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Dependence of training effect on the antiferromagnetic structure of exchange-bias
bilayers within the domain-state model
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The influence of the antiferromagnetic thickness and dilution on the training effect is investigated with the use
of an atomistic model for the magnetic interaction for constant temperature. We analyze the phenomenology in
both ferromagnet and antiferromagnet in terms of hysteresis loop quantities and stable spin populations during
training. While for small antiferromagnetic layer thicknesses we observe thermal training, an increase in the
AFM thickness leads to athermal training. In contrast an increase in the AFM dilution leads to athermal training,
while in low dilution we observe thermal training. At a value of dilution in the range of 30–40%, we observe the
largest exchange-bias field with the smallest training effect. The domain structure of the antiferromagnet changes
rapidly with dilution, which is shown to give large changes in the training effect.
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I. INTRODUCTION

Exchange bias (EB) bilayers consisting of a ferromagnet
(FM) in contact with an antiferromagnet (AFM) exhibit a
horizontally shifted hysteresis loop usually accompanied by a
gradual degradation of this shift during consecutive hysteresis
loops. This is known as the training effect, which often
involves a reduction of the coercivity in addition to the shift.
Although EB systems were first studied by Meikljohn and
Bean [1] six decades ago and are being used extensively in
giant magnetoresistance or tunnel magnetoresistance-based
spintronics devices [2–4], many fundamental aspects of the
EB mechanism are still not well established.

The training effect in EB was first discovered by Pacard
et al. [5] and is present in both systems with polycrystalline
AFM layers [6–10] and with a single crystalline AFM [3].
Neutron reflectivity experiments in the Co/CoO system [11,12]
showed a transition in the FM from a single-domain state
during the first cycle to a multidomain state for subsequent
cycles. Studies of this effect showed that it is related to the
behavior of the AFM [13] and the direction of the frozen AFM
spins [14].

We consider the training effect in the domain-state
model [15] by means of Monte Carlo simulations as has
been demonstrated previously [16–18]. This model considers
domains in the AFM created during the initial cooling process
due to a dilution of the AFM with nonmagnetic defects. These
defects give rise to pinning, leading to metastable domain
structures whose evolution is responsible for the training
effect. In the framework of the domain-state model a range
of phenomena have been investigated, such as the dependence
of EB on the AFM thickness [19] and the dilution [20].

In our previous work [17], the training effect was charac-
terized as thermal or athermal [21], based on the characteristic
evolution of the EB field with hysteresis loop cycles. Athermal
training is characterized by a large shift of the descending
branch of the first loop relative to the change of EB field
during subsequent hysteresis cycles. In contrast, in thermal
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training, the evolution of the EB field changes as a function of
hysteresis cycles are driven by thermally activated magnetiza-
tion processes and follow the empirical power law proposed
by Pacard et al. [5]. In order to explain these results, we
analyzed the number of the pinned spins of the AFM interface
as well as their magnetization [18] using a stability analysis
during the magnetization reversal process. We found a large
increase of the number of stable spins from the first to the
second hysteresis cycle. After the second loop the population
of stable spins remains constant. The stable spins give rise to
the corresponding stable part of the irreversible domain-state
magnetization, which was shown to be connected to the EB
field. In the case of athermal training, the magnetization of the
stable spins remains constant after the second hysteresis loop.
However, in the case of thermal training this magnetization
decreases further. The unstable spins were grouped further into
those which follow the FM magnetization and those which
follow the magnetic field, the latter behavior arising from
frustration effects.

Although the previous work studied thoroughly the inter-
facial spins because they contribute more to the EB and its
response during training, the bulk spins, which are found to
remain stable with finite magnetization during consecutive
hysteresis loops, nonetheless contribute to the overall behavior
of the EB bilayers and specifically to the training phenomenon.
It is the purpose of the current paper to present a detailed
study of the effect of the structure of the AFM in order to
understand its role for EB and the training effect. In particular,
we study how interfacial and bulk stable spins respond to a
change of the thickness and of the dilution of the AFM, which
is necessary for an understanding of the complex behavior of
the EB training effect.

II. MODEL AND ANALYSIS

In order to describe the EB system consisting of a
FM monolayer exchange coupled to an AFM with tAFM

monolayers and dilution p with nonmagnetic impurities,
we used a classical Heisenberg model. The overall sys-
tem is chosen to be of lateral size 128 × 128 atoms,
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which guarantees that an AFM domain structure fits into
the system and that the results are not subjected to
finite-size effects. Open boundary conditions are used in

the out-of-plane direction and periodic boundary conditions
are used in the lateral directions. Thus, the total Hamiltonian
of our system is

HTOT = −JFM

∑

〈i,j〉
∈FM

Si · Sj −
∑

i∈FM

(
dxS

2
ix + dzS

2
iz

) −
∑

i∈FM

μB · Si

− JINT

∑

(i ∈FM,

j∈AFM)

Si · εjσ j

− JAFM

∑

〈i,j〉
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εiεjσ i · σ j −
∑
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εikxσ
2
ix −

∑

i∈AFM

μB · εiσ i , (1)

where the first line describes a FM and the third line an AFM
according to the classical Heisenberg model, and it is noted
that the exchange interaction summations are limited to nearest
neighbors. The second line describes the interaction between
FM and AFM, where, for simplicity, JINT is assumed to be
equal to |JAFM| [22]. The quantities Si and σ i are unit vectors
describing atomic spins with magnetic moment μ. FM and
AFM spins are described by a classical Heisenberg model
using vector spins coupled with the nearest neighbor exchange
constants JFM and JAFM = −JFM/2 considering simple cubic
crystal packing. These exchange constants determine the Curie
temperature of the FM and the Néel temperature of the AFM.
The magnetic field B is applied at an angle of 20◦ to the x

axis and in the x-y plane, in order to justify the direction
of switching. The Néel temperature was calculated for each
individual system (results not shown) and as expected, for
increasing AFM dilution, it decreases since the long-range
ordered AFM state is less favored due to the lack of nearest
neighbors. Néel temperature increases asymptotically to a
stable value with an increase of AFM thickness, due to the
increase of stability offered for the extra layers.

A uniaxial magnetocrystalline anisotropy is introduced
both in the FM and in the AFM. The anisotropy constant
dx = 0.1JFM of the FM sets the zero-temperature limit for the
coercive fields for magnetization reversal by coherent rotation
(Stoner-Wohlfarth limit) with easy axis oriented along the x

axis. An additional uniaxial easy plane is introduced for the
modeling of the dipolar interaction of the FM monolayer (z
axis as hard axis with anisotropy constant dz = −0.1JFM)
including the shape anisotropy of the film. However, its
strength does not influence our results. Similarly for the
AFM anisotropy, the anisotropy constant kx = JFM was chosen
according to ab initio calculations for IrMn, showing a very
large anisotropy [23]. Finally, the AFM dilution is introduced
using the random variable εi = 0,1, with individual values
determined such that p = N−1 ∑

εi is the packing fraction of
the AFM spins.

The system is investigated using Monte-Carlo simulation
techniques, implemented as a heat-bath algorithm (for details
see Ref. [24]) with the trial step, number of realization, and
the procedure for the training effect being the same as in
our previous work [17,18]. The AFM thickness was varied
from 2 AFM layers up to 10 layers and the AFM dilution

from zero to 0.7. In order to set the EB system for training
effect calculations, a cooling process was performed using
0.5 × 106 Monte-Carlo steps, starting from kBT = 3.4JINT

down to kBT = 0.15JINT. At this temperature, the consecutive
hysteresis loops were calculated using at the beginning of each
loop the final state of the previous loop as the initial state.

We characterize the training using the power law of Pacard
et al. [5] for fitting the EB field as a function of the number of
hysteresis loop cycles. The following procedure developed in
Ref. [17] is applied. The empirical power law between the EB
field (Heb) and the number of consecutive loops (N ) is given
by [5]

Heb(N ) = He
eb + k/

√
N, (2)

where k is a constant and He
eb is the exchange bias remaining

after an infinite number of loops. This law holds only for
N > 1 and, consequently, cannot describe the steep training
effect between the first and the second loop. Thus, we further
used the recursive sequence introduced by Binek et al. [25–27]
for fitting. The recursive sequence relating the EB field to the
number of consecutive loops is given by

Heb(N + 1) = −g
(
Heb(N ) − He

eb

)3 + Heb(N ). (3)

g is a constant and He
eb is the equilibrium exchange-bias

field. According to Binek [26], large values of g can be
interpreted as small absolute training effects meaning small
deviation from the equilibrium EB field. Small values of g

correspond to large absolute training effect. Also, in Ref. [27],
the steepness parameter C is defined as C = [Heb(N = 1) −
Heb(N = 2)]/[Heb(N = 1) − He

eb]. For C ≈ 1 the system
exhibits steplike behavior after the first cycle, while C < 1 is
characteristic of gradual behavior of the EB field as a function
of the number of cycles for N > 2. For clarity, we used the
normalized quantities κ = (k × 10−3)/JINT and γ = −g ×
(103JINT)2. Although previously [17] we used the difference
between the first cycle EB and the power law prediction,
the steepness parameter gives a better representation of the
athermal training as represented by the large initial step.

The training effect in the AFM is manifested as a shift of the
left-hand magnetization during reversal, along the horizontal
and the vertical axis. The vertical shift of the AFM interface

184405-2



DEPENDENCE OF TRAINING EFFECT ON THE . . . PHYSICAL REVIEW B 89, 184405 (2014)

magnetization is termed the irreversible domain-state magne-
tization Mirr [16] and is considered to be responsible for the
EB field Heb. Heb and Mirr are linearly related with a constant
of proportionality dependent on the AFM spin concentration,
specifically Heb/JINT = (1 − p)Mirr. Furthermore, we analyze
the behavior of spins of the AFM. These are characterized as
stable and unstable spins with some of the latter ones found to
be frustrated. In order to achieve the separation into categories,
we use a criterion to calculate their population based on a cutoff
angle separating the stable from the unstable spins, which we
developed in Ref. [18]. Then we investigate the magnetization
of the stable AFM interfacial spins (Msis), which is correlated
to the Mirr and consequently to the EB field Heb, thereby
playing a role in the training effect.

III. RESULTS

We have used the MC model in an extensive investigation of
the effects of the magnetic structure of the AFM in the domain-
state model. We analyze the results in both ferromagnet
and antiferromagnet in terms of hysteresis loop quantities
and stable spin populations during training. In the following
sections we describe the thickness dependence of the training
effect and also the effects of dilution.

A. AFM thickness dependence of the FM behavior

Our results for the thickness dependence of the training
effect are shown in Figs. 1(a) and 1(b). The results for the first
and second loop are shown as well as the equilibrium value
obtained via the implicit sequence. The fitting parameters κ ,
γ and the steepness parameter C are shown in Fig. 1(a). The
AFM has 40% dilution in which the training effect and EB field
achieve maximum values, as we will see in the next section.

The EB fields of the first loop as well as the second loop
decrease with increasing AFM thickness; we note here that the
thinnest layer studied is sufficiently stable to support EB. This
result is in good agreement with experimental findings found
for EB systems with diluted epitaxial CoO [28].The strength
of the training effect (measured by the κ and the inverse γ )
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FIG. 1. (Color online) AFM thickness dependence of the training
effect. (a) Thickness dependence of the fitting law parameters κ , γ

and C obtained as explained in the text. The colored arrows and
markers show the AFM thicknesses that are going to be used in Fig. 3.
(b) H 1

eb and H 2
eb: EB field of the first and the second hysteresis loop,
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eb: Equilibrium EB field following the power law fit.
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FIG. 2. (Color online) AFM thickness dependence of the training
effect of the coercive fields. H 1

C+ and H 2
C+: Positive coercive field of

the first and the second hysteresis loop, respectively. Similarly for the
absolute value of the negative coercive field.

has a maximum value for the smallest thickness (tAFM = 2).
This is due to the fact that additional AFM layers offer more
stability to the system as well as to the created domains so
that the training effect is smaller. In addition, the EB field for
large values of thickness tends to a constant nonzero value.
Particularly, for AFM thickness larger than six layers, the EB
field and the training effect seem not to be affected by the
extra AFM layers. This will be examined more thoroughly in
the next section, where the AFM spins are analyzed.

From Fig. 1(a) the fitting parameter κ is seen to decrease and
γ to increase with increasing AFM thickness. Consequently
it is apparent that for low AFM thicknesses the EB field
continuously decreases without reaching the equilibrium value
of the EB field in a finite number of loops. For the thickest
AFM, κ is close to zero and γ has increased to finite values
meaning small absolute training effect with small deviation
from the equilibrium EB field. The steepness parameter
C remains constant and much smaller than one showing
more gradual behavior of EB field of the second cycle than
steplike behavior. For small tAFM the training is predominantly
thermal with a transition to predominantly athermal training at
tAFM ∼ 6 layers. This is because the maximum of κ of the
training effect as a function of temperature is shifted towards
higher temperatures for higher AFM thicknesses, as was
previously shown [17]. Thus, for constant temperature with
increasing thickness the training effect strength, measured by
κ or γ , decreases coinciding to zero value.

Figure 2 shows the training effect of the positive and
negative coercive field. For simplicity the absolute value of
the negative coercive field is used. It can be concluded that the
training effect occurs predominantly in the negative coercive
fields since there is hardly any difference in the subsequent
curves for the positive coercive fields. This means that one
finds a decrease in coercivity both during cycling over several
loops and with increasing AFM thickness. With increasing
AFM thickness, the negative coercive field decreases reaching
an asymptotic value for thickness larger than six AFM
monolayers, similar to the trend of EB field. The coercive field
has to overcome the barrier that is created by the irreversible
magnetization of the AFM which tries to orient the FM along
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FIG. 3. (Color online) Training effect of (a) the concentration
of stable spins in the AFM bulk and interface, (b) and (c) their
net magnetization Msis,Msbs for different AFM thicknesses. Also,
the irreversible domain-state magnetization of the AFM interface is
drawn for comparison on (b).

its direction [29]. Thus, the coercivity behavior is due to the
decreasing irreversible magnetization of the AFM interface
with increasing AFM thickness as is depicted in Fig. 3 and
will be discussed in the next section thoroughly.

According to Zhang et al. [9], when the positive branch
of the loop shifts toward the positive field direction during
hysteresis cycling, we have Type II training effect. When
it moves toward the negative field direction, it is Type I
training effect. This effect is not predominant in our system,
as the positive coercive field remains roughly constant during
consecutive hysteresis loop. If we enlarge the scale of Fig. 2
around the positive coercive fields (result not shown), we will
see a decrease (Type I) or increase (Type II) in the coercive
field but being quite negligible. This is due to the fact that our
system does not have granular structure.

B. Thickness dependence of the AFM behavior

Here we study in detail the most important properties of
the AFM layer in relation to the training effect. In particular
we are interested in the behavior of the stable AFM spins.
This is achieved using the technique developed in Ref. [18].
The analysis involves a criterion to assign a spin to a given
state based on a cutoff angle separating the stable from the
unstable spins. To achieve that we calculate the distribution
of reversal angles. The formal criterion used in the following
to distinguish stable and unstable spins is based on using as
a cutoff angle the angle that separates the main peaks of the
distribution of reversal angles. This, of course, is only valid
when the peaks are well defined, which we use as a criterion
for the validity of the analysis.

Figure 3(a) shows the concentration of stable AFM in-
terfacial and bulk spins, Fig. 3(b) shows the dependence of
Msis and Mirr on the number of consecutive loops for systems
with different AFM thicknesses, and Fig. 3(c) shows the
dependence of the magnetization of stable bulk spins Msbs.
This is calculated similarly to Msis, but considering the stable
spins in the AFM bulk, excluding those in the interfacial
monolayer.

The concentration of the stable AFM interfacial spins
decreases with decreasing AFM thickness as the additional
layers in AFM are known to offer more stability to the interface
and consequently more spins are pinned [18]. Furthermore,
this concentration increases steeply from the first to the second
hysteresis cycle as many spins, initially trapped in metastable
states, achieve lower energy, having more stable states after the
first hysteresis cycle. Also, the magnetization of these spins
Msis decreases with increasing hysteresis loop cycles, as shown
in Fig. 3(b). This is caused by the increasing concentration
of stable spins [Fig. 3(a)] which are directed along negative
direction. Also, this behavior is similar to that of the Mirr which
correlates with the behavior of the EB field as demonstrated in
our previous work [18]. Systems with thicker AFM exhibit
smaller magnetization of the stable AFM interfacial spins
essentially due to the different domain structure favored by the
larger thickness. Predominantly thermal training is exhibited
for low AFM thickness (tAFM < 7) along with decreasing Msis

and stable concentration of AFM interfacial spins after the
second loop. Athermal training is exhibited for large AFM
thickness (tAFM > 6) with stable Msis after the second loop,
but with smaller values of EB field.

Similarly to the interface spins, the concentration of the
stable AFM bulk spins decreases with decreasing AFM
thickness. In all cases, the concentration of the stable spins
of all layers in the bulk remains roughly stable with increasing
hysteresis loops. Similarly, the magnetization of these spins
Msbs [as shown in Fig. 3(c)] remains constant at nonzero value
during consecutive hysteresis cycling, as was also shown by
other investigations [30–32]. This means that no contribution
to the training effect (in the magnetization of the stable spins)
arises from the bulk spins; interfacial spins are responsible for
the training effect.

In order to further investigate the behavior of the bulk AFM,
we calculate the magnetization of the stable spins of each AFM
monolayer Msmls, as shown in Fig. 4. For EB systems with
ten AFM monolayers, the magnetization of each individual
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FIG. 4. (Color online) Stable AFM spins magnetization layer
depth profile for EB systems with five and ten AFM layers. The
pink region represents the position of the FM, which is in contact
with the first AFM layer (interface) and followed by the other
AFM monolayers. Lines are guides for the eye. M1
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Magnetization of the stable spins in the monolayers during the first
and the tenth hysteresis loop, respectively.

AFM monolayer decreases to a constant value with increasing
depth from the interface. For larger depths (>6th monolayer),
the magnetization fluctuates symmetrically around this value.
This behavior shows that the interface (the FM part more
specifically) affects the magnetization of the stable spins up
to 6th monolayer. EB systems with five AFM monolayers
exhibit only a decrease in Msmls similarly to the behavior
of EB systems with ten AFM monolayers up to that depth.
The magnetization oscillation for depths larger than the 6th
monolayer shows that these layers behave like an independent
AFM with no interaction with the FM. The symmetrical
magnetization fluctuation in pairs of monolayers is due to the
imbalance between positive and negative stable spins created
by the domain formation.

This behavior is consistent with the mechanism predicted
in previous work in the domain-state model [19]. More
specifically, it is well known [33] that large effective magnetic
fields imply small domains and vice versa. When the AFM
consists of ten layers, nine of them are only exposed to the weak
external field forming larger domains. The coupling of these
layers to the AFM interface layer then results in a coarsening
of the domains at the interface. Consequently, the domain
size becomes layer dependent and increases with increasing
depth of AFM interface. Furthermore, domains walls which
are perpendicular to the interface extending through the whole
AFM layer, are energetically unfavorable. Obviously, for large
depths the domain structure should become independent of the
interface layer as seen in Fig. 4.

C. AFM dilution dependence of the FM behavior

Our results for the dilution dependence of the training
effect are shown in Fig. 5. The AFM has a thickness of two
monolayers which corresponds to the maximum training effect
and EB field, as seen in the previous section. The results for the
first and second loop are shown as well as the equilibrium value
obtained via the implicit sequence. The EB fields of the first
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FIG. 5. (Color online) AFM dilution dependence of the training
effect. (a) Dilution dependence of the fitting law parameters κ , γ ,
and C obtained as explained in the text. The colored arrows and
markers show the AFM thicknesses that are going to be used in Fig. 7.
(b) H 1

eb and H 2
eb: EB field of the first and the second hysteresis loop,

respectively. He
eb: Equilibrium EB field following the power law fit.

loop as well as the second loop increase with increasing AFM
dilution before reaching an optimum dilution (∼50%). This
is because dilution favors the formation of domains leading
to an increase of the magnetization in the AFM and thus to a
strong increase of the EB upon dilution. At higher dilutions,
the EB fields decrease due to a loss of connectivity of the
AFM spin lattice and a corresponding decrease of the Néel
temperature. The training effect becomes more apparent for
dilutions higher than 30%. The training effect seems to be
maximum when the EB field has its maximum value, and
minimum for dilutions of 0–30%. There is good qualitative
agreement with the experimental findings of Keller et al. [20];
specifically a similar trend for the EB field was found. In
Ref. [20] the optimum EB field occurs for lower dilution than
predicted by our model. This may be because their values of
dilution are underestimated due to the fact that in a real thin
film there are other structural defects and vacancies beyond
dilution that are unmeasurable.

As can be seen from the variation of the fitting parameter
κ and γ , the training effect increases with increasing dilution,
for values larger than 30%. Thus, for high dilutions, after the
first loop the EB field continues to reduce rapidly remaining
in a frozen state unable to reach the equilibrium EB field.
Also, there is an increase of the steepness parameter C with
increasing dilution showing a more steplike behavior for the
second cycle’s EB field. For low dilutions, C is around or
less than zero which is an artifact of the calculation of C for
EB field values close to zero with no training effect. In total,
these characteristics show thermal training effect. This is due
to the reduction of the size and connectivity of the AFM spin
lattice. Subsequently, the domain-wall motion becomes easier
upon FM magnetization reversal leading to an increase of the
training effect.

Finally, in Fig. 6 is shown the training effect of the positive
and negative coercive field as a function of the AFM dilution.
As before, for simplicity the absolute value of the negative
coercive field is used. Consistent with the previous trends of
the coercive field, it can be concluded that the training effect
occurs predominantly in the negative coercive fields since there
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FIG. 6. (Color online) AFM dilution dependence of the training
effect of the coercive fields. H 1
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C+: Positive coercive field of

the first and the second hysteresis loop, respectively. Similarly for the
absolute value of the negative coercive field.

is little difference in the subsequent curves for the positive
coercive fields. This happens for dilutions larger that 30%.
Both coercive fields, above 30% dilution, increase showing a
total increase of the coercivity of the FM.

D. The effect of dilution on the AFM behavior

Figure 7(a) shows, for systems with 0%, 40%, and 70%
AFM dilution, the dependence of concentration of AFM
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interfacial stable spins on the number of hysteresis cycles.
In general, systems with lower AFM dilution have more
stable spins compared to higher AFM dilution at the same
temperature and AFM thickness. More specifically, for zero
dilution the AFM interface is totally stable even after several
hysteresis cycles. This indicates that all the interfacial spins
are pinned. With higher AFM dilution, the concentration of the
stable interfacial spins increases with hysteresis loop cycles.
This increase is largest for 70% dilution, which is the highest
dilution considered. Regarding the thickness dependence, the
increase in the stability increases the EB field. However, the
increase in the number of stable spins with hysteresis cycle
leads to a decrease in the EB field. This apparent contradiction
arises from the fact that it is possible that the more stable
state is more compensated, thus leading to a smaller EB field.
As a result we cannot characterize the EB field with the
concentration of stable spins alone. Consequently, we need
to investigate the magnetization of these spins.

In Fig. 7(b), the dependence of the magnetization of the
stable AFM interfacial spins Msis on the number of consecutive
loops is shown along with the Mirr for comparison. These two
quantities are multiplied with the AFM interfacial spin concen-
tration for a better connection with the EB field results. For zero
dilution, the magnetization of the stable AFM interfacial spins
is zero and all the spin are stable. This shows a fully compen-
sated AFM interface, as all the spins are stable independently
of the number of the consecutive hysteresis loop, resulting in
zero EB field and no training effect. For 40% and 70% dilution,
the concentration of the stable AFM interfacial spins remains
stable after the second loop. Despite that, the Msis for 70% dilu-
tion decreases (thermal training) and for 40% dilution remains
stable (athermal training) after the second loop. As previously,
the Msis and the Mirr are in very good quantitative agreement.

Finally, the remanent magnetization of the AFM interface
is calculated, i.e., the reversible domain-state magnetization
Mrev, with the results shown in Fig. 8. This is the height of the
AFM hysteresis loop and is calculated from the magnetization
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values at the center of the shifted hysteresis loop. The
reversible domain-state magnetization for zero dilution is zero,
meaning that there is no hysteresis and the interface is fully
compensated, as shown in the inset of Fig. 8. In this case
the AFM interface has only two large domains with their
spins fully compensated. Also, their domain walls reside
mostly between spins, with very little use of the nonmagnetic
defects. With increasing dilution, up to 30%, the reversible
and irreversible domain-state magnetization have the same
value, meaning that the hysteresis is shifted fully towards
the positive AFM interfacial magnetization axis. Thus, always
after the first reversal of the magnetic field, this magnetization
has almost zero value. For higher values of dilution, the
interface becomes uncompensated with quite high reversible
domain-state magnetization. In this case, there are many small
AFM domains as the energetically favorable state due to
the dilution. This means that their domain walls are passing
through the magnetic defects.

IV. CONCLUSIONS

The influence of different AFM thicknesses and dilutions
in an EB system were investigated using Monte Carlo
simulations. The EB systems had uniaxial FM anisotropy, and
the investigation was carried out at constant temperature. We
investigated the training effect in the FM using fitting laws and
in the AFM using stability analysis. For low AFM thicknesses,
the EB field shows a gradual decrease in the second and
subsequent loops, indicating thermal training. In contrast the
EB field remains constant during consecutive hysteresis loops
for high AFM thicknesses which shows athermal training.
The training effect, the exchange-bias field, and the coercivity

converge to a constant value for AFM layer thickness larger
than six monolayers.

We analyzed the depth profile of the AFM in order to explain
the aforementioned behavior of the EB field and training effect.
The magnetization of the stable spins of each AFM monolayer
decreases to a constant value with increasing depth. This value
is achieved for depths larger than six AFM layers, at which the
FM part of the interface has no effect on the AFM. Also, from
this analysis, we see that the training effect is only observed
on the interface AFM layer without any influence from the rest
of the AFM monolayers.

The investigation of the dependence of the training effect
on the AFM dilution showed that large dilutions give rise
to athermal training, while for low dilution we observe
thermal training. For zero dilution, the AFM interface is fully
compensated with all the spins being stable independently of
the number of hysteresis loop cycles resulting in a stable EB
field and no training effect. There is predicted to be an optimum
value of dilution which gives the largest exchange-bias field
with the smallest training effect. In our simulations this
occurs at a dilution of 30–40%. The domain structure of the
antiferromagnet changes rapidly for different dilutions. For
zero or low dilutions, there are only two domains with their
spins fully compensated, while for higher dilutions there is a
multidomain state.
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