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Abstract—The magnetic properties of different kinds of core/shell 
nanoparticles have been investigated by using Monte Carlo 
simulations with the purpose of studying different kinds of 
phenomena related to this new geometric model of magnetic 
nanoparticles. We have focused on the study of magnetization 
curves, shifted loops and coercive fields to reveal the 
contributions of core, interface, shell and surface to the magnetic 
behaviour of this kind of nanoparticles. First, we have focused in 
particles consisting of a ferromagnetic core and 
antiferromagnetic shell for which the values of microscopic 
parameters such as anisotropy constants and kind of anisotropy, 
exchange constants, applied field angle and shell geometry were 
tuned with the aim to find their influence on the macroscopic 
magnetic behaviour and to reproduce or explain the origin of 
some recent experimental findings. Secondly, we have performed 
simulations of more recently synthesized inverted nanoparticles 
consisting of an antiferromagnetic core and a ferromagnetic shell 
with the aim to understand the microscopic origin of the 
exchange bias phenomenon and related phenomenology reported 
in several recent experimental studies. 
Index Terms—Nanomagnetism, spintronics, exchange bias, 
core/shell nanoparticles 
 
 

I. INTRODUCTION   

Magnetic nanoparticles (NP) have today a great field of 
interest both from fundamental and applied points of view. 
High density magnetic recording media, catalysis, ferrofluids, 
pigments, hyperthermia, medical diagnostics and drug 
delivery are some of the principal applications of this kind of 
nanoparticles [1].  
Magnetic materials with nanometric sizes show a wide variety 
of magnetic phenomena in comparison with the bulk 
materials; the origin of these new magnetic properties can be 
traced back to the reduced dimensionality since, when the size 
of the material reaches the order of nanometers, the influence 
of the surface atoms becomes comparable or even more 
important than the bulk contribution. The reduced symmetry 
of the surface and the reduced mean field due to the lower 
number of surface neighbors results in  bigger anisotropy 
strength and a different kind of anisotropy at the surface of the 
nanoparticles [2], features that affects their magnetic behavior. 
The physical properties observed at such reduced dimensions 
are strongly sensitive to slight variations of size, shape, and 
compositions. Therefore, different magnetic structures 
(nanoparticles arrays, nanowires, thin films) constitute 
differentiated research fields with new characteristics. 
In particular, ferromagnetic (FM) and ferrimagnetic (FiM) 
oxide nanoparticles has been deeply studied and have found a  

 
wide range of applications, whereas antiferromagnetic (AFM) 
nanoparticles have been less investigated and less understood.   
During the last decade, the study of magnetic nanoparticles 
with FM core and AFM shell structure (in which usually the 
shell acts as a protective layer) has been triggered by he 
proposal to use the observed Exchange Bias (EB) 
phenomenon to beat the so-called superparamagnetic limit in 
magnetic recording media [3],[4]. More recently, also 
“inverse” core/shell nanoparticles with AFM cores and FM 
shell have been synthesized [5], leading to a number of novel 
magnetic properties that may give rise to novel applications.  
In this article, we present the study of some magnetic 
properties of core/shell AFM/FM nanoparticles by using 
Monte Carlo simulations. Monte Carlo method is a kind of 
numerical simulation technique based in the generation of 
random numbers and is used to solve complex problems with 
a large number of degrees of freedom: the features of a 
particular problem are represented by probabilities and the 
Monte Carlo technique provides an efficient way to perform 
thermodynamic averages of macroscopic quantities of interest 
by efficiently sampling the phase space of possible 
configurations. The way of counting and the conditions 
imposed define the numerical algorithm. We have performed 
Monte Carlo simulations using Metropolis algorithm. 
 

II.  MODEL   

To develop our study model, we worked with a special 
geometry of nanoparticles. We split the investigation in two 
parts: in the first one we studied FM/AFM core-shell magnetic 
NPs and next we worked with “inverted” AFM/FM core-shell 
magnetic NPs. Fig. 1 shows the model used in both cases. The 
spins are placed on the nodes of a simple cubic lattice (sc).The 
AFM shell has width RSh and the FM core a radius               
RC= R−RSh.The core/shell interface is formed by the core 
(shell) spins having nearest neighbors on the shell (core).For 
our case, the simulated nanoparticles have spherical shape 
with total radius R=12a (a is the unit cell parameter) and with 
a FM core covered by an AFM shell of constant thickness 
Rsh=3a. [6] 
The hysteresis loops are calculated after a field cooling 
procedure starting from a temperature T above of the Neél 
temperature (TNeel) of the AFM and below of the Curie 
temperature (Tc ) of the FM in the presence of an external 
magnetic field HL, so that TN<T <TC. 
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Fig. 1. Drawing of model of a core/shell nanoparticle of total radius R used in 
the MC simulations. In the first probes, we take core FM and shell AFM. In 
the second ones, we worked with “inverted” nanoparticle. (Iglesias et al., 
2005) 
 
The simulations are based on the following model 
Hamiltonian for magnetic NP, which give us the energy of the 
system: 
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(1) 
 
The first term describes the nearest-neighbor exchange 
interactions between the spins with different values of the 
exchange constants at the different particle regions. Core spins 
are FM with JC>0, whereas spins in the shell are AFM with 
JS<0. In principle the values of these constants were kept 
constant and fixed arbitrarily to  JC=10K and JSh=−0.5JC; in 
the same way the Neél temperature of AFM was fixed with a 
value lower than the Curie temperature of the FM  (TC) as is 
the case in most oxides with respect to their native materials 
[7].The second term corresponds to the on-site uniaxial 
anisotropy where kC and kSh are the values of the anisotropy 
constants at the core and at the shell respectively. The value of 
kC was initially fixed to kC= 1 K, which just sets the value of 
the anisotropy field of the FM core, whereas the anisotropy at 
the AFM shell needed to be higher than in the core as required 
to the pin of the AFM spins during the hysteresis loops where 
EB phenomenon is observed. Therefore, we fixed kSh = 10 
with respect to the kC which is also in agreement with the 
reported enhanced surface anisotropies due reduced local 
coordination at the outer particle shells [8]. Finally, the last 
term is the Zeeman energy coupling to an external magnetic 
field H, where h=µH/kB denotes the field strength in 
temperature units, with µ the magnetic moment of the spin. 
 
The coercive field Hc is defined as the magnetic field required 
to reverse the magnetization of the particle. In order to obtain 
the coercive field in our simulations, we calculate the 
complete hysteresis loop. A field cooling procedure is 
performed initially to characterize the magnetic order induced 
on the interfacial spins. Our protocol to simulate the field 
cooling process is as follows. We start the simulations from a 
high temperature T0> TN, disordered state in which the spins 
are pointing in random directions with zero net magnetization. 
Temperature is then reduced in constant steps δT= 0.2 K down 
to the final temperature T = 0.1 K in the presence of a 
magnetic field hFC= 4K applied along the easy-axis direction. 
At each temperature, the magnetization is averaged over a  

 
 
Fig. 2.Schematic diagram of the spin configurations of an FM–AFM couple at 
the different stages of a shifted hysteresis loop (Nogués et al., 2005) 
 
number of 10000 MC steps after 10000 MC steps used for 
thermalization, using the usual heat bath dynamics for 
continuous spins. 
 
Just to have a general idea about the magnetic behavior of 2 
layers when the field cool process is carry out, Fig. 2 shows 
the schematic spin configurations in the FM and AFM layers, 
before and after a field cooling process. 
 
Hence, if a magnetic field is applied at a temperature T so that 
TN<T <TC and the field is large enough, all the spins in the 
FM will align parallel to H. In the opposite way, the FM will 
be saturated. Thus, the spins in the AFM will remain random, 
since T >TN. When the FM–AFM couple is cooled through TN, 
the magnetic order in the AFM is set in. During the cooling, at 
the FM–AFM interface, the spins of  both components interact 
with each other. In that case the first layer of spins in the AFM 
will tend to align parallel to the spins in the FM (assuming FM 
interaction at the interface), while the successive remaining 
layers in the AFM will orient antiparallel to each other, so as 
to give a zero net magnetization in the AFM. The net result is 
the alignment of the AFM interface spins along the field 
direction and hence parallel to the FM spins. Moreover, 
applying large fields could, in principle, be used to induce 
exchange bias [9]. Fig. 3 shows this process in a schematic 
diagram.  
 
Once the desired temperature is reached, we calculated the 
hysteresis loop starting from the positive saturation and slowly 
decreasing the applied field in very small constant steps. At 
each value of the field, several Monte Carlo steps are 
executed, then the magnetization is calculated and the field is 
changed again. We continue reducing the field so the system 
goes to its negative saturation state. After that we increase 
again gradually the field until the system reaches its positive 
saturation. In this way a complete hysteresis loop is obtained. 
The remanent magnetization (Mr) is taken at the zero field 
point of the descending magnetization versus field curve. 
 
At this stage, it is possible to conduct different kind of studies 
depending of the research needs. In our case, at the beginning 
these ones were focused in studying the role played for some 
parameters in the EB phenomenon. 
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Fig. 3.Schematic diagram of the spin configurations of an FM–AFM couple at 
the different stages of a shifted hysteresis loop (Nogués et al., 2005) 
 
It is well known that the phenomenology of EB has been 
extensively described in the different reviews published on the 
subject [10].  The main indication of the existence of exchange 
bias is the shift of the hysteresis loop along the field axis after 
field cooling from above the Neél temperature (TN) of the 
AFM and below the Curie temperature (TC) of the FM in 
materials composed of FM–AFM interfaces.  
Accompanying the loop shift are other related properties. 
Maybe the most common in nanostructures is an increase of 
the coercive field, HC, below TN after a field cooling procedure 
[11]. 
 
The physical origin of exchange bias is rather generally 
accepted to stem from the exchange coupling between the 
AFM and FM components at the interface. Coercive increase, 
particle size dependence, shell thickness dependence, training 
effects, temperature dependence, cooling field dependence, 
asymmetry of the hysteresis loops, vertical loop shifts, role of 
the defects, interfacial roughness are others and not less 
important main experimental observations related to exchange 
bias in core/shell nanoparticles [12]. Nowadays, a new focus 
of attention is to understand the new phenomenology 
discovered in “inverse” magnetic NPs (with AFM/FM 
core/shell) so that they can be used for new applications. 
 

III.  RESULTS FOR FM/AFM NANOPARTICLES  

 
Previously, MC simulations of a model of core/shell magnetic 
NPs were performed showing that the microscopic origin of 
most of the experimental phenomenology related to EB in NPs 
could be understood qualitatively from the simulation results. 
Among these, we can mention surface effects [12], interfacial 
roughness, particle size [13] and shell thickness dependence 
[14], training effects [15],[16] temperature dependence [17], 
[18] cooling field dependence [19], role of defects [20], in-
plane coverage [21]and exchange coupling. 
 
In order to complement the previously mentioned studies on 
the subject, our first goal will be to include in the code used 
for the first simulations of core/shell NPs some modifications 
that allow us to take into account several points present in real 

NPs that were not considered in the initial studies. The first 
point will be the study of the influence of the shell anisotropy 
on EB still considering only uniaxial anisotropy in both the 
core and shell. In a second step, the dependence of the 
hysteresis loops shape on the NP orientation will be 
considered. Next, we will implement Neél’s anisotropy on 
surface spins, and finally we will consider the effect of non-
crystalline of the AFM shell observed in real samples. 
 
Once the simulations were made, typical hysteresis loops were 
obtained. We performed simulations of hysteresis loops 
following a protocol that mimics the experimental one: 
configurations obtained at the lowest temperature after the FC 
process are used as the starting state, then the hysteresis loops 
are recorded by cycling the magnetic field from h = 4 K to 
h=−4 K in steps δh=−0.1 K and the different quantities were 
averaged during 200 MC steps per spin at every field.   
 

A. Role of anisotropy  
 
The first objective of the study of FM/AFM core-shell NP 

was to study the role of the anisotropy constant of the shell 
Kshell on the loop shift and to check that previously obtained 
results were correctly reproduced by the new code. Fig. 4 
shows the dependence of the hysteresis loops obtained after a 
FC process with Kshell for six different values:  Kshell= 1, 2, 4, 
6, 8,10. As can be seen in the upper panel, the global shape of 
the loops is not too much influenced by the shell anisotropy, 
although both the loop shift and coercivity change as we will 
analyze later. However, noticeable effects can be clearly seen 
if one looks only at the contribution of the shell spins (panel 
4c) and, in particular to shell spins at the interface (panel 
4b).Since interfacial spins can be both at the core and at the 
shell, and the only latest are known to be at the origin of the 
macroscopic loop shifts, we have been plotted separately their 
contribution to the total magnetization. The FM core 
contribution has not been plotted since it closely follows the 
total one. 
With increasing Kshell, the net magnetization of shell spins is 
suppressed for all the values of the field. This is due to the fact 
that for increasing anisotropy, it is more difficult to orient the 
spins into the field direction during the cooling process 
preformed previous to the hysteresis loop measurement. 
Moreover, for increasing Kshell, it becomes more difficult for 
the field to reverse the shell spins along the loop, resulting in a 
suppression of the ascending field branch magnetization as 
compared to the descending field one. This is an indication 
that more spins become pinned into the initial field cooling 
direction and, as a consequence (as can be seen for Kshell = 
6,8,10) the interfacial shell contribution becomes negative for 
all h values. 
The values of the coercive fields for the decreasing and 
increasing field branches will be denoted by h−C and h+C, 
respectively. Therefore, the coercive field and the EB fields 
are defined as hc= (h+C-h-C)/2 and heb= (h+C+h-C)/2, 
respectively. In order to elucidate the role played by the 
interface in establishing the EB effect, we have studied the 
variation of h−C , h+ C , hC and heb with the anisotropy shell 
constant Kshell, results presented in Fig 5. 
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Fig 4. Variation of the hysteresis loops with Ks as indicated in the legend. The 
contributions interfacial shell (b) and shell spins (c) to the total (a) 
magnetization have been plotted separately. 
 
With increasing Kshell, both h− C and h+ C decrease in absolute 
value. As a consequence, a decrease in hC and an increase in 
heb are observed, with a nearly linear dependence. This is in 
agreement with the well-known fact that, in order to observe 
EB, the AFM shell spins (or at least those at the shell 
interface) have to remain pinned, which is better satisfied 
when increasing Kshell. 
 

 
Fig 5. Dependence of the coercive fields h−C ,h+C , hC and the exchange bias 
field hebwith Kshell. 

 
B. Role of Neél surface anisotropy 

 

 
Fig. 6. Role of Neél surface anisotropy at the outer shell surface spins for 
different values of Kext after FC process. 
 
Our second goal was to probe the effect of adding Neél 
surface anisotropy at the outer shell surface spins (the ones 
having reduced coordination with respect to bulk).The 
modeling of the surface anisotropy contribution is a complex 
field of research. Neél proposed a phenomenological model of 
the surface anisotropy called after the "Neél surface anisotropy 
(NSA) model". The model assumes an origin of the anisotropy 
based on the lack of the atomic bonds on the surface of a 
crystal. For our case, we added an anisotropy constant for the 
exterior coverage named Kext with the aim to probe its 
influence on the hysteresis loops. 

Fig. 6 and 7 show results of hysteresis loops after FC or ZFC 
processes respectively, for three values of Kext up to an order 
of magnitude bigger than that of the core is usually deduced 
experimentally. 
First, we observe a loop shift toward the negative field axis 
with increasing Kext,, which is accompanied by an increase of 
the coercive field. However, a general trend cannot be 
established since the case Kext=100 seems to depart from this 
behavior and more detailed studied should be conducted in 
order to clarify why. Furthermore, big differences can be 
noticed between the loops obtained after FC and ZFC 
protocols. First, the ZFC loops are not shifted and are more 
rounded than for the FC case, indicating that disorder induced 
by Neél anisotropy at the surface of the particles is somehow  
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Fig. 7. Role of Neél surface anisotropy at the outer shell surface spins for 
different values of Kext after ZFC process. 
 
broken by the aligning effect of the field applied during 
cooling.  
Although the addition of  Neél anisotropy does not have a big 
effect on the global loop because only spin at the outer surface 
are affected by it, it produces noticeable changes in the 
reversal mechanism of interfacial shell spins as it can be 
appreciated by comparing the b panels of Fig. 6 and 7. More 
squared loops for MShell

Int are obtained after FC than for ZFC, 
reflecting the pinning of a bigger proportion of spins at the NP 
surface in the former case. In comparison to ZFC state, the FC 
loops have higher symmetry. The origin of these loop 
asymmetries is not clearly understood in core/shell 
nanoparticles, but it seem that the observed loop asymmetries 
arise solely by the competition between the interfacial 
exchange coupling and the aligning effect of the magnetic 
field due to the intricate geometry at the interface [12]. 
 
C. Effect of surface crystallites. 
 
Depending on the synthesis method, TEM images show that 
the crystalline quality of oxidized NPs is far from ideal. 
Moreover, due to the progressive oxidation process followed 
to obtain core/shell NPs from metallic seeds, the oxidized 
shell is usually formed by several crystallites that grow in 
different crystallographic directions [22]. In order to model 
this fact, we have divided the shell into regular crystallites 
having anisotropy axis oriented at random instead of uniaxial 
as done up to now. 

 
Fig. 8. Effect of crystallites on the shell with different anisotropy directions 
 
The effect of add crystallites to the shell with different 
anisotropy directions is compared to the uniaxial mono 
crystalline case in Fig. 8. 
There are some remarkable features between the 
corresponding loops. First of all, a considerable increase in the 
coercive field is observed in the former case which can be 
attributed to the higher field necessary to reverse those 
crystallites having anisotropy axes far from the applied field 
direction.  
Secondly, there is a clear change in the magnetic behavior of 
the shell interface spins. Whereas in the uniaxial case, a 
considerable fraction of them remain pinned during the field 
cycling (their magnetization is always negative, with the same 
sign as the one induced after FC process), when crystallites are 
considered a more progressive reversal is observed with a 
higher proportion of unpinned spins that reverse under field 
cycling. This translates into much weaker loop shifts for 
crystallites than for the uniaxial case because the random 
interfacial coupling directions of the crystallites to the FM 
uniaxial core has an averaging effect on the EB coupling, this 
decreasing the loop shift or even making it slightly positive as 
observed in Fig. 8a. 
 

D. Effect of particle orientation 
 

In real samples NPs have anisotropy axis distributed at 
random. Hence, for the case of a core/shell NP with uniaxial 
anisotropy everywhere, we explored the effect of changing the 
applied field angle with respect to the anisotropy direction in 
the xz plane, and average over all directions.  
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Fig. 9.Applied field angle with respect to anisotropy direction and average 
over all directions 
 
The results can be observed in the Fig. 9 where the x, y and z 
components of the magnetization along the hysteresis loop are 
separately displayed. 
It is possible to observe that clear loops are only present along 
the z axis since this continues to be the easy axis. As the field 
deviates from the anisotropy direction, more hysteresis is 
observed along the x axis, while the y component, which is 
transverse to the plane of the applied field is almost negligible 
except near the coercive fields. Except for the case of θ= 90, 
where no hysteresis is observed (as expected and similar to 
what is obtained in the SW model), for other angles shifts 
along the negative direction are obtained, that become smaller 
than for the θ= 0 case. Only in the case of θ= 45  the shift is 
toward the positive direction of the field. Moreover, different 
net magnetizations are observed in all the cases as well as 
variations in the symmetry of the loops. This observations 
indicate that in order to compare simulations performed for an 
individual NP to experimental results done on ensembles of 
NP with distributed axes, averages over different orientations 
should be done, a work that can be completed in subsequent 
studies. 
 
 

IV. RESULTS FOR AFM/FM NANOPARTICLES 
 
In the last 5 years it has been possible to synthesize magnetic 
core/shell NPs with “inverted” structure having an AFM core 
surrounded by a FiM or FM shell [22],[23]. This particular 
morphology may be helpful in understanding some aspects of 
the EB phenomenon that could not be addressed in the normal 

morphology such as the role of the AF thickness and the 
character of the exchange coupling at the interface. The 
magnetic behavior of this kind of NPs shows some particular 
features as compared to the non-inverted ones that are not 
completely understood even from the experimental point of 
view and atomistic modeling through computer simulations 
could help to understand these peculiarities. In particular, 
through an ongoing collaboration with the group of Dr. Nuno 
Silva in Aveiro, we have had access to a series of 
experimental results that we hope can be better interpreted 
through our numerical study.   
Hence in the present work, we introduced some modifications 
to the computer code that have allowed us to simulate this 
kind of NPs. As for the previous case, the NPs have spherical 
shape with total radius R=12a (a is the unit of the cell) and 
spins are placed in the nodes of a sc lattice, but now the core 
spins have AFM interactions (JC<0) and are surrounded by 
shell of spins with FM interactions (JS>0) of constant 
thickness Rsh=3a. The coupling at the interface Jint was varied 
both in magnitude and sign. For these NPs, the origin of the 
loop shifts is more intricate to elucidate due to the peculiarities 
of the core/shell interface and a more detailed analysis is 
needed. 
 
A.  Role of exchange coupling 
 
The first group of simulations is based on the same simulation 
parameters (J’s and K’s) used in the previous section for the 
normal core/shell NPs but adapted to the new morphology. 
JC= -10 K and JS=-0.33 K, so that the Neél temperature of the 
AFM is higher than the Curie temperature of the FM. KC= 10 
K, KS= 1 K, with AF core having higher anisotropy to reflect 
the inverted character of the NP. The first objective was to 
study the dependence of hC and heb on the interfacial coupling 
strength Jint. Fig. 10 shows the results of the hysteresis loops 
obtained after FC process for 5 values of Jint as indicated in the 
legend.  
In panel 10a, which shows the total magnetization through the 
hysteresis loop in each case, shifted loops are obtained as in 
the normal core/shell NPs corroborating the possibility of 
observing the EB phenomenon also in the inverted NPs. A 
clear dependence of  both hC and heb with increasing Jint values 
can also be seen. The loops display also a slight vertical shift 
and an asymmetry between descending and ascending field 
branches that become more pronounced as Jint increases. Panel 
10b let us observe the hysteresis process in the core, that in 
this case is AFM, and panel 10c shows the magnetization in 
the part of the interface in contact with the FM shell, which 
are supposed to be related to the macroscopic loop shifts, 
similarly to the non-inverted NPs. 
Contrary to the case presented in Section III, here the 
decreasing field branches of the core contributions lie above 
the increasing branch, which can be understood by the 
different coordination of the FM spins (now at the shell) with 
respect to the non-inverted NPs. 
Another distinctive fact of the inverted case is that the loops 
for the interfacial AFM spins, that had always negative values 
of the magnetization for the non-inverted case, can have now 
positive or negative magnetizations depending on the exact 
value of Jint.  
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Fig. 10. Variation with Jint< 0 of the hysteresis loop after FC in an AFM/FM 
core/shell magnetic NP. The contributions of the (b) core (AFM) and (c) core 
interfacial spins have been separately plotted.  
 
 
This arises because now the AFM spins are in the core and the 
corresponding number of uncompensated spins may vary in a 
non-monotonous way with changes in the core size. 
As a consequence, depending on the competition between the 
aligning tendency of the field and the interfacial exchange 
coupling, a positive or negative value of the interfacial 
magnetization can be established during the FC process. This 
can be clearly seen in Fig. 11, where the thermal dependence 
of the total, core and interfacial core magnetizations during the 
FC protocol followed before the hysteresis loop are separately 
plotted for different Jint values.  
First let us notice that, the total magnetization decreases with 
increasing Jint as more FM shell spins at the interface become 
aligned antiparallel to those in the AFM core. Secondly, 
although the total core magnetization becomes positive at low 
temperatures for all the Jint values, the contribution of those 
spins at the interface can be stabilized to positive or negative 
values depending on Jint. 
As an additional visual prove of the above mentioned 
statements, we show in Fig. 12 a representative spin 
configuration of the low temperature magnetic state attained at 
the lowest temperature after the FC process, where the core 
interfacial spins giving a non-zero magnetization at low 
temperature have been distinguished in green. 

 

 
Fig. 11. Thermal dependence of the (a) total magnetization and (b) core and 
(b) interface-core region contributions for different JInt< 0. 
 

 
Fig. 12. Spin configuration of a diametric slice of an inverted core/shell NP 
along the field direction showing the AFM core spins in blue, FM shell spins 
in red. The core and shell interfacial spins have been distinguished with 
yellow and green color.  
 
Next, we have also simulated hysteresis loop for Jint>0 (not 
shown) and we have plotted the dependence of hc and heb on 
Jint for both cases in Fig. 13. The coercive field decreases 
faster than linearly in both cases as the interfacial coupling 
increases and has almost identical values. This behavior is 
similar to that found for non-inverted core/shell NPs [6], 
although in that case the dependence was not that pronounced. 
With the increase of |Jint|, the shell spins become more coupled 
to the unpinned core spins, facilitating the magnetization 
reversal.  
However, heb  presents a nonmonotonous variation with |Jint| in 
contrast with the normal core/shell case where a linear 
dependence was obtained for Jintˆ 0. Positive or negative 
values can be found independently of the character of the 
interfacial coupling and this is completely correlated to the 
magnetic state attained after FC.  
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Fig. 13. Dependence of the coercive field hC (upper panel) and the exchange 
bias field heb (lower panel) on the exchange interaction at the interface for 
positive and negative Jint. 
 

 
This also shows that the microscopic origin of the loop 
displacements is on the net magnetization induced at the core 
interface region after the FC process. These spins generate 
positive or negative local exchange fields that act on the FM 
shell ones adding to the external field contribution and causing 
the macroscopic shift of the loop. 
 

B. Real MnO/Mn3O4 NPs 
 
Finally, we have used as input data for the simulations real 
values of the exchange and anisotropy constants for the NPs 
with MnO/Mn3O4 composition. The exchange parameters are 
deduced from the known bulk Neél and Curie temperatures 
[24]  Jcore= -10.0 K, Jshell= -0.33 Jcore, Jint=-0.33 Jcore, and the 
anisotropy constants taken also from standard bulk values  
Kshell= 0.34 K/spin, and Kcore= 0.005 K/spin. Fig. 14 shows the 
results of the simulations obtained using the values above. No 
apparent loop shift can be observed even after FC in a field 
hFC= 4 K. The absence of loop shift has to be traced back to 
the behavior of the core interfacial spins, which are know to 
give rise to the EB. As can be seen in Fig. 14b, 14c, these 
spins completely reverse under the field reversal and none 
remains pinned as it is necessary to get a unidirectional 
anisotropy and, consequently a loop shift. In this case, the 
absence of  EB might be due to the much smaller values used 
for Kcore than for Kshell. Therefore, we further performed a 
series of simulations in which Kshell was deliberately increased 
from the bulk value up to 200 times this value (see the results 
in Fig. 14 and legend). Even though a progressive reduction of 
the coercive field is observed as Kshell is increased, no 
appreciable loop shift could be observed neither since core 
interfacial spins continue to rotate with the field inversion. 
 

 
Fig. 14. Case for MnO/Mn3O4 with real numbers 
 
 

CONCLUSIONS 
 
We have probed and presented simulations of a model for two 
core/shell nanoparticle: the first one with FM core and AFM 
shell, and the second one on an “inverted” nanoparticle with 
AFM core and FM shell. 
In both cases the phenomenology associated to EB in 
core/shell nanoparticles have been presented in our 
simulations of a model for these systems which explicitly 
takes into account the microscopic parameters characterizing 
core/shell interface. 
For the FM/AFM case the obtained hysteresis loops after FC 
present shifts along the field axis which are directly related to 
the existence of a fraction of uncompensated spins at the shell 
interface that remain pinned during field cycling. As well, was 
possible set up the existence of an inverted relationship 
between the anisotropy constant of the shell and the 
magnetization since in the probes whereas Kshell increases the 
net magnetization decreases. Further parameter as the 
presence of crystals in the nanoparticles reveals other big 
relations with the coercive and exchange bias fields. Further 
was considered in simulations of microscopic models among 
them the role of varying the field cooling angle.  
For the inverted nanoparticles we studied the role of the 
exchange constant at the interface and the role of add real 
values in the simulations  results that showed that compute 
those parameters can be a way to obtain the macroscopic EB 
fields to make a big approach to real samples.  
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