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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 field 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 field 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.
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[. INTRODUCTION ones or by defect&alleddilution in the following) not at the
FM/AFM interface, but rather throughout the volume part of

When a ferromagngfFM) is in contact with an antiferro- the AFM. Therefore, in these systems the observed EB is
magnet (AFM) a shift of the hysteresis loop along the primarily not due to disorder or defects at the interface.
magnetic-field axis can occur which is called exchange biaRkather, the full antiferromagnetic layer must be involved and
(EB). Usually, this shift is observed after cooling the entirewe have argued that in our systems EB has its origin in a
system in an external magnetic field below theeNempera- domain state in the volume part of the AFM which triggers
ture Ty of the AFM. Although this effect has been well the spin arrangement and the FM/AFM exchange interaction
known for many years’ its microscopic origin is still dis- at the interface. This domain staf@S) carries magnetization
cussed controversially. For a review of the vast literature orsince it develops during a cooling process in which the AFM
EB the reader is referred to a recent paper by Negaed is in contact with a saturated FM and eventually also ex-
Schuller’® posed to a magnetic field. Dilution favors the formation of

In the approach of Malozemdff® EB is attributed to the this state since then the domain walls can pass preferentially
formation of domain walls in the AFM belowW perpen- through nonmagnetic sites thus reducing considerably the en-
dicular to the FM/AFM interface due to interface roughness.ergy necessary to create a wall.
These domain walls are supposed to occur during cooling in The DS depends on the concentration of nonmagnetic
the presence of the magnetized FM and they therefore carisites resulting in a dependence of EB on this concentration.
a small net magnetization at the FM/AFM interface. ThisThe formation of domains with increasing dilution leads to
magnetization is then stabilized towards low temperaturesan increase of the excess magnetization in the AFM and thus
consequently shifting the hysteresis loop. However, the forto a strong increase of the EB. It is very important to note
mation of domain walls in the AFM only due to interface that the DS is a metastable state which develops and be-
roughness is energetically unfavorable and it has never bearomes frozen during cooling. Thus it is the result of a dy-

proven. namical process which requires no further assumptions about
Because of these difficulties other approaches have beetructure or size of the AFM domains formed.
developed. In a recent model by KdoiB is obtained Prominent EB systems in which the AFM has a large

through a mechanism in which a domain wall forms in theanisotropy are CoO, investigated in the experimental part of
AFM parallel to the interface while the magnetization of the our work® or FeR,. We take this as a motivation for mod-
FM rotates. This mechanism had been proposed earlier bgling the AFM as an Ising system which, from a numerical
Mauri et al® Nevertheless it was shown by Schulthess andpoint of view, is an ideal candidate to study basic properties
Butler’%that in this model EB vanishes if the motion of the of EB. The width of the domain walls is zero and the domain
spins in the AFM is not restricted to a plane parallel to thesize is small so that a significant number of domains fit into
film as was done in Koon’s work. To obtain EB Schulthessa typical system which can be handled numerically. Note,
and Butler assumed uncompensated AFM spins at the intehowever, that a basic feature of our DS model, i.e., the strong
face. However, their occurrence and stability during a magdependence of the EB field on dilution, is also obtained for
netic hysteresis loop is naxplained neither in their model an AFM modeled as a Heisenberg systém.
nor in other modefs*?although uncompensated AFM spins  In the present paper we will give a detailed account of our
were observed experimentaffy* Monte Carlo simulations of the DS model showing that a
In a previous papét we have shown both experimentally number of puzzling experimental observations associated
and by Monte Carlo simulations that it is possible to stronglywith EB is obtained in our model in a straightforward way
influence EB by replacing magnetic atoms by nonmagnetigvith a minimal number of assumptions and parameters. The
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paper is organized as follows. In the next section we give g
brief review of the physics of domains in diluted Ising anti-
ferromagnets in an external fieldDAFF). These systems
have been studied in great detail in the past and the physic
which emerges from these studies is important for under
standing EB. In Sec. Ill 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 tk
same order as in the experimental part of our wate the
following paper in this issu&) Finally, we summarize in the
last section.

°
IIl. DOMAINS IN DISORDERED ANTIFERROMAGNETS
Considerable interest has been focused in recent years g ‘ ‘
the understanding of magnetic systems with quenched ran

domness. The diluted Ising antiferromagnet in an externa
magnetic field is an ideal system to study typical properties
of structurally disordered systems, as there are domains, FIG. 1. Schematic illustration of the Imry-Ma argument.
metastability, and slow dynamicfor reviews on DAFF see
Refs. 18 and 19 Additionally, many of the findings of the jycrease due to the formation of a domain wall can be mini-
DAFF are also relevant for the random-field Ising model i eq if the domain wall passes preferentially through non-
(RFIMO)_\ghmh has been shown to be in the same u”'Versal'%agnetic defects at a minimum cost of exchange energy.
class’ o , Hence, these domains have nontrivial shapes following from
The Hamiltonian of the DAFF can be written as an energy optimization. They have been shown to have a
fractal structure with a broad distribution of domain sizes
_ o . and with scaling laws quantitatively deviating from the origi-
"t JAFM«ZD €I ’MBzi € @ a Imry-Ma assumption&:*

A schematic spin configuration illustrating the Imry-Ma
with the antiferromagnetic nearest-neighbor exchange corargument is shown in Fig. 1. The black dots denote defects
stantJapy<<O and the magnetic fiel. The o;==1 are  (nonmagnetic ions or vacancjesnd the solid line surrounds
normalized Ising spin variables representing spins with am domain in which the staggered magnetization is reversed
atomic momentu. A fraction p of sites is left without a  with respect to the background staggered magnetization out-
magnetic momentd;=0) while the other sites carry a mo- side this domain. The number of uncompensated spins of the
ment (g,=1). In simulations, the defect distributions are domain is three and the number of broken bonds at the do-
chosen randomly and an average over different realizations isain boundary is five. Therefore, fqB>5/3Jrym| the
performed. This models materials where magnetic ions arghown spin configuration is stabilized by the field.
randomly substituted by nonmagnetic ones, as, for example, In small fields the equilibrium phase of the three-
in Fe,_,ZnyF,, which is the most prominent DAFF. dimensional DAFF is long-range ordered. However, if

Let us first focus on the phase diagram of the threecooled in a fieldB below a certain temperatufg(B), the
dimensional DAFF, i.e., on equilibrium properties. In zero system usually develops metastable dom&iriéThe reason
field the system undergoes a phase transition from the disofer this metastability is a strong pinning which hinders
dered, paramagnetic phase to the long-range-ordered antifafomain-wall motion. These pinning effects are due to the
romagnetic phase at the dilution-dependeng¢iNemperature dilution (random-bond pinningas well as to the fact that a
Ty as long as the dilutiop is small enough so that the lattice rough domain wall also carries magnetization in a DAFF
of occupied sites is above the percolation threshold. In théfollowing again the Imry-Ma argumenthich couples to
low-temperature region, for small magnetic fieldaB the external field and hinders domain-wall motigandom-
<Jarm, the long-range-ordered phase remains stable ifield pinning.3® Consequently, after cooling the system from
three dimension&>2* while for higher fields the DAFF de- the paramagnetic phase within an external field, a DAFF
velops a DS?~?"with a spin-glass-like behavior. The reason freezes in a metastable DS which survives even after switch-
for the domain formation was originally investigated by Imry ing off the field, then leads to a remanent magnetization
and Ma for the RFIM® Transferring the so-called Imry-Ma which decays extremely slowfj~3¢
argument to the DAFF, the driving force for the domain for-  The origin of domain-wall pinning is also illustrated in
mation is a statistical imbalance of the number of impuritiesFig. 1. Consider the case in which the field is lowered so that
of the two antiferromagnetic sublattices within afiyite re-  «B changes from above to below 5J3gy|. Then it is en-
gion of the DAFF. This imbalance leads to a net magnetizaergetically favorable to turn the whole domain. But the cor-
tion within that region which couples to the external field. A responding dynamical process will be extremely slow, since
spin reversal of the region, i.e., the creation of a domain, cathe domain wall is pinned at the defects as well as between
hence lower the energy of the system. The necessary energuirs of spins which are aligned with the field. Hence, during
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FIG. 3. Sketch of the model with one FM layer and three diluted
AFM layers. The dots mark defects.

magnetic field B

The FM is described by a classical Heisenberg model with
nearest-neighbor exchange constadgy;. We introduce an
easy axis in the FM Z axis, anisotropy constant,
=0.1Jgy) in order to obtain well-defined hysteresis loogs.

] ) sets the Stoner-Wohlfarth limit of the coercive field, i.e., the
a movement of the domain-wall energy, barriers have to bggrg_temperature limit for magnetization reversal by coher-

overcome by thermal activation. This explains why a larg€gn rotation (B.=2d,, in our units, for a field parallel to
QOmam in general will stay in a metastable state on exponeny,q easy axjs The dipolar interaction is approximated by an
tially long-time scales. additional anisotropy term (anisotropy constant d,

As a consequenz%%irre\_/ersi.bilities can be observed in a —0.2],y7) which includes the shape anisotropy, leading to
DAFF for T<T;(B).”" During field cooling from the para- 5 magnetization which is preferentially in tiyez plane. We

magnetic state, the DAFF develops a DS with a certain Sulapacied, however, that its value does not influence our re-
plus magnetization as compared to the long-range-ordereg ;s

state which has also a finite magnetization due to the re- Tﬁe AFM is modeled as a magnetically diluted Ising sys-

sponse of the system to the field. The difference betwee,y, \yith an easy axis parallel to that of the FM. Thus the
these two magnetization curves is the irreversible surplug,miitonian of our system is given by

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 DABEe H==Jem ;FM §i~§j—.2FM (d,S%+ dx$2X+,u§-§i)
le

Tn

temperature T

FIG. 2. Schematic phase diagram of a three-dimensional DAF

also Refs. 25—27 Shown are the equilibrium phases—Ilong- (i.iye

range orderedAFM) and paramagnetic—as well as the so-

called irreversibility lineT;(B). During field cooling below _JAFM<. ‘;AFM € €00 %M uB€io;
,])e le

this line the system develops a frozen domain state. Note that
both the critical temperatur€, and the characteristic tem-
peratureT; are field dependent and that it T$(B)>T.(B)
where both these temperatures approach thel Menpera-

ture for small magnetic field. The critical temperature is aThe first line contains the energy contribution of the FM. The
decreasing function of the dilutigmso that the region of the  second line describes the diluted AFM and is identical to Eq.
phase diagram where antiferromagnetic long-range order can). The third line includes the exchange coupling across the
occur shrinks with increasing dilution. Below the percolationinterface between FM and AFM, where it is assumed that the
threshold no long-range order can occur. Ising spins in the topmost layer of the AFM interact with the

In the fOllOWing we will argue that these Well-establishedz Component of the Heisenberg Spins of the FM. For the
propertieS of the DAFF are the key for Understanding EB.neareSt_neighbor exchange ConstMHM of the AFM which
During preparation of an EB system, the AFM is cooledmaimy determines its N temperature we setlapy
(usually in an external magnetic field and additionally under — —Jey/2. For simplicity, we assume the same absolute
thg influence of an effgctive interface exchange fielq stemyalue for the coupling constant ;= *Jaey) as for the
ming from the magnetized FM. Hence, the AFM will de- AFM leaving the sign open for later discussion. Also, we
velop a DS with an irreversible surplus magnetization similarassme that the values of the magnetic moments of FM and
to that of a DAFF after field cooling. This irreversible sur- oepm are identical ). In the experimental part of our
plus magnetization then controls the EB. work'® the structure and dilution of the AFM interface layer
is held fixed. We do the same in the simulations and fix the
interface monolayer of the AFM at a dilution of 50% and
vary only the dilutionp in the volume of the AFM.

The Monte Carlo simulations were performed on a model Equation(2) suggests a simple ground-state argument for
consisting of a FM monolayer exchange coupled to a dilutedhe strength of the bias field. Assuming that all spins in the
AFM film consisting of typically nine monolayers. Only in FM remain parallel during field reversal and that some net
Sec. IV F do we vary the thickness of the AFM film studying magnetization of the interface layer of the AFM remains con-
for a special set of parameters also the thickness dependensiant during the reversal of the FM a simple calculation gives
of EB. The geometry of the model is sketched in Fig. 3.  the usual estimate for the bias field,

IINT ‘ €05 2
(ie AFM,j e FM)

Ill. DS MODEL FOR EXCHANGE BIAS
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wherel is the number of FM layer§in our simulations al- 0.5
ways|=1) andmys is the interface magnetization of the g 0.25
AFM per spin. For an ideal uncompensated interface one & 0
would expectm,yt=1 which leads to a much too high bias T 025
field, while for an ideal compensated interface, on the other 05

hand, one would expeaht=0 and, henceBgg=0. 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 tigats is much
smaller thanJ /I u. The solution of this puzzle is, as will 0.1
be shown in the following, thahyt is neither constant dur-
ing field reversal nor is it a simple known quantity.

-0.75
-1
0.15

0.05

MAFM
o

IV. MONTE CARLO SIMULATIONS -0.05

We use Monte Carlo methods with a heat-bath algorithm -0.1 3
and single-spin-flip methods for the simulation of the model -0.15 4 ! i !
explained above. The trial step of the spin update is a small -0.4 -0.2 0 0.2 04
variation around the initial spin for the Heisenberg model b b b*
and—as usual—a spin flip for the Ising mod&ve perform FIG. 4. Simulated hysteresis loops of the DS model explained in
typically 40000 Monte Carlo steps for a complete hysteresighe text forp=0.5 andkgT=0.2J,; with positive interface cou-
loop. pling, Jint=|Jaem|- The field during cooling was 0.4. Shown is the

Since we are not interested in the critical behavior of themagnetic moment of the FM, the interface monolayer of the AFM,
DS model, we do not perform a systematic finite-size analy-and the volume part of the AFM.
sis. To observe the domain structure of the AFM we have to

guarantee that typical length scales of the domain StrUCturSown to a certain minimum value and afterwards raised
fit into our system. Therefore, we show here only results for

rather large systems of lateral extenslor L with L=128 i]geawy;?etrzii;nllgﬁl)value. This corresponds to one cycle of
and we used periodic boundary conditions within the film : ; : -

. . T I h I Fig. 4 f I-
plane. Nevertheless, we also varied the lateral systenlLsize. ypical hysteresis loops are depicted in Fig or a coo

and checked that there are no relevant finite-size effects Agﬁoaﬂdakr)gcrzgﬁﬁ Safsos rug:g]%]zgﬁzfiggg O;}ntgfrfte;]cee &%ﬂng'
long as the system is not much smaller.

The main quantities which we monitor are the thermalflglure) as well as that of the AFM interface monolayer and

averages of the component of the maagnetic moment for the sum of all the other AFM layers. For the latter we use in
each igndividual monolzl er normalized tg the magnetic mo—the following the term volume part of the AFM only in order

y ag .+ to distinguish between interface and volume contributions of
ment of the saturated monolayer. In the following we will

. the AFM.
use reduced fields=.B/[Jr]. An EB is observed clearly and we determine the corre-
sponding EB field adgg=(b"+b~)/2 whereb™ and b~
A. Hysteresis are those fields 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

. | tant h field for the AEM I shifted upwards due to the fact that after field cooling the
In a nearly constant exchange fieid for the MONOIAYEIAEN is in a DS with a surplus magnetization. The same is

at the interface. The system is either (?oo!ed in zero field or irlrue also for the interface layer of the AFM, which during
the presence of an external magnetic fiblg=bz, called  cooling experienced the external field in addition to the ex-
cooling field in the following. In addition to the exchange change field of the FM, both having the same direction. This
f|e|d mentioned abOVe th|S f|e|d then acts alSO on the Volumghifted interface magnetization Of the AFM acts as an addi_
part of the AFM. Both cooling mechanisms are discussed iRjonal effective field on the FM, resulting in EB. Note that
the following. When the desired final temperature is reacheghe interface of the AFM clearly shows a hysteresis, follow-
a magnetic fieldo=bz+byy is applied which also has a ing the coupling to the FM.

small, in all simulations, fixed perpendicular field component For comparison we show in Fig. 5 hysteresis loops for a
by=0.1 in order to define a certain path for the rotation ofnegative interface coupling. This system was cooled in zero
the magnetization during field reversal and to avoid the sysfield but it also shows an EB due to the interaction of the
tem becoming trapped in a metastable state. Zkempo- AFM with the saturated FM during the cooling procedure.
nent of the field,b, is then reduced in steps &fb=0.008 An important observation is that the interface magnetization

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 easwpxis resulting

014430-4



DOMAIN STATE MODEL FOR EXCHANGE BIAS. I. ...

PHYSICAL REVIEW B66, 014430(2002

1 0.03 T T T T T
0.75 kpT = 0.4Jpyr +—5—
. kgT = 0.6JinT —e—
0.5 0.02 | kg = 1.0JinT —2— @
0.25 - R
= 8 ,m . o,
g 0 =  001Ff o @\ “E. ]
-0.25 % é:::ig.-} 3. 3
3 2 =5 D
05 0 i o g hgd ]
-0.75 : 1 1 1 1 ] ]
-1 0O 02 04 06 08 1
0.15 T , T . p
int ——— :
01F vol —#-—- bz FIG. 6. EB field as a function of the dilution of the AFM for
0.05 ‘ i kBT:O4,06, and 1*QNT‘
=
E 0 the vertical shift of hysteresis loops is performed leading to
T 005 the conclusion that in our Co/CoO systems the interface cou-
' pling is positive.
-0.1 ‘
-0.15 4 L i L L B. Influence of dilution
-0.4 -0.2 0 0.2 0.4 . L .
= b Bt An important observation in our previous paperas the

strong dependence of the EB on dilution of the AFM. For a

FIG. 5. Simulated hysteresis loops as in Fig. 4, but after coolingtyrther investigation of this effect we vary the volume part

in zero field and with negative interface couplidgir=Jaeu - dilution p of the AFM keeping the dilution of the interface
layer fixed. The system is cooled in zero magnetic field. A

of the AFM is now shifted downwards due to the fact that theconfigurational average is performed over eight different de-
exchange coupling to the FM is negative. Again, this shiftedfect realizations leading to a significant reduction of the sta-
interface magnetization of the AFM acts as an additionatistical errors and to much smoother curves in Fig. 6 as com-
effective field on the FM resulting in EB. The curve of the pared to results published previou&ty.
volume part of the AFM is not shifted after zero-field cool-  |n agreement with experimental findirfgs®we observe a
ing. strong dependence of the EB on dilution. Since dilution fa-

For future reference we define the quantityps vors the formation of domains it leads to an increase of the
=Mpem(b ™)+ mapu(b™) which characterizes the vertical magnetization in the AFM and thus to a strong increase of
shift of the hysteresis loop of the AFM interface layer. Herethe EB upon dilution. For larger dilution, on the other hand,
marv(b™) denotes the magnetization of the AFMIat for  EB drops which is due to a loss of connectivity of the AFM
increasing field and similarly fomagy(b™). This quantity,  spin lattice and a corresponding decrease of thel kam-
mps, Measures thareversible domain state magnetization perature. Upon dilution of the AFM, isolated spin clusters
of the AFM interface layer which is responsible for the EB appear which do not contribute to an AFM net magnetization
field and it is precisely this quantity which has to be insertedon longer-time scales leading to a decrease of EB for very
in the right-hand side of Eq3) instead of an usually as- high dilution.
sumed constarmgy , Yielding We would like to emphasize that the maximum strength of
the simulated EB is up to 0.QB/J,\t. For a comparison
with the corresponding experimental findings®we use Eq.
(4) with I=nine layers, Jyr=—3.2x10"%?2 J and u
A detailed, quantitative comparison of this equation with=1.7ug which leads to bias field values of up to 30 mT, a
simulation results is given later in Fig. 11. value which is smaller than found experiment#ilput nev-

In experiments usually the magnetization of the wholeertheless is of the correct order of magnitude.
FM/AFM bilayer is measured which is just the sum of the For very small dilution the DS model shows only a very
three curves shown in Figs. 4 and 5, respectively. The corresmall EB. Although the interface AFM monolayer has a 50%
sponding sample magnetization loop might not only bedilution, domains are practically not formed in the AFM for
shifted horizontally but also vertically. The vertical shift con- very small dilution because a domain in the volume part of
tains contributions from the volume part of the AFM as well the AFM would require breaking AFM bonds which costs
as from its interface. too much energy. On the other hand, in the experiments on

The volume magnetization of the AFM is induced by the Co/CoO®!®EB is also observed for zero dilution. This can
applied field and hence not shifted when the cooling field isbe explained by other imperfections such as e.g., grain
zero(see Fig. % and shifted upwards when it is finitgig.  boundaries in the twinned AFM layer which similar to dilu-
4). The interface contribution depends on the sign of thetion also reduce the domain-wall energy, thus leading to do-
interface coupling® Our considerations are also confirmed main formation and EB even without dilution of the AFM
in the experimental part of this wotkwhere an analysis of bulk.

| uBgg=JinTMips - (4)
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FIG. 9. Training effect: dependence of EB field on the number

f consecutive hysteresis cycldgT=0.6J,\7,p=0.5. The dotted
FIG. 7. Frozen domain states of the AFM. Shown are staggereﬁ y yelés INT :P

. ; - _— ) ne is a guide to the eye.
spin configurations of the AFM after the initial cooling procedure

for dilution p=0.5 (above andp= 0.3 (below). .
P ( 9 P (below perature should bet least slightly below the Nel tempera-

Two domain states formed in the AEM for different values ture and should be dependent on,the strength of the interface
of the dilution are shown in Fig. 7. The fractal structure of @xchange field. Note also that the &léemperature depends
these domains is obvious. It has been observed previously R€sides dilutionsee also Ref. J6also on the thickness of
bulk systems and analyzed in deffif° The structure of the  the AFM layer and for a very thin layer it may differ consid-
domains observed depends on dilution; the smaller the dilugrably from that of an extended three-dimensional system.
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 Ani tant W of the d . f the DAFF is th
domains for the EB effect was also demonstrated in recentI n |r|nport_an pfr;)hperyo et ynamlct_s Ot' el thls €
spectroscopy measuremeffté? 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 temperature dependence of the EB field is shown ithe field is switched off =3¢ or even within the applied
Fig. 8 as an example for a fixed AFM dilution pt=0.5. In  field333"4?|n the DS model EB is related to this remanent
agreement with experimerits®the field decreases with tem- magnetization. This implies a decrease of EB due to slow
perature almost linearly going to zero at a temperaligef  relaxation of the AFM DS.
the order of the Nel temperatureTg is called the blocking As an example for the relaxation of a DS, Fig. 9 shows
temperature. It is important to note thB§ is not equal to the the so-called training effect, i.e., the decrease of the EB field
Neel temperature of the bulk AFM for several reasons. with perpetual repetition of field cycles. As in the corre-
Reconsidering the phase diagram of the DAWFFy. 2,  sponding experiments, after a sharp decrease the EB field
the frozen DS of the AFM occurs after cooling in a field remains nearly constant.
below the irreversibility temperatufg (b). Within this inter- The reason for the training effect can be understood fur-
pretation, the blocking temperature correspondsTitb)  ther from Figs. 4 and 5, where it is shown that the hysteresis
where in an EB system the role of the cooling field isloop of the AFM interface layer is not closed on the right-
complementedor replaced by the interface exchange field hand side. This implies that the DS magnetization is lost
of the FM. Since it is alwayd;(b)<T, the blocking tem- 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.

D. Training effect

C. Temperature dependence

0.02 T T T

~ E. Cooling field dependence

|beB|
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.
.
~
~

e

\!} T
.5

0.5

1
kgT/JinT

15

Positive EB(Ref. 43 or reduced EBRef. 49 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 field
the induced magnetization in the AFM after cooling below

the Nesl temperature is parallel to that of the FM. The EB is
negative and its absolute value increases slightly if an exter-
nal field is applied parallel to the FM magnetization during

FIG. 8. Temperature dependence of the EB fieldafer0.5. The
line is a guide to the eye. The Bidemperaturd  of a 50% diluted
bulk AFM is approximately 1.8y /kg (Refs. 26 and 27
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FIG. 10. EB field versus strength of the magnetic field during FIG. 12. EB field versus thickness of the AFM layer.
the initial cooling procedure for negative and positive interface cou-
pllng kBT:O.2J|NT ,p:OS ) ) . ) ) )
ing field—is further confirmed by a direct analysis of the

the cooling procedure favoring the same direction of thenterface magnetization of the AFM shown in Fig. 11. Here
remanent magnetization of the AFM. This is shown in thewe compare our EB field from Fig. 10 for negativg
lower curve in Fig. 10. This curve corresponds to Fig. 11 indirectly with the irreversible DS magnetizatiam,ps, of the
the experimental part of our worf,which confirms that in  AFM interface layer as defined earlier in Sec. IV Wyps
our Co/CoO systems the interface coupling is indeed posieoincides nearly exactly with the EB field—a result which
tive. also confirms Eq(4). Note, that we use reduced fieldsg

If, on the other hand, the exchange coupling is negative= ;,B5/|J,y7|, and that it isl=1 since we have one FM
the irreversible DS magnetization in the AFM when cooledmonolayer.
in zero applied field is opposite to the FM magnetization.
When cooled in an external field this field and the action of
the FM on the AFM compete with each other. For small F. Thickness dependence

enough external field this results in a reduction of the EB , , ,
Experimentally it has been found that the EB increases

field. But during cooling in astrongfield the latter overrules

the exchange field of the FM and as a consequence the AFMith the thickness of the AFM film for thin films. For larger
forms domains with the surplus magnetization bepagallel  thicknesses the bias field often approaches a constant value

to the external fieldind also to the magnetization of the FM. OF it even decreasdsee Ref. 16, and references theyeile
This then results in a positive EB as shown in the uppe|have studied the thickness dependence of EB for an AFM
curve of Fig. 10. Note that the change of the sign of the EBwith dilutionsp=0.3 andp=0.6, respectively. The system is
occurs exactly when the field during cooling exceeds thecooled from above to below the ordering temperature of the
absolute value of the interface exchange constbatl in ~ AFM in an applied external cooling field,=0.5 and we
our unity providing the FM is saturated. Hence, positive biasassume ferromagnetic interface couplindjyt=—Jarm -
occurs only in systems with negative interface coupling andur simulation results are shown in Fig. 12.
when it is possible to reach magnetic-field values larger than For smaller dilution p=0.3) the EB field goes over a
the interface coupling. These results are in agreement withhaximum and then decreases monotonically with increasing
recent experimental findings obtained for Fe/fe&hd  t Our explanation for the decrease of EB is that with increas-
Fe/MnFg bilayers® N ~ ing t it becomes more and more difficult to form domain
Our explanation for positive EB—that a negative inter-a|is which, as can be seen from Fig. 7, are perpendicular to
face magnetization of the AFM can be overruled by the coolihe interface extending through the whole AFM layer. The
corresponding domain-wall energy increases wiblt it can

0.02 L be reduced by reducing the number of domain walls, i.e., by
the formation of larger domains which then reduce the bias

o 0.01 field (see also Fig. 2 in Ref. 45
g The increase of the domain-wall energy with increasing
2 0 AFM thickness is much less pronounced for higher dilution
g (p=0.6) and therefore it is even possible that the bias field

-0.01 | b 7 becomes practically constant for large thicknesses. The rapid
o increase for very thin films can be explained by the fact that

: mIDS l_._‘ . . . .
-0.02 W . : L L L L here the domains are not sufficiently stable to keep their DS
0 05 1 1'5b 2 25 3 35 magnetization during the hysteresis. Hence, for an EB one
He needs a minimal AFM layer thickness. A more detailed in-

FIG. 11. Comparison of the EB field for negative interface cou-Vvestigation of the thickness dependence of the bias field has
pling (from Fig. 10 with the irreversible DS magnetization of the been published elsewhere both experimerfallyand
AFM interface layer. theoretically*
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V. CONCLUSIONS have their counterpart in the simulations, such as the order of
magnitude of EB fields, the shape of hysteresis curves, the
. : o . dilution dependence of EB, its temperature dependence, the
by Monte Carlo simulations, that diluting the AFM in the training effect, the occurrence of positive EB, and the depen-

volume part away from the FM/AFM interface significantly dence of EB on AFM thickness. The DS model considered in
enhances EB. This dilution supports the formation of do- X

mains in the volume of the AFM which carry magnetization this work is designed for systems in which the AFM has a
The DS of the AFM is to a large extent frozen during hyS_strong uniaxial anisotropy so that it can be approximated as

. . . o an Ising system. For smaller anisotropies a Heisenberg
teresis. The irreversible part of the DS magnetization at thc?nodel is more appropriate. Very recently we have shown that
AFM interface leads to EB.

In this tvoe of model which we consider here domainthe basic feature of the DS model, namely, domain formation
IS type o . . ’ . in the bulk of the AFM, is not restricted to an AFM with
formation is crucial for the existence of EB. Without domain strong anisotrop§77
?gg‘g“;ﬁctﬂifom?url]d;g fg? Er?c:;?rz C:ggf:;?;?grgiga%e; In conclusion, our simulations strongly suggest that the
. 9 . P ", _existence of a DS in the AFM, enhanced by defects or any
fects in the AFM favor domain formation and thus make the h hani duci h f d
distinction between compensated and uncompensated inteor'E er mechanism reducing the energy necessary to form do-
faces to a large extent obsolete. Also, it should be noted th ains in the volume part of the AFM, is a common feature of
9 . Tl M/AFM compounds showing a significant EB.
the occurrence of a DS with an irreversible surplus magne-

tization is not restricted to diluted AFM’s. Spin glasses, for

In conclusion, we have shown, both experimentdignd
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