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An investigation of the temperature dependence of the training effect of various exchange coupled bilayers 
with different types of anisotropy is presented. We use an atomistic model for the magnetic interactions within 
a classical Heisenberg spin Hamiltonian, In general, the behavior of the exchange-bias field is separated into 
low- and high-temperature regions, This separation is made according to the trend of exchange-bias field after 
the second hysteresis loop and the parameters .of the power-law fit for these fields. It is found that with 
increasing antiferromagnetic thickness, systems follow the same temperature trend but with lower values of the 
exchange-bias field and a weaker training effect. This is due to the fact that thicker antiferromagnetic layers 
lead to increased stability of the antiferromagnetic domains. Also, the behavior of the coercive fields is 
investigated, concluding that the training effect occurs predominantly in the first half of the hysteresis loop. 

I. INTRODUCTION 

Exchange bias (EB) is the phenomenon in which the hys­
teresis loop of a system, usually comprising of two coupled 
magnetic materials with different magnetic orders, is shifted 
along the magnetic field axis. The most common EB system 
is a bilayer consisting of a ferromagnet (FM) in contact with 
an antiferromagnet (AFM). This unidirectional magnetic an­
isotropy is induced after cooling the system below the block­
ing temperature TB of the system while, above this tempera­
ture, the shift ceases to exist. Furthermore, EB is often 
accompanied by an enhancement of coercivity and by a 
gradual degradation of the EB field during consecutive hys­
teresis loops. The latter is known as the training effect, which 
is often observed in connection with a change in shape of the 
hysteresis loop in addition to the reduction in the EB field 
and coercivity. However, according to Hoffmann,1 some sys­
tems do not exhibit training effects. Although EB systems are 
being used extensively in giant magnetoresistance - or tun­
neling magnetoresistance-based spintronic devices,2-4 a full 
microscopic theory that explains the huge range of experi­
mental results is still not established. 

In 1956 Meiklejohn and Bean5 observed EB for the first 
time in fine Co/CoO particles after an initial field cooling 
process. They suggested an intuitive model6 with an ex­
change coupling between the FM and an uncompensated 
AFM interface, which resulted in an EB field two orders of 
magnitude larger than the experimental ones. Subsequently 
N&£ and Mauri et al. 8 considered a domain wall created in 
the AFM parallel to the interface, during field reversal. Later 
many other models considered this type of mechanism, for 
example, Koon9 generalized this mechanism for the case of 
compensated interfaces, with the spins restricted to the inter­
face plane. However, it was shown later by Schulthess and 
ButlerlO that if in Koon's model the spins are not restricted to 
an x-y plane the EB vanishes. On the other hand, Maloz­
emoff's modelll- 13 used domain walls that are perpendicular 
to the plane of the AFM interface. These domain walls are 
favored by a roughness of the interface between AFM and 
FM. Numerical investigationsl4 of EB dependence on the 
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interface roughness were shown to coincide with Maloz­
emoff's model for minimal bulk dilution and interface 
roughness. 

In 2000, a new model15 was introduced considering do­
mains in the AFM created during the initial cooling process 
due to a dilution of the AFM with nonmagnetic defects. The 
resulting shift of the hysteresis loop was attributed to the 
exchange interaction of the FM with the irreversible magne­
tization of the AFM domains. The domain walls are pinned 
at the defects causing the metastability of the domains. In the 
framework of the so-called domain state model a range of 
phenomena has been investigated, such as the dependence of 
EB on the AFM thickness,16 the dilution,17 the temperature, 
and also the training effect. 18 The validity of the domain state 
model is supported by experimental resultsl9- 21 as well as by 
direct spectroscopic observations.22,23 

The training effect was first discovered by Paccard et al. 24 

in Co-CoO and NiFe-AFM systems. Training effects are 
present in heterosystems containing polycrystalline AFM 
layers25-29 as well as in systems with a single crystalline 
AFM (Ref. 3) (with a reduced effect) and in all ferrimagnetic 
bilayers.3o N6eJ1 claimed that the training effect in EB sys­
tems is an effect similar to training effect in a FM. He as­
sumed that the phenomenon is related to the negative cou­
pling between FM domains, which will be caused by an 
atomic step on the AFM interface. 

As shown by Hoffmann'sl model and supported by many 
experimental results, the training effect can be divided to 
thermal and athermal effects. This distinction'was introduced 
first by Femandez-Outon et al,3l and is based on the behav­
ior of the first loop EB field. The athermal training is con­
sidered to be the large shift of the descending branch of the 
first loop, which persists even at very low temperatures 
where the thermal training, driven by thermally activated 
magnetization processes, ceases to exist. 

The initial cooling procedure produces an AFM spin 
structure which may be in a metastable state; the training 
effect can then be considered to be the macroscopic signature 
of the configurational rearrangement of the spin structure to­
ward equilibrium. Despite that, because of the variety of ex­
perimental results, the uniqueness of the mechanism has to 
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be questioned. These reconfigurations could be a reorienta­
tion of the AFM domains at the AFMIFM interface during 
field reversal or domain wall movements. Certainly, the AFM 
domain state of three-dimensional systems is metastable, 
giving rise to nonequilibrium phenomena and, consequently, 
to training effects. 

In the present paper we will focus on the behavior of the 
FM for different EB systems using Monte Carlo simulations 
of the domain state model. We will investigate systems with 
uniaxial and biaxial anisotropies and different AFM thick­
nesses. The present paper is organized as follows. In the next 
section we give a brief description of the model used, includ­
ing especially the terms for uniaxial and biaxial anisotropies. 
In Sec. rn, our results are discussed in two subsections. The 
first one is on the hysteresis loop and EB field behavior, 
introducing the power-law fit for further analysis. The second 
subsection discusses the behavior the coercive fields. 

II.MODEL 

The model which is used in the following is a classical 
Heisenberg model for a FM monolayer exchange coupled to 
a diluted AFM (two or five monolayers). The overall system 
is a multilayered film of lateral size of 128 X 128 atoms for 
all the cases of this study. The lateral system size was varied 
in order to check that the results are not subjected to finite­
size effects. This size used guarantees that an AFM domain 
structure fits into the system. Simple cubic crystal packing is 
used with periodic boundary conditions in the lateral direc­
tion and open boundary conditions in the out-of-plane 
direction. 

FM and AFM are modeled as classical Heisenberg spins 
coupled with nearest-neighbor exchange constants JFM and 
JAFM=-JFMI2. These exchange constants determine the Cu­
rie temperature of the FM and the Neel temperature of the 
AFM, respectively. To obtain a well-defined hysteresis loop, 
a magnetocrystalline anisotropy is introduced in the FM. Its 
easy axis is the x axis with anisotropy constant dx=O.lJFM, 
which sets the zero-temperature limit for the coercive fields 
for magnetization reversal by coherent rotation (Stoner­
Wohlfarth limit). In addition the dipolar interaction is ap­
proximated by an additional uniaxial easy-plane anisotropy 
(z axis as hard axis with anisotropy constant dz=-O.lJFM), 
which includes the shape anisotropy of the film. However, its 
strength does not influence our results. For the AFM, two 
cases of magnetocrystalline anisotropy are considered: one 
with a single easy axis (uniaxial anisotropy) parallel to that 
of the FM and one with two easy axes (biaxial anisotropy) at 
45° to that of the FM. 

Thus, the total Hamiltonian of our system is 

1iTOT = 1iFM + 1iAFM + 1iINT • (1) 

Here, 1iFM is the FM Heisenberg Hamiltonian given by 

1iFM =-JFM 2: Si' Sj- 2: (drS~x+dzS~) - 2: /LB· Si' 
(i.j) ieFM iEFM 

EFM 

(2) 

where 1iAFM is the AFM classical Heisenberg Hamiltonian, 
which is given by 

1iAFM =-JAFM 2: EiEjUi ,uj+EAnis - 2: /LB· EiUi, 
(i,j} iEAFM 

EAFM 

(3) 

and 1iINT is the interaction Hamiltonian between FM and 
AFM, which is given by 

HINT = - JINT 2: Si . EjUj, (4) 
(iEFM, 

jeAFM) 

where, for simplicity, JINT is assumed to be equal to IJ AFMI. 
The interaction between FM and AFM is considered only for 
the two interfacial layers, i.e., one of the AFMs and one of 
the FMs. Also, the interface is considered perfect without 
any roughness. The quantities S; and Ui are unit vectors de­
scribing atom spins with magnetic moment /L. The magnetic 
field B is applied at an angle of 20° to the x axis and in the 
x-y plane. This angle was chosen such that systems with 
uniaxial AFM anisotropy show training effect. For larger val­
ues of this angle we have no training effect independent of 
temperature. Due to the dilution with nonmagnetic impurities 
not all AFM lattice sites have an associated spin. This is 
introduced using the variable Ei=O, 1, with individual values 
determined such that p=N-l 2,E; is the packing fraction of the 
AFM spins. 

The term E Anis describes the magnetocrystalline aniso­
tropy energy of the AFM, which is given by either 

or 

E Anis = - 2: E;kxa7x 
;EAFM 

EA~S=- 2: E;Ckpix+kyuiy) 
iEAFM 

(5) 

(6) 

for the case of uniaxial or biaxial symmetry, respectively. 
Equations (5) and (6) describe magnetocrystalline anisotro­
pies with easy axes lying in the x-y plane, with the x axis 
being the easy axis of the uniaxial anisotropy and x and y 
axes being the easy axes of the biaxial anisotropy. kx and ky 
are the anisotropy constants, with kx=ky=JFM, which create 
high anisotropy in the AFM and subsequently generates 
small domain walls with width being equal to one atomic 
site. For the case of the biaxial anisotropy,the easy axes are 
rotated by 45°, hence to be bisected by the easy axis .of the 
FM. This is due to our requirement of not to favor any par­
ticular direction because of the interface exchange interac­
tion with the FM. 

Monte Carlo simulation techniques are used to investigate 
the system implemented as heat-bath algorithm (for details, 
see Ref. 32). The AFM spin trial step consists of (i). a total 
flip of the spin or (ii) a small random movement constrained 
to a maximum angle of 22°. Both trial steps are chosen with 
equal probability. The trial step for the FM spins is only a 
small random movement constrained to a maximum angle of 
42°. The choice of the aforementioned angles and procedure 
does not affect the· results but is used to optirnize the com­
putational efficiency.32 
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FIG. 1. (Color online) (a) Parallel and (b) transverse compo­
nents of magnetization of the first (solid line) and of a subsequent 
(dashed line) hysteresis loop. The magnetization is normalized to its 
zero-temperatrtre satrtration value and the field is in units of lINf. 

The Neel temperatures were calculated for each indi­
vidual system separately using a heating process from almost 
zero temperature from the long-range ordered antiferromag­
netic state.33 The inflection point of the staggered magneti­
zation was then calculated as a function of temperature, es­
timating the Neel temperature for the uniaxial system to be 
kBTN=0.93J!N[ and 1.l4J!N[, and for the biaxial system 
kBTN=0.60JINT and 0.8IJ!N[ for two and five layer AFM 
thicknesses, respectively. The cooling process was performed 
using 0.5 X 1()6 Monte Carlo steps, starting from kBT 
=3.4J!N[ down to the desired temperatures. Each hysteresis 
loop is calculated using the same number of Monte Carlo 
steps. For the investigation of the training effect, consecutive 
hysteresis loops were calculated using each time the state of 
the previous loop as the initial state. Also, we calculated 
statistical averages of the EB field and other quantities over 
20 different realizations of random number sequences. The 
main effect of this for the simulations is the different realiza­
tions of defect distributions in the AFM. 

Ill. RESULTS 

A. Exchange-bias field 

The atomistic model presented earlier has been applied to 
calculations of systems with uniaxial and biaxial anisotropies 
for the AFM as well as different AFM thicknesses. A typical 
hysteresis loop calculated solely from the FM part of the 
system is shown in Fig. 1, where the top part shows the 

parallel (Ii) component of magnetization and the bottom part 
shows the perpendicular (.L) component. The first and the 
tenth hysteresis loops are presented. The training effect in the 
parallel component appears as a movement of the left-hand 
branch of the hysteresis loop. The training effect in the per­
pendicular component is manifested . as a decrease in the 
maximum of the left-hand magnetization during reversal. 

These findings indicate a symmetrical first loop with a 
predominantly coherent rotation as the reversal mode. This 
gradually changes to less symmetrical loops with (only) the 
left-hand branch becoming less uniform. The symmetry of 
the hysteresis loop during reversal was investigated thor­
oughly by Beckmann et al. 34,35 and was shown to depend on 
the angle between the easy axis of the AFM or FM and the 
magnetic field. As was shown, even the first loop can be 
asymmetric for certain angles. Therefore, the transition from 
a symmetric to an asymmetric mode is not a general effect, 
but it occurs for the specific angle we used in the current 
investigations (20°). For other angles, the asymmetry can 
exist from the first hysteresis loop onward. The reason for 
this behavior can be found in the change in the mean effec­
tive field acting in the FM during reversal.34 This field has 
three different contributions, namely, from the exchange field 
of the AFM, the external magnetic field, and the anisotropy 
FM field. The EB is the one which changes during training, 
causing the mean effective field to change. For the angle we 
used in this paper, during training the mean effective field 
becomes more aligned with the FM magnetization, leading to 
a smaller torque on the FM magnetization. This consequently 
favors less uniform reversal modes. 

The exchange-bias field (Heb) and the coercivity (He) 
were calculated for different temperatures for every configu­
ration. We investigated four different system configurations: 
two with a uniaxial AFM anisotropy and two with a biaxial 
anisotropy, both with two and five AFM layers. The depen­
dences of Heb and He on the hysteresis loop cycle number are 
presented Fig. 2 for different temperatures and AFM thick­
nesses for the case of uniaxial AFM anisotropy. The error 
bars indicate the statistical error due to averaging over a set 
of 20 different realizations of the defect distribution in the 
AFM. 

It is obvious that for all kind of parameters the largest 
decrease in the EB field takes place between the first and the 
second hysteresis loops. The training effect becomes weaker 
for the subsequent hysteresis loops. The coercivity shows a 
qualitatively similar training effect as observed for the EB 
field. For temperatures as low as only 1 % of the Neel tem­
perature (0.0075JinJ, Heb is reduced by about 10-15 % and 
He is reduced by about 1-2 % after ten loops when com­
pared with its initial value. This is in good agreement with 
experimental findings for epitaxial NiFelFeMn EB bilayers36 

where for a temperature of 5 K a corresponding decrease in 
Heb of about 30-35 % was found and 2-4 % for He' This 
suggests that there is a domain state in the bilayer which may 
arise from the interface roughness or nonmagnetic defects in 
the epitaxial film. 

For a better understanding of the training effect and for 
further analysis of the results, a fitting procedure was ap­
plied. The common empirical power law connecting Heb and 
the number of consecutive loops is given by 

134419-3 



1.0~ a) 

0.9tL\\,-
r-1lI-l tAFM=2, kBT/~=0.0075 
, .. k .. ) t =5 k T/ INT-O 0075 ··'·,·AFM,B -. 

- 1!l- - 1\\11 

.r:. 

~"0.8 ,:r!-+-!~l~t+~ ::::::::: 
.g 0.7 :... 

::r: 06 f\. I r- 'f -l tAFM=2, kBT/hNT=0.45 
. '- r r ~ -l tAFM=5, kBT/JINT=0.45 

05 "-i T T 0:4 - :r - -!- - ! - -r -f - ~ 
b) i-1lI -l tAFM=2, kBT/JINT=0.0075 

1.00 : tAFM=5, kBT/JINT=0.0075 ,,,,' i 
0.99' -::i-:···t.··-c···i. .. ~··t...-::::;i.,,:::-~-.k-- --~- .. --.-~-~-

-" ::t: 0.98 --:2 0.97 

0.96 

0.95 

. i- 'f -l tAFM=2, kBTjJ.INT=O.4 
i\ _ r-~-l tAFM=5,kBT/JINT=0.45 

'- -y- - I - -I. - f - -!- -f - -t~ -_ 
~ f 

1 2 3 4 5 6 7 8 9 10 
N(tt: loops) 

FIG. 2. (Color online) Training effect of (a) the exchange-bias 
field and (b) the coercivity for different temperatures and AFM 
thicknesses. AFM with uniaxial anisotropy. 

Heb(N) = ~b + kl VN, (7) 

where k is a constant and ~b is the equilibrium exchange 
bias, i.e., the remaining Heb after an infinite number of loops. 
Introduced first by Paccard et al.,24 this law holds only for 
(N) 1) and, consequently, cannot describe the steep training 
effect between the first and the second loops.· Therefore, we 
additionally analyze the difference dHeb of the power law as 
extrapolated to the first hysteresis loop and the actual simu­
lation result for exchange-bias field of the first loop, 

dHeb=H;b- (~b+k). (8) 

For clarity, we used the normalized quantltles I(=(k 
X 1O-3)IJINT and !1Heb=(dHebX 1O-3)IJINT. However, the 
power law must be fitted to the original (not normalized) 
data. Some characteristic results are illustrated for three val­
ues of temperature in Fig. 3. Here, we show the original data 
along with the power-law fits and the resulting equilibrium 
EB field. First, even if we use the power law from the first 
loop onward, the fits only work well for N> 1; for N = 1 the 
fitting fails. As we can see for the lowest temperature the 
training effect is small, and the EB field seems to remain 
stable after only a small number of consecutive hysteresis 
loops. The first hysteresis loop deviates from the power law, 
a characteristic of athermal training. For higher temperatures 
the training effect is large, with the EB field decaying toward 
a much lower equilibrium value, but again with a bigger 
difference between the first loop and the power-law fit. Thus, 
this characteristic of the athermal training remains also in the 
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FIG. 3. (Color online) Numerical results (symbols) and power 
law (p.!.) fits (dashed lines) for three different temperatures along 
with the equilibrium exchange-bias fields (horizontal lines). 

thermal training. Finally, for temperatures close to the block­
ing temperature the training effect is small, with the differ­
ence between the first loop and the power law also being 
smali, a characteristic of low or zero training effect. 

Our results for the temperature dependence of the training 
effect for the four aforementioned systems are shown in Fig. 
4. The results for the first and second loops are shown as 
well as the equilibrium value obtained via the power-law fit. 
The fitting parameters I( and the difference !1Heb are drawn 
in the upper graphs. The range of temperatures used is ac­
cording to the system blocking temperature, which is defined 
as the temperature where the exchange-bias field becomes 
zero. Due to the rescaling of the temperature range with re­
spect to the Neel temperature of each system, the real tem­
perature range is different for each of the systems. 

For the case of the AFM uniaxial anisotropy with a low 
AFM thickness [Fig. 4(a)], the strength of the training effect 
has a maximum for intermediate temperatures (TITN=O.4). 
This is because, at very low temperatures, the system is eas­
ily frozen in metastable states leading to a higher equilibrium 
EB field due to the lack of thermal excitation. By intermedi­
ate temperatures we mean temperatures in the center between 
zero and the blocking temperature of the system, i.e., the 
temperature where the EB field becomes zero. On the other 
hand for the highest temperatures the EB fields are rather 
small and drop quickly to the equilibrium value, which is 
equal to zero. In between is the temperature range with the 
highest training effect. This behavior is also apparent from 
the graph of the fitting parameter 1(, which shows a maxi­
mum at TITN=OA, while the difference !1Heb remains con­
stant for not too high temperatures. Only for the highest tem­
peratures close to the blocking temperature, !1Heb decreases. 
steeply. For the thicker AFM [Fig. 4(b)], the strength of the 
training effect follows the same trend but with the maximum 
of the training effect shifted toward higher temperatures. The 
main difference is that the additional AFM layers offer more 
stability to the system as well. as to the created domains, so 
that the training effect is smaller. 

The EB systems with a biaxial anis6tropy of the AFM 
(Figs. 4(c) and 4(d)] show some significant differences in 
comparison to the uniaxial systems. First, the EB effect ap-
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FIG. 4. (Color online) Temperature dependence of the training effect for systems with (a) uniaxial AFM anisotropy and tAFM=2, (b) 
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Ereb: equilibrium EB field following the power-law fit. Upper graphs: temperature dependence of the normalized fitting law parameter K and 
!:l.Heb obtained as explained in the text. 

pears only for lower temperatures. The resulting lower 
blocking temperature results from a lower-energy barrier for 
reversal of antiferromagnetic domains. As in the uniaxial 
case, the blocking temperature is also affected by the thick­
ness of the AFM. For higher AFM thickness the blocking 
temperature increases, once again a result of the enhanced 
stability of the system due to the increased AFM thickness. 
Second, for the case of biaxial AFM anisotropy, the training 
effect shows a different dependence on temperature. This can 
be clearly seen from the graphs of the fitting parameters. The 
power-law parameter K shows a maximum at TITN=O.3 
meaning that the training effect after the second loop is high. 
The difference .1Heb has a monotonic decrease. In total, the 
difference between these two curves is in the low­
temperature range, where we see large training effect for the 
first to the second loop but much smaller for the subsequent 
loops. Similar effects exist for both of the thicknesses of the 
AFM; but, as previously, the EB persists at higher tempera­
tures for the thicker AFM. 

The behavior of the training effect can be compared with 
the experimental trend measured by Khapikov et al. 26 for a 
granular NiO/Nis1FeI9 bilayer. If we consider that the block­
ing temperature of that system is around 250 K, then the 
lower limit of temperature range that is used is around 
TITN=0.16 in terms of our temperature units for the system 
with the uniaxial anisotropy and a thickness equal to two 
layers. Thus, for this range, the temperature dependence is 

the same and the relative decrease in the EB field due to 
training is in very good agreement (both are 30% for TITN 
=0.16). 

In general, the behavior of the EB field (where training 
exists), independent of the AFM thickness and anisotropy, 
can be separated in two regions according to the temperature: 

(1) Athermal training. This is the region with low K and 
high .1Heb, usually in the low-temperature regime. As shown 
in Fig. 3, for kBTI JINT=0.0075, the EB field of the first loop 
is significantly higher than the EB field of the subsequent 
loops. After the second loop the, EB field remains constant. 

(2) Thermal training. This is the region with high K and 
high .1Heb, usually in the higher-temperature regime, but not 
very close to the blocking temperature. As shown in Fig. 3, 
for kBTI JINT=0.375, the EB field of the first loop is still 
much higher than those of the subsequent loops. But here, 
after the second loop the EB field is continuously decreasing 
with high parameter K. 

These two kinds of training effect are connected with the 
behavior of the antiferromagnet, particularly, with the in­
crease in the stability of the AFM interface and the decrease 
in its magnetization. Our preliminary analysis suggests that 
the effect depends on the stability of the FM! AFM interface 
structure. More specifically, the interfacial spins of the AFM 
showed different behaviors during cycling. The largest por­
tion was frozen toward the easy axes of the AFM anisotropy 
creating domains, and a smaller portion-which is in the 
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FIG. 5. (Color online) Temperature dependence of the training effect of the coercive fields for systems with (a) uniaxial AFM anisotropy 
and tAFM=2, (b) uniaxial AFM anisotropy and tAFM=5, (c) biaxial AFM anisotropy and tAFM=2, and (d) biaxial AFM anisotropy and 
tAFM=5. H~+ and H~+: positive coercive fields of the first and the second hysteresis loops, respectively, similarly for the absolute value of 
the negative coercive field. The temperature axis is scaled to the Neel temperature of every system and, as previously, the temperature range 
wits adjusted according to the system blocking temperature (similar to Fig. 4). 

domain walls-rotates with the external field causing the do­
main wall motion. The training effect is connected with the 
behavior of these spins which become frozen in a specific 
direction and consequently increasing the surface of the do­
mains. This analysis is beyond the scope of the current paper 
and will be published separately. 

A similar analysis was made by Radu and Zabel,37 where 
they showed that the training effect is connected with both 
interfacial and bulk spins which move toward equilibrium 
with different rates. Also, Roy et al. 38 and Fitzsimmons et 
al. 39 analyzed the pinned and the unpinned spins not only on 
the interface but also in the bulk, characterizing them as 
compensated and uncompensated. They proposed a model 
using the results of their analysis that is consistent with our 
model and results. Finally, Morales et al.,40 using a trilayer to 
eliminate the AFMIFM interlayer exchange coupling, 
showed that EB is not a purely interfacial effect and the bulk 
AFM spins are important for the pinning of the interfacial 
spins. 

B. Coercive fields 

Because of the possible asymmetry of the hysteresis 
loops, we also investigated the coercive fields of every cycle. 
The positive and the negative coercive fields of the first and 
second hysteresis loops are shown in Fig. 5 for each of the 
aforementioned systems. For simplicity the absolute value of 
the negative coercive field is used. When the curves of the 

positive and negative fields coincide, the EB field vanishes. 
First, for all cases we can conclude 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 also that one finds a 
decrease in coercivity during cycling over several loops. This 
is caused because during the initial cooling procedure an 
AFM domain state is formed with a spin structure optimized 
for the positive field and FM magnetization direction. Obvi­
ously, this domain structure is less stable when the field and 
the FM are reversed. Hence, more changes in the domain 
structure may occur on the opposite side of the loop as com­
pared to the initial side where this structure is stable. Also, 
although nonmonotonically, the negative coercive field al­
ways decreases with increasing temperature. On the other 
hand, the positive coercive field has regional extrema. For 
the case of uniaxial AFM anisotropy, the positive coercive 
field has a minimum at rather low temperatures, TITN 
=O.OS. 

The asymmetry in the hysteresis loop is suggested to be 
an effect of increasing population of the stable antiferromag­
netic spins. More specifically, the irreversible magnetization 
of the antiferromagnetic interface decreases. This is caused 
by the increase in the stable spin population, which results in 
a decrease in their net magnetization, during consecutive 
field cycling. Thus, the unstable spin population in the 
AFM-which is responsible for the coercivity-reduces, 
causing the aforementioned behavior of coercivity. For lower 
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temperatures, the behavior of the coercive field changes rap­
idly. Experimentally41 it was shown that the origin of the 
striking difference between the first magnetization reversal 
and all subsequent reversals is an effect of a metastable 
single domain state destroyed during the first reversal and 
transformed into a stable multidomain state. 

IV. CONCLUSIONS 

In this work we have investigated the training effect of 
FM! AFM bilayers using Monte Carlo simulation of a domain 
state model for exchange bias. For the AFM uniaxial and 
biaxial anisotropies were considered as well as different 
thicknesses. For a deeper understanding a power-law fit was 
used to characterize the decay of the EB fields. Independent 
of the AFM thickness and anisotropy, the training effects can 
be separated in two regions according to the temperature: the 
athermal training region at low temperatures and the thermal 
training region for higher tempera!!!res. Systems with thicker 
AFMs follow the same temperatwl~trend but with lower val­
ues of the EB field and a weaker 'training effect. This is due 
to the fact that the extra AFM layers offer more stability to 
the system as well as to the created domains. 
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