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For a model system consisting of a ferromagnetic layer coupled to a diluted, antiferromagnetic layer exten-
sive Monte Carlo simulations are performed. Exchange bias is observed as a result of a domain state in the
antiferromagnetic layer which develops during fiel cooling, carrying an irreversible domain state’s magneti-
zation. In agreement with recent experimental observations on Co/CoO bilayers a strong dependence of the
exchange bias fiel on dilution of the antiferromagnet is found and it is shown that a variety of typical effects
associated with exchange bias, such as positive bias, temperature, and time dependencies as well as the
dependence on the thickness of the antiferromagnetic layer can be explained within our model.

PACS number~s!: 75.70.Cn, 75.40.Mg, 75.50.Lk
I. INTRODUCTION

When a ferromagnet ~FM! is in contact with an antiferro-
magnet ~AFM! a shift of the hysteresis loop along the
magnetic-fiel axis can occur which is called exchange bias
~EB!. Usually, this shift is observed after cooling the entire
system in an external magnetic fiel below the Néel tempera-
ture TN of the AFM. Although this effect has been well
known for many years1,2 its microscopic origin is still dis-
cussed controversially. For a review of the vast literature on
EB the reader is referred to a recent paper by Nogués and
Schuller.3

In the approach of Malozemoff4–6 EB is attributed to the
formation of domain walls in the AFM below TN perpen-
dicular to the FM/AFM interface due to interface roughness.
These domain walls are supposed to occur during cooling in
the presence of the magnetized FM and they therefore carry
a small net magnetization at the FM/AFM interface. This
magnetization is then stabilized towards low temperatures,
consequently shifting the hysteresis loop. However, the for-
mation of domain walls in the AFM only due to interface
roughness is energetically unfavorable and it has never been
proven.

Because of these difficultie other approaches have been
developed. In a recent model by Koon7 EB is obtained
through a mechanism in which a domain wall forms in the
AFM parallel to the interface while the magnetization of the
FM rotates. This mechanism had been proposed earlier by
Mauri et al.8 Nevertheless it was shown by Schulthess and
Butler9,10 that in this model EB vanishes if the motion of the
spins in the AFM is not restricted to a plane parallel to the
fil as was done in Koon’s work. To obtain EB Schulthess
and Butler assumed uncompensated AFM spins at the inter-
face. However, their occurrence and stability during a mag-
netic hysteresis loop is not explained, neither in their model
nor in other models11,12 although uncompensated AFM spins
were observed experimentally.13,14

In a previous paper15 we have shown both experimentally
and by Monte Carlo simulations that it is possible to strongly
influenc EB by replacing magnetic atoms by nonmagnetic
ones or by defects ~called dilution in the following! not at the
FM/AFM interface, but rather throughout the volume part of
the AFM. Therefore, in these systems the observed EB is
primarily not due to disorder or defects at the interface.
Rather, the full antiferromagnetic layer must be involved and
we have argued that in our systems EB has its origin in a
domain state in the volume part of the AFM which triggers
the spin arrangement and the FM/AFM exchange interaction
at the interface. This domain state ~DS! carries magnetization
since it develops during a cooling process in which the AFM
is in contact with a saturated FM and eventually also ex-
posed to a magnetic field Dilution favors the formation of
this state since then the domain walls can pass preferentially
through nonmagnetic sites thus reducing considerably the en-
ergy necessary to create a wall.

The DS depends on the concentration of nonmagnetic
sites resulting in a dependence of EB on this concentration.
The formation of domains with increasing dilution leads to
an increase of the excess magnetization in the AFM and thus
to a strong increase of the EB. It is very important to note
that the DS is a metastable state which develops and be-
comes frozen during cooling. Thus it is the result of a dy-
namical process which requires no further assumptions about
structure or size of the AFM domains formed.

Prominent EB systems in which the AFM has a large
anisotropy3 are CoO, investigated in the experimental part of
our work,16 or FeF2. We take this as a motivation for mod-
eling the AFM as an Ising system which, from a numerical
point of view, is an ideal candidate to study basic properties
of EB. The width of the domain walls is zero and the domain
size is small so that a significan number of domains fi into
a typical system which can be handled numerically. Note,
however, that a basic feature of our DS model, i.e., the strong
dependence of the EB fiel on dilution, is also obtained for
an AFM modeled as a Heisenberg system.17

In the present paper we will give a detailed account of our
Monte Carlo simulations of the DS model showing that a
number of puzzling experimental observations associated
with EB is obtained in our model in a straightforward way
with a minimal number of assumptions and parameters. The
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paper is organized as follows. In the next section we give a
brief review of the physics of domains in diluted Ising anti-
ferromagnets in an external fiel ~DAFF!. These systems
have been studied in great detail in the past and the physics
which emerges from these studies is important for under-
standing EB. In Sec. III our model is described and in Sec.
IV our results from Monte Carlo simulations are discussed.
For an easier comparison, these results are discussed in the
same order as in the experimental part of our work ~see the
following paper in this issue.16! Finally, we summarize in the
last section.

II. DOMAINS IN DISORDERED ANTIFERROMAGNETS

Considerable interest has been focused in recent years on
the understanding of magnetic systems with quenched ran-
domness. The diluted Ising antiferromagnet in an external
magnetic fiel is an ideal system to study typical properties
of structurally disordered systems, as there are domains,
metastability, and slow dynamics ~for reviews on DAFF see
Refs. 18 and 19!. Additionally, many of the finding of the
DAFF are also relevant for the random-fiel Ising model
~RFIM! which has been shown to be in the same universality
class.20–22

The Hamiltonian of the DAFF can be written as

H52JAFM(
^ i , j &

e ie js is j2mB(
i

e is i ~1!

with the antiferromagnetic nearest-neighbor exchange con-
stant JAFM,0 and the magnetic fiel B. The s i561 are
normalized Ising spin variables representing spins with an
atomic moment m . A fraction p of sites is left without a
magnetic moment (e i50) while the other sites carry a mo-
ment (e i51). In simulations, the defect distributions are
chosen randomly and an average over different realizations is
performed. This models materials where magnetic ions are
randomly substituted by nonmagnetic ones, as, for example,
in Fe12pZnpF2, which is the most prominent DAFF.

Let us firs focus on the phase diagram of the three-
dimensional DAFF, i.e., on equilibrium properties. In zero
fiel the system undergoes a phase transition from the disor-
dered, paramagnetic phase to the long-range-ordered antifer-
romagnetic phase at the dilution-dependent Néel temperature
TN as long as the dilution p is small enough so that the lattice
of occupied sites is above the percolation threshold. In the
low-temperature region, for small magnetic fields mB
!JAFM , the long-range-ordered phase remains stable in
three dimensions,23,24 while for higher field the DAFF de-
velops a DS,25–27 with a spin-glass-like behavior. The reason
for the domain formation was originally investigated by Imry
and Ma for the RFIM.28 Transferring the so-called Imry-Ma
argument to the DAFF, the driving force for the domain for-
mation is a statistical imbalance of the number of impurities
of the two antiferromagnetic sublattices within any finite re-
gion of the DAFF. This imbalance leads to a net magnetiza-
tion within that region which couples to the external field A
spin reversal of the region, i.e., the creation of a domain, can
hence lower the energy of the system. The necessary energy
increase due to the formation of a domain wall can be mini-
mized if the domain wall passes preferentially through non-
magnetic defects at a minimum cost of exchange energy.
Hence, these domains have nontrivial shapes following from
an energy optimization. They have been shown to have a
fractal structure with a broad distribution of domain sizes
and with scaling laws quantitatively deviating from the origi-
nal Imry-Ma assumptions.29,30

A schematic spin configuratio illustrating the Imry-Ma
argument is shown in Fig. 1. The black dots denote defects
~nonmagnetic ions or vacancies! and the solid line surrounds
a domain in which the staggered magnetization is reversed
with respect to the background staggered magnetization out-
side this domain. The number of uncompensated spins of the
domain is three and the number of broken bonds at the do-
main boundary is five Therefore, for mB.5/3uJAFMu the
shown spin configuratio is stabilized by the field

In small field the equilibrium phase of the three-
dimensional DAFF is long-range ordered. However, if
cooled in a fiel B below a certain temperature Ti(B), the
system usually develops metastable domains.31,32 The reason
for this metastability is a strong pinning which hinders
domain-wall motion. These pinning effects are due to the
dilution ~random-bond pinning! as well as to the fact that a
rough domain wall also carries magnetization in a DAFF
~following again the Imry-Ma argument! which couples to
the external fiel and hinders domain-wall motion ~random-
fiel pinning!.33 Consequently, after cooling the system from
the paramagnetic phase within an external field a DAFF
freezes in a metastable DS which survives even after switch-
ing off the field then leads to a remanent magnetization
which decays extremely slowly.34–36

The origin of domain-wall pinning is also illustrated in
Fig. 1. Consider the case in which the fiel is lowered so that
mB changes from above to below 5/3uJAFMu. Then it is en-
ergetically favorable to turn the whole domain. But the cor-
responding dynamical process will be extremely slow, since
the domain wall is pinned at the defects as well as between
pairs of spins which are aligned with the field Hence, during

FIG. 1. Schematic illustration of the Imry-Ma argument.



a movement of the domain-wall energy, barriers have to be
overcome by thermal activation. This explains why a large
domain in general will stay in a metastable state on exponen-
tially long-time scales.

As a consequence, irreversibilities can be observed in a
DAFF for T,Ti(B).26,37 During fiel cooling from the para-
magnetic state, the DAFF develops a DS with a certain sur-
plus magnetization as compared to the long-range-ordered
state which has also a finit magnetization due to the re-
sponse of the system to the field The difference between
these two magnetization curves is the irreversible surplus
magnetization stemming from the DS of the DAFF.

In Fig. 2 the considerations above are gathered in a sche-
matic phase diagram of the three-dimensional DAFF ~see
also Refs. 25–27!. Shown are the equilibrium phases—long-
range ordered ~AFM! and paramagnetic—as well as the so-
called irreversibility line Ti(B). During fiel cooling below
this line the system develops a frozen domain state. Note that
both the critical temperature Tc and the characteristic tem-
perature Ti are fiel dependent and that it is Ti(B).Tc(B)
where both these temperatures approach the Néel tempera-
ture for small magnetic field The critical temperature is a
decreasing function of the dilution p so that the region of the
phase diagram where antiferromagnetic long-range order can
occur shrinks with increasing dilution. Below the percolation
threshold no long-range order can occur.

In the following we will argue that these well-established
properties of the DAFF are the key for understanding EB.
During preparation of an EB system, the AFM is cooled
~usually! in an external magnetic fiel and additionally under
the influenc of an effective interface exchange fiel stem-
ming from the magnetized FM. Hence, the AFM will de-
velop a DS with an irreversible surplus magnetization similar
to that of a DAFF after fiel cooling. This irreversible sur-
plus magnetization then controls the EB.

III. DS MODEL FOR EXCHANGE BIAS

The Monte Carlo simulations were performed on a model
consisting of a FM monolayer exchange coupled to a diluted
AFM fil consisting of typically nine monolayers. Only in
Sec. IV F do we vary the thickness of the AFM fil studying
for a special set of parameters also the thickness dependence
of EB. The geometry of the model is sketched in Fig. 3.

FIG. 2. Schematic phase diagram of a three-dimensional DAFF.
The FM is described by a classical Heisenberg model with
nearest-neighbor exchange constant JFM . We introduce an
easy axis in the FM (z axis, anisotropy constant dz
50.1JFM! in order to obtain well-define hysteresis loops. dz
sets the Stoner-Wohlfarth limit of the coercive field i.e., the
zero-temperature limit for magnetization reversal by coher-
ent rotation (mBc52dz , in our units, for a fiel parallel to
the easy axis!. The dipolar interaction is approximated by an
additional anisotropy term ~anisotropy constant dx
520.2JINT! which includes the shape anisotropy, leading to
a magnetization which is preferentially in the y-z plane. We
checked, however, that its value does not influenc our re-
sults.

The AFM is modeled as a magnetically diluted Ising sys-
tem with an easy axis parallel to that of the FM. Thus the
Hamiltonian of our system is given by

H52JFM (
^ i , j &PFM

Si•Sj2 (
i PFM

~dzSiz
2 1dxSix

2 1mB•Si !

2JAFM (
^ i , j &PAFM
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The firs line contains the energy contribution of the FM. The
second line describes the diluted AFM and is identical to Eq.
~1!. The third line includes the exchange coupling across the
interface between FM and AFM, where it is assumed that the
Ising spins in the topmost layer of the AFM interact with the
z component of the Heisenberg spins of the FM. For the
nearest-neighbor exchange constant JAFM of the AFM which
mainly determines its Néel temperature we set JAFM
52JFM/2. For simplicity, we assume the same absolute
value for the coupling constant (JINT56JAFM) as for the
AFM leaving the sign open for later discussion. Also, we
assume that the values of the magnetic moments of FM and
AFM are identical (m). In the experimental part of our
work16 the structure and dilution of the AFM interface layer
is held fixed We do the same in the simulations and fi the
interface monolayer of the AFM at a dilution of 50% and
vary only the dilution p in the volume of the AFM.

Equation ~2! suggests a simple ground-state argument for
the strength of the bias field Assuming that all spins in the
FM remain parallel during fiel reversal and that some net
magnetization of the interface layer of the AFM remains con-
stant during the reversal of the FM a simple calculation gives
the usual estimate for the bias field

FIG. 3. Sketch of the model with one FM layer and three diluted
AFM layers. The dots mark defects.



lmBEB5JINTmINT , ~3!

where l is the number of FM layers ~in our simulations al-
ways l 51) and mINT is the interface magnetization of the
AFM per spin. For an ideal uncompensated interface one
would expect mINT51 which leads to a much too high bias
field while for an ideal compensated interface, on the other
hand, one would expect mINT50 and, hence, BEB50. Ex-
perimentally, however, often there is on the one hand no big
difference between compensated and uncompensated inter-
faces and on the other hand it is found that BEB is much
smaller than JINT / lm . The solution of this puzzle is, as will
be shown in the following, that mINT is neither constant dur-
ing fiel reversal nor is it a simple known quantity.

IV. MONTE CARLO SIMULATIONS

We use Monte Carlo methods with a heat-bath algorithm
and single-spin-fli methods for the simulation of the model
explained above. The trial step of the spin update is a small
variation around the initial spin for the Heisenberg model
and—as usual—a spin fli for the Ising model.38 We perform
typically 40 000 Monte Carlo steps for a complete hysteresis
loop.

Since we are not interested in the critical behavior of the
DS model, we do not perform a systematic finite-siz analy-
sis. To observe the domain structure of the AFM we have to
guarantee that typical length scales of the domain structure
fi into our system. Therefore, we show here only results for
rather large systems of lateral extension L3L with L5128
and we used periodic boundary conditions within the fil
plane. Nevertheless, we also varied the lateral system size L
and checked that there are no relevant finite-siz effects as
long as the system is not much smaller.

The main quantities which we monitor are the thermal
averages of the z component of the magnetic moment for
each individual monolayer normalized to the magnetic mo-
ment of the saturated monolayer. In the following we will
use reduced field b5mB/uJINTu.

A. Hysteresis

In our simulations the system is cooled from above to
below the ordering temperature of the AFM. During cooling
the FM is initially magnetized along the easy z axis resulting
in a nearly constant exchange fiel for the AFM monolayer
at the interface. The system is either cooled in zero fiel or in
the presence of an external magnetic fiel bFC5bẑ, called
cooling fiel in the following. In addition to the exchange
fiel mentioned above this fiel then acts also on the volume
part of the AFM. Both cooling mechanisms are discussed in
the following. When the desired fina temperature is reached
a magnetic fiel b5bẑ1byŷ is applied which also has a
small, in all simulations, fixe perpendicular fiel component
by50.1 in order to defin a certain path for the rotation of
the magnetization during fiel reversal and to avoid the sys-
tem becoming trapped in a metastable state. The z compo-
nent of the field b, is then reduced in steps of Db50.008
down to a certain minimum value and afterwards raised
again to the initial value. This corresponds to one cycle of
the hysteresis loop.

Typical hysteresis loops are depicted in Fig. 4 for a cool-
ing fiel bFC50.4 assuming a positive interface coupling.
Shown are results for the magnetization of the FM ~upper
figur ! as well as that of the AFM interface monolayer and
the sum of all the other AFM layers. For the latter we use in
the following the term volume part of the AFM only in order
to distinguish between interface and volume contributions of
the AFM.

An EB is observed clearly and we determine the corre-
sponding EB fiel as bEB5(b11b2)/2 where b1 and b2

are those field of the hysteresis loop branches for increasing
and decreasing field where the easy axis component of the
magnetization of the FM becomes zero.

The magnetization curve of the volume part of the AFM is
shifted upwards due to the fact that after fiel cooling the
AFM is in a DS with a surplus magnetization. The same is
true also for the interface layer of the AFM, which during
cooling experienced the external fiel in addition to the ex-
change fiel of the FM, both having the same direction. This
shifted interface magnetization of the AFM acts as an addi-
tional effective fiel on the FM, resulting in EB. Note that
the interface of the AFM clearly shows a hysteresis, follow-
ing the coupling to the FM.

For comparison we show in Fig. 5 hysteresis loops for a
negative interface coupling. This system was cooled in zero
fiel but it also shows an EB due to the interaction of the
AFM with the saturated FM during the cooling procedure.
An important observation is that the interface magnetization

FIG. 4. Simulated hysteresis loops of the DS model explained in
the text for p50.5 and kBT50.2JINT with positive interface cou-
pling, JINT5uJAFMu. The fiel during cooling was 0.4. Shown is the
magnetic moment of the FM, the interface monolayer of the AFM,
and the volume part of the AFM.
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of the AFM is now shifted downwards due to the fact that the
exchange coupling to the FM is negative. Again, this shifted
interface magnetization of the AFM acts as an additional
effective fiel on the FM resulting in EB. The curve of the
volume part of the AFM is not shifted after zero-fiel cool-
ing.

For future reference we defin the quantity mIDS
5mAFM(b1)1mAFM(b2) which characterizes the vertical
shift of the hysteresis loop of the AFM interface layer. Here
mAFM(b1) denotes the magnetization of the AFM at b1 for
increasing fiel and similarly for mAFM(b2). This quantity,
mIDS , measures the irreversible domain state magnetizatio
of the AFM interface layer which is responsible for the EB
fiel and it is precisely this quantity which has to be inserted
in the right-hand side of Eq. ~3! instead of an usually as-
sumed constant mAFM , yielding

lmBEB5JINTmIDS . ~4!

A detailed, quantitative comparison of this equation with
simulation results is given later in Fig. 11.

In experiments usually the magnetization of the whole
FM/AFM bilayer is measured which is just the sum of the
three curves shown in Figs. 4 and 5, respectively. The corre-
sponding sample magnetization loop might not only be
shifted horizontally but also vertically. The vertical shift con-
tains contributions from the volume part of the AFM as well
as from its interface.

The volume magnetization of the AFM is induced by the
applied fiel and hence not shifted when the cooling fiel is
zero ~see Fig. 5! and shifted upwards when it is finit ~Fig.
4!. The interface contribution depends on the sign of the
interface coupling.39 Our considerations are also confirme
in the experimental part of this work16 where an analysis of

FIG. 5. Simulated hysteresis loops as in Fig. 4, but after cooling
in zero fiel and with negative interface coupling JINT5JAFM .
the vertical shift of hysteresis loops is performed leading to
the conclusion that in our Co/CoO systems the interface cou-
pling is positive.

B. Influenc of dilution

An important observation in our previous paper15 was the
strong dependence of the EB on dilution of the AFM. For a
further investigation of this effect we vary the volume part
dilution p of the AFM keeping the dilution of the interface
layer fixed The system is cooled in zero magnetic field A
configurationa average is performed over eight different de-
fect realizations leading to a significan reduction of the sta-
tistical errors and to much smoother curves in Fig. 6 as com-
pared to results published previously.15

In agreement with experimental finding 15,16 we observe a
strong dependence of the EB on dilution. Since dilution fa-
vors the formation of domains it leads to an increase of the
magnetization in the AFM and thus to a strong increase of
the EB upon dilution. For larger dilution, on the other hand,
EB drops which is due to a loss of connectivity of the AFM
spin lattice and a corresponding decrease of the Néel tem-
perature. Upon dilution of the AFM, isolated spin clusters
appear which do not contribute to an AFM net magnetization
on longer-time scales leading to a decrease of EB for very
high dilution.

We would like to emphasize that the maximum strength of
the simulated EB is up to 0.02mB/JINT . For a comparison
with the corresponding experimental findings 15,16 we use Eq.
~4! with l 5nine layers, JINT523.2310222 J and m
51.7mB which leads to bias fiel values of up to 30 mT, a
value which is smaller than found experimentally16 but nev-
ertheless is of the correct order of magnitude.

For very small dilution the DS model shows only a very
small EB. Although the interface AFM monolayer has a 50%
dilution, domains are practically not formed in the AFM for
very small dilution because a domain in the volume part of
the AFM would require breaking AFM bonds which costs
too much energy. On the other hand, in the experiments on
Co/CoO,15,16 EB is also observed for zero dilution. This can
be explained by other imperfections such as e.g., grain
boundaries in the twinned AFM layer which similar to dilu-
tion also reduce the domain-wall energy, thus leading to do-
main formation and EB even without dilution of the AFM
bulk.

FIG. 6. EB fiel as a function of the dilution p of the AFM for
kBT50.4,0.6, and 1.0JINT .



Two domain states formed in the AFM for different values
of the dilution are shown in Fig. 7. The fractal structure of
these domains is obvious. It has been observed previously in
bulk systems and analyzed in detail.29,30 The structure of the
domains observed depends on dilution; the smaller the dilu-
tion, the coarser the domains. Note that there is only little
variation of this structure perpendicular to the film espe-
cially for the less diluted sample. The importance of AFM
domains for the EB effect was also demonstrated in recent
spectroscopy measurements.40,41

C. Temperature dependence

The temperature dependence of the EB fiel is shown in
Fig. 8 as an example for a fixe AFM dilution of p50.5. In
agreement with experiments15,16 the fiel decreases with tem-
perature almost linearly going to zero at a temperature TB of
the order of the Néel temperature. TB is called the blocking
temperature. It is important to note that TB is not equal to the
Néel temperature of the bulk AFM for several reasons.

Reconsidering the phase diagram of the DAFF ~Fig. 2!,
the frozen DS of the AFM occurs after cooling in a fiel
below the irreversibility temperature Ti(b). Within this inter-
pretation, the blocking temperature corresponds to Ti(b)
where in an EB system the role of the cooling fiel is
complemented ~or replaced! by the interface exchange fiel
of the FM. Since it is always Ti(b),TN the blocking tem-

FIG. 7. Frozen domain states of the AFM. Shown are staggered
spin configuration of the AFM after the initial cooling procedure
for dilution p50.5 ~above! and p50.3 ~below!.

FIG. 8. Temperature dependence of the EB fiel for p50.5. The
line is a guide to the eye. The Néel temperature TN of a 50% diluted
bulk AFM is approximately 1.8JINT /kB ~Refs. 26 and 27!.
perature should be ~at least slightly! below the Néel tempera-
ture and should be dependent on the strength of the interface
exchange field Note also that the Néel temperature depends
besides dilution ~see also Ref. 16! also on the thickness of
the AFM layer and for a very thin layer it may differ consid-
erably from that of an extended three-dimensional system.

D. Training effect

An important property of the dynamics of the DAFF is the
slow relaxation of the remanent magnetization, i.e., the mag-
netization obtained after switching off the cooling field Here
it is known that the remanent magnetization of the DS re-
laxes nonexponentially on extremely long-time scales after
the fiel is switched off34–36 or even within the applied
field 33,37,42 In the DS model EB is related to this remanent
magnetization. This implies a decrease of EB due to slow
relaxation of the AFM DS.

As an example for the relaxation of a DS, Fig. 9 shows
the so-called training effect, i.e., the decrease of the EB fiel
with perpetual repetition of fiel cycles. As in the corre-
sponding experiments,16 after a sharp decrease the EB fiel
remains nearly constant.

The reason for the training effect can be understood fur-
ther from Figs. 4 and 5, where it is shown that the hysteresis
loop of the AFM interface layer is not closed on the right-
hand side. This implies that the DS magnetization is lost
partly during the hysteresis loop due to a rearrangement of
the AFM domain structure. This loss of magnetization
clearly leads to a reduction of the EB.

E. Cooling fiel dependence

Positive EB ~Ref. 43! or reduced EB ~Ref. 44! is observed
experimentally in certain systems after cooling in strong
magnetic fields As we will show in the following, the occur-
rence of positive bias depends on the sign of the exchange
coupling between AFM and FM layers.

Suppose this coupling is positive. If the system is cooled
with the FM in a magnetized state and with zero applied fiel
the induced magnetization in the AFM after cooling below
the Néel temperature is parallel to that of the FM. The EB is
negative and its absolute value increases slightly if an exter-
nal fiel is applied parallel to the FM magnetization during

FIG. 9. Training effect: dependence of EB fiel on the number
of consecutive hysteresis cycles. kBT50.6JINT ,p50.5. The dotted
line is a guide to the eye.



the cooling procedure favoring the same direction of the
remanent magnetization of the AFM. This is shown in the
lower curve in Fig. 10. This curve corresponds to Fig. 11 in
the experimental part of our work,16 which confirm that in
our Co/CoO systems the interface coupling is indeed posi-
tive.

If, on the other hand, the exchange coupling is negative,
the irreversible DS magnetization in the AFM when cooled
in zero applied fiel is opposite to the FM magnetization.
When cooled in an external fiel this fiel and the action of
the FM on the AFM compete with each other. For small
enough external fiel this results in a reduction of the EB
field But during cooling in a strongfiel the latter overrules
the exchange fiel of the FM and as a consequence the AFM
forms domains with the surplus magnetization being parallel
to the external fieldand also to the magnetization of the FM.
This then results in a positive EB as shown in the upper
curve of Fig. 10. Note that the change of the sign of the EB
occurs exactly when the fiel during cooling exceeds the
absolute value of the interface exchange constant (b51 in
our units! providing the FM is saturated. Hence, positive bias
occurs only in systems with negative interface coupling and
when it is possible to reach magnetic-fiel values larger than
the interface coupling. These results are in agreement with
recent experimental finding obtained for Fe/FeF2 and
Fe/MnFe2 bilayers.39

Our explanation for positive EB—that a negative inter-
face magnetization of the AFM can be overruled by the cool-

FIG. 10. EB fiel versus strength of the magnetic fiel during
the initial cooling procedure for negative and positive interface cou-
pling. kBT50.2JINT ,p50.5.

FIG. 11. Comparison of the EB fiel for negative interface cou-
pling ~from Fig. 10! with the irreversible DS magnetization of the
AFM interface layer.
ing field—i further confirme by a direct analysis of the
interface magnetization of the AFM shown in Fig. 11. Here
we compare our EB fiel from Fig. 10 for negative JINT
directly with the irreversible DS magnetization, mIDS , of the
AFM interface layer as define earlier in Sec. IV A. mIDS
coincides nearly exactly with the EB field— result which
also confirm Eq. ~4!. Note, that we use reduced fields bEB
5mBEB /uJINTu, and that it is l 51 since we have one FM
monolayer.

F. Thickness dependence

Experimentally it has been found that the EB increases
with the thickness t of the AFM fil for thin films For larger
thicknesses the bias fiel often approaches a constant value
or it even decreases ~see Ref. 16, and references therein!. We
have studied the thickness dependence of EB for an AFM
with dilutions p50.3 and p50.6, respectively. The system is
cooled from above to below the ordering temperature of the
AFM in an applied external cooling fiel bc50.5 and we
assume ferromagnetic interface coupling, JINT52JAFM .
Our simulation results are shown in Fig. 12.

For smaller dilution (p50.3) the EB fiel goes over a
maximum and then decreases monotonically with increasing
t. Our explanation for the decrease of EB is that with increas-
ing t it becomes more and more difficul to form domain
walls which, as can be seen from Fig. 7, are perpendicular to
the interface extending through the whole AFM layer. The
corresponding domain-wall energy increases with t but it can
be reduced by reducing the number of domain walls, i.e., by
the formation of larger domains which then reduce the bias
fiel ~see also Fig. 2 in Ref. 45!.

The increase of the domain-wall energy with increasing
AFM thickness is much less pronounced for higher dilution
(p50.6) and therefore it is even possible that the bias fiel
becomes practically constant for large thicknesses. The rapid
increase for very thin film can be explained by the fact that
here the domains are not sufficientl stable to keep their DS
magnetization during the hysteresis. Hence, for an EB one
needs a minimal AFM layer thickness. A more detailed in-
vestigation of the thickness dependence of the bias fiel has
been published elsewhere both experimentally46 and
theoretically.45

FIG. 12. EB fiel versus thickness of the AFM layer.



V. CONCLUSIONS

In conclusion, we have shown, both experimentally16 and
by Monte Carlo simulations, that diluting the AFM in the
volume part away from the FM/AFM interface significantl
enhances EB. This dilution supports the formation of do-
mains in the volume of the AFM which carry magnetization.
The DS of the AFM is to a large extent frozen during hys-
teresis. The irreversible part of the DS magnetization at the
AFM interface leads to EB.

In this type of model which we consider here, domain
formation is crucial for the existence of EB. Without domain
formation there would be no EB for compensated interfaces
and a much too high EB for uncompensated interfaces. De-
fects in the AFM favor domain formation and thus make the
distinction between compensated and uncompensated inter-
faces to a large extent obsolete. Also, it should be noted that
the occurrence of a DS with an irreversible surplus magne-
tization is not restricted to diluted AFM’s. Spin glasses, for
instance, show similar features and it is known that the EB
effect occurs also in compounds of FM and spin glass.3 In
these systems we believe the same mechanism leading to EB
in our DS model is also at work.

Important features of EB systems found experimentally
have their counterpart in the simulations, such as the order of
magnitude of EB fields the shape of hysteresis curves, the
dilution dependence of EB, its temperature dependence, the
training effect, the occurrence of positive EB, and the depen-
dence of EB on AFM thickness. The DS model considered in
this work is designed for systems in which the AFM has a
strong uniaxial anisotropy so that it can be approximated as
an Ising system. For smaller anisotropies a Heisenberg
model is more appropriate. Very recently we have shown that
the basic feature of the DS model, namely, domain formation
in the bulk of the AFM, is not restricted to an AFM with
strong anisotropy.17

In conclusion, our simulations strongly suggest that the
existence of a DS in the AFM, enhanced by defects or any
other mechanism reducing the energy necessary to form do-
mains in the volume part of the AFM, is a common feature of
FM/AFM compounds showing a significan EB.
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