
N 2 N 2 2
O ICN 0 SR ST
C c,i ci sh shli shli sh2,i sh2,i
i=1 i

i=1

N
—uoH m.s +m_ s +m__s -€
Ho z A i shli” shli sh2ish2i ) Oh
i=1

1 N
-—g E m s  +m_ s +m__ s _|Dijlm s +m_ s +m_ s
2 i ci shli ™ shl,i sh2,i sh2i [ U\ e e shl,j " shl,j sh2,j " sh2,j
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i#]

N
_% Z [Jshlshz (gshl,i 'gshz,_l )+Jc§hl (gm 'gsm,j )+Jcsh2 (gc.l 'gahz,j )} @

<i,j>

In equation 1, the first three energy terms inside the
brackets describe the intra-particle Heisenberg exchange
interaction between the spins in each nanoparticle, the core (c)
with shell spinl(sh1), the core with shell spin2(sh2) and
between the shell spins respectively. The fourth and the fifth
terms give the anisotropy energy of the core and the shell spins
(é; being the random anisotropy easy-axis direction),
respectively. The sixth term is the Zeeman energy (é, being the
direction of the magnetic field). The next term gives the dipolar
interactions among all the spins in the assembly, where D is the
dipolar interaction tensor which in our case takes the values of
the Ewald matrix.3!

The last three terms, exist only in the case of the powder
sample and describe the inter-particle exchange interactions
between the neighboring shells and between the core of each
nanoparticle with the neighboring shell spins respectively.
There is no exchange interparticle term in the frozen ferrofluid
sample.

The dipolar strength is g =uo (MsV)2/4nd?, d being the
diameter of the particle. The anisotropy constant of the core is
Kcand of the shell Ky, the external magnetic field is uoH and the
thermal energy is kgT (Where T is the temperature). The particle
volume concentration ¢ is taken 27% for the powder samples
and 0.4% for the frozen ferrofluids.

This journal is © The Royal Society of Chemistry 20xx
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The magnetic moments of the core and of the shell are
extracted from an atomic scale model of spinel ferrite structure
that takes into account explicitly the size of the shell and the
core of the MnFe,04/y-Fe;0s and CoFe,04/y-Fe;03
nanoparticles and calculates their volumes and their saturation
magnetization.

In the MnFe;04/y-Fe,03 nanoparticles (of size d ~3.3nm)
assemblies, the energy parameters are normalized by the
volume anisotropy of the shell KixVsy so they are
dimensionless. The normalized magnetic moments are:
mc=0.15 for the core and msn; = 0.50 and ms2 = 0.58 for the
shell. In this atomic scale model the saturation magnetization
has been taken 1.5 times higher from the core magnetization in
agreement with the experimental results of reference 32
(Mscore =210 kA m't and Ms = 320 kA m'1). We consider the bulk
value of the MnFe,0, for the core anisotropy (K. = 3x103 J m=3
)33 and the shell anisotropy ~ 10 times higher than the bulk
maghemite anisotropy (K. = 5x103 Jm=3).33 The reduced
parameters entering our simulations for the anisotropy
strength are for the core kc=0.04 and for the shell ks5=1.0. Our
atomic scale simulations show that in the core the B sublattice
is the dominant one, therefore we set the core macrospin as a
“B” spin. For the intraparticle exchange coupling constant
strengths between the core spin and the shell spins of the two
sublattices A and B we use their bulk values for the MnFe,04
(Jap=-22.7 Kand Jgg = 11.5K, s = s=5/2)34 spinel structure and
the exchange coupling constants of the maghemite (Jag = -25.9
K and Jgg = 12.7 K s4 = sg=5/2) spinel structures34. From the
atomic scale modeling the exchange coupling constant between
the A and B shell spins is found 1.44 times larger than the
corresponding core value and by rescaling them we find j; = -
1.6, jc2=0.8, jshen=-2.3. There is not exact microscopic model
for the calculation of the exchange coupling constant strengths
between the nanoparticles, thus we consider for the inter-
particle exchange interactions between the shell spins of
particles in contact the Jss of the bulk maghemite)34 and in our
model the rescaled value is jsp1sn2 = -0.5. The values of the core
spins with the neighboring shell spins are jesp:=0.15 and jespz =-
0.18. From the experimental values of M; = 320 kA m! for the
dilute sample with ¢ = 0.4%,32 the dipolar strength is found to
be g = 0.16. In the powder sample the experimental hysteresis
loop gives enhanced saturation magnetization by a factor of
1.095 from the frozen ferrofluid samples.35 This increase of the
magnetization in the dense sample is attributed to the inter-
particle exchange interactions between the particles in contact.
Therefore, for the powder samples we find g =0.16 x 1.2 =0.19.

The energy parameters of the CoFe;04/y-Fe;03
nanoparticles (of d ~ 3.1nm) are also normalized by the factor
KsnxVsp used in the previous system, so that we can compare the
two types of samples. In this case, from our experimental
findings we have that the CoFe,0,4 core magnetization is lower
(~ 5%) from that of the MnFe,0,4 core thus the normalized
magnetic moment of this core is taken m. = 0.14. We take
mgn;=0.15 and mgp; = 0.8 for the maghemite shell since its
volume size (tsn= 0.5 nm) and the pinning parameter (p=0.03) is
larger than that of the shell of the MnFe,04/y-Fe;03
nanoparticles (ts; = 0.4 nm and p = 0.01) in agreement with

This journal is © The Royal Society of Chemistry 20xx
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experiments.?® The bulk exchange coupling constant strengths
of the CoFe;04 are :Jag=-25Kand Jgg = 18 K, s4=5/2, s=2,34
and using these values in our atomic scale model we find j.; = -
1.76, je2=1.25, jshen = -2.87. The interparticle exchange coupling
strengths between the core spins with the neighboring shell
spins in the CoFe,04/y-Fe,03 nanoparticles systems are jesps =
0.165 and jeh 2=-0.28. The value of the exchange coupling
constant between the shell spins of nanoparticles in contact as
above is taken from the Jag bulk value of maghemite34 and in
our model becomes jsnisnz =-0.62. These interparticle exchange
constant values are lower than the intra-particle ones (~ 10, 4,
5 times respectively as in the system of MnFe,04/y-Fe,03
nanoparticles).

In reference 28 it has been demonstrated that the
anisotropy field of the CoFe,04/y-Fe;03 assembly is 3 times
larger than the anisotropy field of MnFe,04/y-Fe,03 as it was
estimated from the virgin magnetization curves of both
systems. Therefore, if we consider that the core anisotropy has
the bulk value K. = 2x105 ) m3 for CoFe;04,33the increase of the
effective anisotropy of the system comes from the shell.
Therefore, the shell anisotropy is three times larger than that of
MnFe,04/y Fe;04 system. So, the anisotropy strengths are
kc=1.6 for the core and ks, =3.0 for the shell. The dipolar
strength for the frozen ferrofluid sample is found to be
g =0.034, much smaller than that of the MnFe,04/y-Fe,03
assemblies, due to the smaller M;=160 kA m! as estimated
from the experimental hysteresis loop.2® In the powder
samples, assuming the same enhancement of the saturation
magnetization as in MnFe,04/y-Fe>03 nanoparticles assemblies,
we find larger g = 0.041 by a factor of 1.2.

There is experimental evidence that all the nanoparticle
assemblies are polydisperse following a log-normal distribution
Therefore, by introducing in our model the same particle
volume polydispersity, we recalculate the corresponding
volume dependent parameters, namely the magnetizations
me,Mmsh1,Msn2 and the anisotropies k¢ ks, for each nanoparticle of
the polydisperse assembly.

3. Results and discussion

Fig. 2 gives the experimental results on the cooling field
dependence of the exchange bias field Hex (Fig. 2 (a,b)) together
with the data of the Monte Carlo simulations (Fig. 2 (c,d)) for
frozen ferrofluid (0.4% ) (open symbols) and powders (closed
symbols) for the MnFe,0,@ vy -Fe,Os; (Fig. 2 (a,c)) and
CoFe,04@y-Fe;0s3 (Fig. 2 (b,d)) core/shell nanoparticles
respectively. In all simulations, the particle size polydispersity is
included.

The calculated curves (Fig. 2 (c,d)) of the cooling field
dependence of Hex show a maximum (peak) in both samples in
agreement with the experimental findings (Fig.2 (a,b)). The
peak position is located at Hcool /KshV sn ~ 1.5 and ~ 3.5 for
MnFe,0,@y-Fe,03 and CoFe,0,@y-Fe,03 core/shell
nanoparticles, respectively. These values are close to the half of
the anisotropy fields given by Ha/KspV sh ~ 3 and Ha/KspV sh ~ 5 as
it is estimated from the calculated virgin curves of powder
samples (see Fig. 3) in qualitative agreement with the

J. Name., 2013, 00, 1-3 | 3
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experimental situation.?83> We must note here that the
deviation are due to the structural difference between the
experimental situation and the model. In the case of dilute
dispersions (almost isolated particles) both MC results and the
experimental measurements show that the maximum of Hey is
smaller than in powder. Moreover, the value of Hex maximum is
more than two times larger for the CoFe,0,@y-Fe,03 sample
than for the MnFe,0,@y-Fe,O3 one. This result has been
attributed to a stronger pinning of the more anisotropic cores
in reference 28 and indicates that the shell spin pinning through
the core/ shell interface depends on the hardness of the core
ferrite. 28

Monte Carlo simulation findings indeed give larger Hex
values for CoFe,04@y-Fe,03 core/shell nanoparticles in good
agreement with the experimental results. For both types of
samples, the measured values of He, are found larger in
powders than in the diluted frozen dispersions for all the
investigated range of cooling fields. This has been attributed to
a collective interparticle exchange interaction acting through
the multi-connected shells, which are in contact in powder
samples, and are behaving as a Spin Glass-like matrix where the
Fl cores are embedded.35-3¢ As it can be seen in Fig. 2 (c,d)
Monte Carlo simulations data well reproduce this feature. This
will be further enlightened in the discussion below where we
study separately the contribution from the dipolar and
exchange interparticle interactions. The simulation results also
confirm that the interface interaction between the Co ferrite
core and the spin-glass like maghemite shell, which is the origin
of the Hey, is rather insensitive to interparticle interactions. For
CoFe,0,@y-Fe,03 nanoparticles, the ratio of the maximum Hex
values in both the powder and the diluted frozen liquid samples
is

EXPERIMENTAL MC SIMULATION

® powder
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Fig 2 Cooling field dependence of the exchange bias field Heyx
extracted from hysteresis loops. Experimental data on the
left panel (a,b) are compared with Monte Carlo simulations
results on the right panel (c,d) for frozen ferrofluid (open
symbols) and a powder (full symbols) for the MnFe,O,@y-
Fe,O3 (a,c) and CoFe,04@y-Fe;03 (b,d) core/shell
nanoparticles respectively. The dashed and solid lines are
guides to the eye.

o
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Fig 3 Calculated virgin magnetization curves for powder
samples for CoFe,0,@y-Fe,Os and MnFe,0,@y-Fe,03
core/shell nanoparticles. The arrows indicate the position of
the anisotropy field in both samples.

indeed 1.3 (close to the experimental ratio 1.4) and is smaller
than the corresponding value found for MnFe,0,@ vy -Fe,03
core/shell nanoparticles in agreement with the experimental
findings.

Fig. 4 illustrates the cooling field dependence of the
coercivity Hc as deduced from the hysteresis loops after field
cooling. Experimental data (Fig.4 (a,b)) are compared with those
obtained from Monte Carlo simulations (Fig.4 (c,d)) for frozen
ferrofluid (0.4% ) (open symbols) and powder (closed symbols)
of MnFe,0,@y-Fe,03 (upper panel) and CoFe,0,@y-Fe,03
(lower panel) core/shell nanoparticles.

The observed behavior is completely different in the two
types of core/ shell nanoparticles samples. The coercivity of

EXPERIMENTAL MC SIMULATION
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Fig 4 Cooling field dependence of the coercivity H.
Experimental data (a,b) are compared with Monte Carlo
simulations results (c,d) for frozen ferrofluid (open symbols)
and powder (full symbols) of the MnFe,O,@y-Fe,0s3 (a, c)
and CoFe,0,@y-Fe;03 (b,d) core/shell nanoparticles
respectively. The solid lines are guides to the eye.
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Fig 5 Monte Carlo results of the cooling field dependence of the exchange bias field He for different values of the simulations
parameters for the simulated powder samples (a,b,c,d) and the diluted frozen ferrofluids (e,f) of the MnFe,0,@y-Fe,03 (upper
panel) and the CoFe,0,@y-Fe, Os (lower panel) CS nanoparticles . The solid lines are guides to the eye.

MnFe,0,@y-Fe,0score shell nanoparticles does not vary with
the cooling field, whereas the curves obtained for CoFe,0,@y-
Fe,O3 core/shell nanoparticles exhibit a peak. These
experimental findings (Fig. 4 (a,b)) are well reproduced by
Monte Carlo simulations (Fig. 4 (c,d)). Also, in agreement with
the experimental results, for MnFe,0,@y-Fe,0s core shell
nanoparticles, the calculations show that the coercivity of the
frozen liquid samples is more than 2 times smaller than in the
powder ones. On the other hand, the shape of the H. vs cooling
field curves for CoFe,0,@y-Fe,03 nanoparticles is similar in the
frozen dispersion and powder samples. Both in experiments
and simulations, the coercivity H. is larger in the frozen
ferrofluids than in the powder samples.

In order to further investigate the contribution of the
interparticle interactions, the intraparticle characteristics and
their interplay in the observed magnetic behavior, MC
simulations are performed for very diluted frozen ferrofluids
(almost non-interacting jinter = jshish2 = jesh1 = jeshz = 0.0), where
we: a) switch off the dipolar interactions (g = 0) or b) the shell
anisotropy is taken equal to the core one (setting ks» = k¢) or c)
we set both (ks» = k. and g=0). In addition, in dense
nanoparticles assemblies (powder samples) we switch off also
either c) the exchange interparticle interaction (jinter =0) or d) all
the interparticle interactions (g =jinter=0). Figs. 2 and 4 illustrate
the behavior of the exchange bias field and the coercivity as a
function of the cooling field respectively, for the powder
samples (a,b,c,d) and the frozen diluted ferrofluid (e,f) for
MnFe,0,@y-Fe,03 (upper panel) and the CoFe,0,@y-Fe,03
(lower panel) CS nanoparticles.

This journal is © The Royal Society of Chemistry 20xx

In Fig. 5(a,b) and 6(a,b), the results of Hex and H, vs cooling
field for g = O (closed stars), jinter =0 (up triangles) and g= jinter =
0 (down triangles) are compared with the full models
MnFe,0,@y-Fe,03 and CoFe,0,@y-Fe,03 (full circles ). In Fig.
5(c,d) and 6(c,d), the Hex and H. vs cooling field results for ks,
=k. (open circles), ks» =k and g =0 (open stars), ks, =k and
Jjinter="0 (Open up triangles) are presented. Finally, in Fig. 5(e,f)
and Fig. 6 e,f the cases of diluted frozen ferrofluids with g = 0
(closed stars), ks, =k:(open circles) and ks» = kcand g =0 (open
stars) are compared with the full models MnFe,0,@y-Fe;03 and
CoFe,04@y-Fe,0s3 (full circles).

In MnFe;0,@y-Fe,03 powders (Fig 5a,c), Hex depends
significantly on the dipolar interactions because they have a
large dipolar strength comparing to the anisotropy strength.
The role of the intraparticle interface is not significant because
of the low k. (25 times smaller than k), therefore the shell with
the higher k is drugging the core spin. For the maximum of the
Hex curve, they are close to the field where the Zeeman energy
competes with the shell anisotropy (because this gives the
dominant contribution) and the anisotropy induced by the
dipolar interactions. On the other hand, in the CoFe,0,@y-
Fe,0s; powders, Fig. 6 (b,d) suggests that the exchange bias
mainly comes from the intraparticle interface (core/shell) and
from the competition between neighbouring shells due to the
interparticle exchange interactions. However, the dipolar
interaction does not significantly influence the intensity of the

J. Name., 2013, 00, 1-3 | 5
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Fig 6 Monte Carlo results of the cooling field dependence of the coercivity H. for different values of the

simulations

parameters, for powder samples (a,b,c,d) and diluted frozen ferrofluid (e,f) of MnFe,O,@y-Fe;03 (upper panel) and
CoFe,0,@y-Fe,0s (lower panel) CS nanoparticles. The solid lines are guides to the eye.

exchange bias field fig. 5(b) (stars). The maximum He, is at the
field region where the Zeeman energy competes with the shell
anisotropy energy. Then when the Zeeman energy overcomes
the shell anisotropy energy the spins start to align towards the
field and the Hex gradually reduces.

In the frozen diluted ferrofluids shown in Fig. 5 (e,f) the role
of dipolar interaction is not very significant because of the low
concentration. In this case, the role of jixer is negligible.
Moreover, if we set ks, = kcin both types of nanoparticles the EB
field is at least one order of magnitude lower. This does suggest
that the anisotropy contrast at the interface between core and
shell materials is one of the key parameters that govern
exchange bias behavior. In the case of the hard core the
interface competition is stronger in good agreement with
experimental findings that show a larger bias for CoFe,0,@y-
Fe,03 CS nanoparticles.

Fig. 6 shows the coercivity as a function of the cooling field,
for the simulated powder samples (a,b,c,d) and the frozen
ferrofluid (e,f) of MnFe,O,@y-Fe,O3 (upper panel) and
CoFe,0,@y-Fe,0s (lower panel) CS nanoparticles.

In the powder assembly of manganese ferrite/maghemite
nanoparticles (Fig. 6(a,c)), the strong character of the dipolar
strength that induces a strong anisotropy results to the
observed large H. and when they are switched off (g = 0 closed
stars) the H. drastically reduces, as seen in Fig. 6(a). On the
other hand, the absence of interparticle exchange interactions
(jinter =0 up triangles) results in a small increase of H.. It is
important to note that the absence of cooling field dependence
of H. in the cooling field range experimentally studied (in Fig.

6 | J. Name., 2012, 00, 1-3

4(a)) is due to the fact that the contribution from both shell
anisotropy and dipolar interactions requires a higher cooling
field to compete them. Therefore, we expect the maximum to
appear at a field higher than the available for the
measurements. Indeed, this is the situation in Fig. 6a (full
circles) where coercivity H. versus cooling field plot is given for
a more extended cooling field range. For higher cooling field
values the curve is reducing after a maximum.

In cobalt ferrite based nanoparticles samples (Fig. 6 (b,d,f)),
Hc has a maximum value near the point that the Zeeman energy
competes with the shell anisotropy energy. Then, it reduces for
the same reason as in the He variations (Zeeman coupling of
disordered shell spins). In the case of powder assembly, the
dipolar strength is small therefore it does not have significant
influence on the H. (Fig. 6(b), stars). Because of the high density
of the assembly (powder), the dipolar interactions induce an ext
ra anisotropy (nose to tail dipoles) and when they are switched
off the coercivity H. reduces. On the other hand, the absence of
Jinter enhances H¢ (up triangles or down triangles) because of the
non-coherent rotation of the neighbouring spins. Therefore, the
more significant contribution in both H. and Hex comes from the
intraparticle structure and in particular from the interplay of the
particle’s shell anisotropy with the interparticle interactions.
This can be clearly seen if we set ks, =k. eliminating the shell
anisotropy contribution either with (Fig. 6(d) open circles) or
without interparticle interactions (Fig. 6(d) open triangles and
open stars).

For the frozen diluted ferrofluid samples the influence of
dipolar interactions on H. is not significant due to the low

This journal is © The Royal Society of Chemistry 20xx
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concentration of magnetic CS nanoparticles. Their absence
results to a decrease of H. (Fig. 6(e,f) closed stars). Finally, if
the shell anisotropy is taken equal to the core one (ks =k)
evidently the coercivity H. decreases in both MnFe,O, and
CoFe;04based CS nanoparticles (Fig. 6 (e,f) open symbols).

4, Conclusions

We have employed our mesoscopic scale approach to simulate
by MC method the exchange bias field Hex and coercivity Hcin
soft/soft and hard/soft ultra-small bimagnetic nanoparticles
with a maghemite shell surrounding a MnFe,0,4 and a CoFe;0,4
core respectively. The analysis of MC results clearly shows that
the more significant contribution to Hex and H. for the Co
ferrite/maghemite nanoparticle comes from the intraparticle
structure with the interparticle interactions to play a minor role.
The interplay is stronger in manganese ferrite/maghemite
nanoparticles assemblies where the dipolar interactions play a
dominant role. The simulated variation of Hex and Hc with the
applied cooling field well reproduces the experimental findings
and sheds light to the key mechanisms of the observed
magnetic behavior. Our results demonstrate the possibility to
control the magnetic behaviour of nanostructures by using
appropriate core/shell bimagnetic nanoparticles.
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