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Mechanism of the exchange-bias field in ferromagnetic and antiferromagnetic bilayers
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Exchange-bias field phenomena in ferromagnetic and antiferromagnetic bilayers have been investigated by
means of the Monte Carlo calculations within the framework of the classical Heisenberg model. The calcula-
tions for a binary alloy composed of magnetic and nonmagnetic atoms such as a disorderedg-phase antifer-
romagnetic layer show a noncollinear spin structure. In addition, the calculated magnetization process gives a
loop shift due to the unidirectional exchange-bias field. In other words, the noncollinear spin structure caused
by the geometric frustrations in the antiferromagnetic layer is responsible for the magnetization loop shift. On
the other hand, a collinear spin structure formed in an orderedL10-type antiferromagnetic alloy results in only
the enhancement of coercivity of the ferromagnetic layer. Introducing the multidomains into the ordered
L10-type antiferromagnetic layer, however, the magnetization loop shift of the ferromagnetic layer is evidently
developed by the geometrically frustrated spins induced at the magnetic domain boundaries.
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I. INTRODUCTION

Since the first observation by Meiklejohn and Bean1 for
the exchange-bias field phenomena at the interface betw
ferromagnetic~FM! and antiferromagnetic~AFM! materials,
many theoretical models have been proposed. The
proaches of discrete micromagnetics models,2–8 continuum
micromagnetics models,9–12 and others13–17have tried to ex-
plain the exchange-bias field phenomenon qualitatively
quantitatively. The Ising spin and the square lattice were c
sidered in the model of Malozemoff,2 and the presence of th
AFM domain causes the exchange-bias field. Another qu
titative explanation was given by Mauriet al.9 and the vector
spin was considered to form the magnetic domain wall at
interface between the FM and the AFM layers. The influen
of the competition between the FM and the AFM interactio
was first shown by Koon3 by using a b.c.c lattice with the
vector spin. Such a competition is accompanied by the re
ation of spins and the ‘‘spin-flop state’’ at the interface.

The ‘‘random-field model’’ by Malozemoff2 contrasts
with the spin-flop model by Koon3 for the explanation of the
origin of an exchange-bias field at the ‘‘compensated in
face.’’ The compensated interface is formed by the spin c
figuration, where the magnetization is canceled out due
the summation of the positive and negative component
spins in the AFM layer. The random-field model requires
atomic roughness of the interface, whereas in the spin-
model the interface roughness is not required but a dom
wall structure parallel to the interface is necessary, wh
was first introduced by Mauriet al.9 Those models explain
the appearance of a magnetization loop shift in a FM/AF
bilayer. Later on, Schulthess and Butler4,5 pointed out that
there is a possibility of different process in the spin flo
According to their calculation, the perpendicular compon
of the spin vector to the interface becomes finite during
magnetization reversal process~hereafter, we call ‘‘3D rever-
sal,’’ where 3D is three dimensional! in the FM layer, and
0163-1829/2003/68~1!/014437~8!/$20.00 68 0144
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this spin-flip model can cause no magnetization loop sh
Also, they pointed out that the solution by Koon is held
the restriction of the in-plane magnetization reversal~hereaf-
ter, we call ‘‘2D reversal’’! accompanied by the unidirec
tional exchange-bias field. The calculation by Xi and White11

is in conflict with the 2D reversal. However, it should b
noted that all those discussions are based on the colli
spin structure in AFM layers. For practical applications, t
alloy systems used as an AFM layer usually exhibit a vari
of the spin structures, including the collinear and nonc
linear antiferromagnetic spin arrangements. For example
deredL10-type MnNi and MnPt alloys have an AF-I-typ
collinear spin structure,18–20 while disorderedg-phase Mn-
Ni, Mn-Rh, and Mn-Ir alloys have the noncollinear type of
triple-Q ([3Q) spin structure.21,22 In both cases, the unidi
rectional exchange bias field is observed experimentally.23–32

Note that various theoretical and experimental works h
been reviewed by Berkowitz and Takano.33

For both the collinear and noncollinear antiferromagne
spin structures, the question arises whether the unidirecti
exchange-bias field is caused by the same mechanism or
In the present study, we intend to elucidate the mechanism
the magnetization loop shift in the FM/AFM bilayer, focu
ing on the influence of the realistic spin structure in the AF
layer. Then, we demonstrate that the same motive fo
causes the unidirectional exchange-bias field in not only
collinear but also in noncollinear spin systems. From th
results, it should be emphasized that the frustrated spins
to the geometric arrangement of the AFM atoms are esse
to develop the exchange-bias field.

II. MODEL OF CALCULATIONS

The configuration of atoms in the present model is illu
trated in Fig. 1. The bilayer is constructed of the^111& stack-
ing in the triangular net plane, forming a compensated in
face between the FM and the AFM layers. The closed a
©2003 The American Physical Society37-1
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open circles represent the magnetic and nonmagnetic a
in the AFM layer, respectively, composing a binary allo
The atomic configuration in Fig. 1 corresponds to the cas
an orderedL10-type AFM layer. For the disorderedg-phase
AFM layer, the lattice becomes an f.c.c. structure. T
double circles denote the magnetic atoms in the FM la
The layer thickness of the FM layer is 9 ML~monolayer!,
corresponding to about 15 Å for typical FM layers, e.g., N
Fe, and Co. On the other hand, the AFM layer thickn
ranges from 10 to 120 ML. The interface between the F
and the AFM layers is clearly defined without any roughne
The periodic boundary condition is applied to the in-pla
direction of the layered film and the calculated region
cludes 24324 atoms in each monolayer~ML !.

To investigate the spin structures and the magnetiza
process of the FM/AFM bilayer, the classical Heisenb
model is adopted in the present paper. Within the framew
of this model, we consider the interactions up to the sec
nearest neighbors because the interaction between the se
nearest neighbors plays an important role to establish lo
range order; the antiferromagnetic spin arrangement in f
trated spin systems in the present case. The thick arr
stand for the exchange interactionJ1 between the first
nearest-neighboring spins and the dashed arrows repre
the FM exchange interaction. The thin arrows indicate
exchange interactionJ2 between the second neares
neighboring spins and the dashed arrows represent the
exchange interaction as well. In the present classical Hei
berg model, we assume that the interlayer exchange con
is equal to the exchange constant in the AFM layer. The t
magnetic energy is given by the following Hamiltonian.

H52(
^ i , j &

J1i j
Si•Sj2 (

^ i ,k&
J2ik

Si•Sk2(
i

Di~Si•n!2

2gmB(
i

~Hdi
1Happ!•Si , ~1!

FIG. 1. The model lattice of the FM and AFM bilayer.
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whereSi is the unit spin vector of thei th magnetic atom,J1
andJ2 are the exchange constants for the first and the sec
nearest neighbors, respectively. The summations^ i , j & and
^ i ,k& are carried out over all possible pairs of the first and
second nearest neighbors. The third term in Eq.~1! repre-
sents the magnetic anisotropy energy,Di and n mean the
single spin anisotropy energy and the unit vector along
easy direction of the magnetic anisotropy, respectively. T
last term in Eq.~1! describes the Zeeman energy,Hd is the
demagnetized field due to the dipole interaction betwe
spins, andHapp is the applied field. Typically, the exchang
constants of magnetic alloys composed of Mn, Ni, Fe, a
Co are of 10;30 meV, which can be estimated by the Ne´el
temperature or the Curie temperature. For simplicity, in
present study, the first nearest exchange constantJ1 is as-
sumed to be 20 meV for the FM layer and to be220 meV
for the AFM layer and the interface, and the second nea
exchange constantJ2 is given byJ25uJ1u/2.14 For the cal-
culation of the demagnetized fieldHd , the magnetic momen
of the atom is assumed to be 1.7mB like that of Co. For
example, Ni-Fe or Co-Fe alloy is used for the FM layer
the FM/AFM bilayer system, and a typical anisotropy fie
of such alloys shows the order of 1;10 Oe. Accordingly,
the anisotropy energy of 0.116meV corresponds to 10 Oe
The anisotropy energy of the AFM layer becomes 103;104

times larger than that of the FM layer,34 and hence, we as
sume 0.116 meV in the present study.

The single-spin-flip Metropolis algorithm is employed fo
the Monte Carlo calculations of the spin structures in
AFM layer system. First, 53103 Monte Carlo steps are spen
for the relaxation of the system and next 23105 Monte
Carlo steps are adopted as the Monte Carlo average for
physical observable. In addition, the Landau-Lifshitz moti
equation is used to solve the magnetization process in
external applied field to the FM/AFM bilayer. The followin
Eq. ~2! describes the motion equation:

dSi

dt
52nSi3Heffi

2a@Si3~Si3Heffi
!#, ~2!

whereSi is the unit vector of thei th spin in the system anda
is the damping constant. In the present calculations, we
sumea50.1. The effective field at thei th siteHeffi

is given
by the following derivative of the Hamiltonian in Eq.~1!:

Heffi
52]H/]Si . ~3!

This motion equation is solved by using a forward differen
method. The time stepDt in the difference equation is de
fined byDt50.02/(nHapp), wheren andHapp are the gyro-
magnetic constant and the applied field, respectively.

III. UNIDIRECTIONAL EXCHANGE-BIAS FIELD

The spin structure of the disordered AFM layer includi
75% of magnetic atoms and 25% of nonmagnetic atoms
analogy with the disorderedg-phase Mn alloys is calculate
by employing the Monte Carlo method in Fig. 2~a!. Also, the
spin structure of the disordered alloy with 97.5% of magne
atoms and 2.5% of nonmagnetic atoms is calculated in
7-2
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MECHANISM OF THE EXCHANGE-BIAS FIELD IN . . . PHYSICAL REVIEW B68, 014437 ~2003!
2~b!. The atomic arrangements and the spin configuration
the AFM layers are illustrated in Fig. 2. The temperatu
used in the calculations isT/J150.086 17, giving the condi-
tion of T!TN , the Néel temperature. In fact, the value o
TN /J1 is 1.89660.038, 2.88760.053, and 3.56760.061 for
Figs. 2~a!, 2~b!, and 2~c!, respectively. The reason why w
use such a value ofT/J1 is for the confirmation of the spin
structures in the present model. Later on, as given in Fig

FIG. 2. The schematic drawing of the collinear and noncollin
spin structure in AFM alloys.~a! Triple-Q spin structure in the
disorderedg-phase lattice,~b! single-Q spin structure in the disor
dered g-phase lattice,~c! AF-I spin structure in the ordered
L10-type lattice. The dashed lines represent the magnetic unit

FIG. 3. The magnetization loops of the FM/AFM bilayer wi
the orderedL10-type ~dashed lines! and the disorderedg-phase
AFM alloys ~bold lines!.
01443
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and the succeeding discussion, we evaluate the exch
bias to use the motion equation of Landau-Lifshitz which
generally solved at 0 K. The shaded circles represent
disordered atoms. The closed and open circles denote
magnetic and nonmagnetic atoms, respectively. The arr
indicate the spin vectors and the dashed lines represen
magnetic unit cells. The spin vector is obtained by averag
the spins on the equivalent site:

S̄I5
1

N (
i

Si , cosu5^S̄I•S̄K&, ~4!

whereN is the number of magnetic atoms on each sublat
I. The correlation angleu of the spin structures is calculate
by a linear combination of averaged spins. The Ne´el tem-
peratures in Fig. 2 are obtained from the following equatio

S ]

]T
ln^S̄I& D 21

5
T2TN

b
, ~5!

where^S̄I& is the average size of the classical spin. In Fi
2~a! and 2~b!, it averages over four spins on the equivale
site I (I 51,2,3,4). In Fig. 2~c!, it averages over two spins o
the equivalent siteI (I 51,2 where 1, 2 are consisted o
magnetic atoms!. b is the critical exponent in the expansio
equation ofm}(T2TN)b near the critical temperature. I
the magnetic unit cell of a disorderedg-phase AFM layer in
Fig. 2~a!, four equivalent atoms are included, and the sp
of those atoms point the@111#,@ 1̄1̄1#,@11̄1̄#, and @ 1̄11̄#
directions, respectively. This spin configuration correspo
to the 3Q spin structure which is a typical noncollinear sp
structure in the f.c.c. lattice, resulting from the frustrat
spins due to the atomic geometry.

Within the framework of the classical Heisenberg mod
in principle, the ground-state energy of the collinear sp
structure or the singleQ ([1Q) structure in Fig. 2~b!, is not
distinguishable from the noncollinear spin structure of t
3Q structure, in the f.c.c. lattice35,36 where all equivalent
atoms are purely magneticlikeg-Mn. However, the presenc
of nonmagnetic atoms changes the number of interac
spins at the nearest neighboring atomic sites, causing
spin frustration in the disorderedg-phase alloy system. This
spin frustration lowers the energy of the 3Q spin structure,
compared with that of the collinear spin structure.37 We have
also confirmed the validity of this behavior to use the moti
equation of spins. The initial spin configuration is assumed
be in the 1Q structure, and hence, the final solution is o
tained to be the 3Q spin structure in the case of the diso
dered alloy with 75% of magnetic atoms and 25% of no
magnetic atoms. The magnetic energy lowers from –120
–126 meV/spin, changing the spin structure from 1Q to 3Q.
In addition, the spin configuration of the ordered AFM lay
having theL10-type lattice structure is calculated by usin
the Monte Carlo method. In the present case, two magn
and two nonmagnetic atoms are included in the magn
unit cell as seen from Fig. 2~c!. The spin correlation angle
between the nearest-neighboring spins is 180° and it co
sponds to the AF-I spin structure, being a typical colline

r

ll.
7-3
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spin structure of AFM alloys. Then, the magnetization p
cess in an external field is calculated by adding the FM la
to such AFM layers.

The magnetization loop with the disorderedg-phase AFM
layer is shifted by the unidirectional exchange-bias fie
while the loop with theL10-type ordered AFM layer exhibits
only the enhancement of coercivity instead of the bias fi
shift as shown in Fig. 3 wherems is the saturation magneti
zation. In these cases, the magnetic easy directions in
AFM and FM layer are@112̄# and @11̄0#, respectively.
These distinct different magnetization loops are explained
the following way. Each component of the magnetizati
vector m in the FM layer during the magnetization revers
process is plotted in Figs. 4~a! and 4~b! with the disordered
g-phase AFM and the orderedL10-type AFM layers, respec
tively. Thex andy components lie down in the layered film
and thez-component is perpendicular to the film plane. T
initial magnetization points the1y direction and the switch-
ing field is applied to the2y direction. While they compo-
nentmy decreases from 1 to21, mx , andmz oscillate and
converge to zero, exhibiting the Larmor precession in

FIG. 4. The magnetization switching process in the FM layer
the FM/AFM bilayer with the orderedL10-type and the disordered
g-phase AFM alloys.~a! and~b! schematic images of the magne
zation reversal with the orderedL10-type and the disordered
g-phase AFM alloys, respectively.~c! The magnetization in three
components against the time step for the bilayer with the orde
L10-type AFM alloy having the collinear spin arrangement,~d! the
same plots with the disorderedg-phase AFM alloy having the non
collinear spin arrangement.
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magnetization process. Let us focus on themz component for
an ordered AFM layer having the AF-I spin structure in F
4~a! and the case of a disorderedg-phase AFM layer having
the 3Q spin structure in Fig. 4~b!. In Figs. 4~c! and 4~d!, the
vertical axis denotes the magnetization in thex, y, and z
components and the horizontal axis denotes the time ste
the calculations. Themz component in the former increase
and makes the first peak of the oscillation beforemy crossing
the zero line in Fig. 4~c!, while mz in the latter is restricted to
a small value and makes the first peak aftermy crossing the
zero lines in Fig. 4~d!. The former corresponds to the 3
reversal and the latter does to the 2D reversal in the first
of the magnetization process. As a result, the magnetiza
loop shift is developed only in the bilayer system having t
noncollinear spin structure.

As pointed out above, those switching modes are in
enced by the spin structure of the AFM layer. Therefore,
investigate the spin structure at the interface. The correla
angle between the FM and the AFM spins indicates ab
90° for the ordered AFM layer, and all of the FM and AFM
spins lie down in the film plane. In Fig. 5~a!, this spin struc-
ture is called the spin flop structure, and the spin correlat
angle is likely to keep 90° during the whole magnetizati
reversal process. The FM spins show a 3D reversal with
perpendicular component to the interface because the A
spins remain in the film plane. This is because the correla
angle between the FM and AFM spins corresponds to
bisection of the correlation angle between the AFM spins
a collinear configuration, and the switching path along su
bisection gives the minimum state in the exchange ene
Next, we show the spin configuration at the interface with
disorderedg-phase AFM layer in Fig. 5~b!. The FM spins lie
in the film plane, but the perpendicular spin component
the interface presents in theg-phase disordered AFM laye
where the AFM spin meets140° or 240° with the inter-
face. The correlation angle between the FM and the AF
spins agrees with the bisection of the correlation angle
tween AFM spins, and it is also equivalent to the meet
angle of AFM spins to the interface. As a consequence,
direction of the FM spins is restricted near the parallel pla
to the interface during the switching process. In other wor
the FM spins with the disorderedg-phase AFM layer exhibit
a 2D reversal.

f

d

FIG. 5. The spin structures at the interface of bilayer system.~a!
OrderedL10-type AFM layer and~b! disorderedg-phase AFM
layer.
7-4
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IV. MAGNETIC DOMAIN WALL STRUCTURE IN THE
AFM LAYER

The thickness dependence of the exchange-bias fiel
the bilayer system is shown in Fig. 6. Below about 25 M
the unidirectional bias fieldHu decreases when the AFM
layer thickness ML decreases and it becomes zero belo
certain critical thickness. The coercive forceHC takes a
maximum value around such a critical thickness. The s
tematic error in the calculations ofHu andHc is 0.005 in an
normalized unit in Fig. 6, and the statistical error is abo
1/20.15. These behaviors are very similar to the measu
results for an FeMn film as the AFM layer,16 which has been
reported to have the 3Q spin structure.38,39 The unidirec-
tional exchange-bias field is influenced not only by the s
structure at the interface but also by the macroscopic s
arrangement in the AFM layer. The magnetization com
nentsm/ms for four equivalent atoms along the applied fie
are plotted as a depth profile of the stacking films in Fig.
The magnetization of an equivalent atom is averaged o
the net plane in each depth. The stacked planes in depth
1 to 9 ML correspond to the FM layer and the stacked pla
in depth from 10 to 49 ML correspond to the AFM layer. Th
magnetization in the FM layer stands11 and21 under the
positive and negative applied fields, respectively. The va
of m/ms at each equivalent atom site, I, II, III, and IV, in th
AFM layer is about10.5 or20.5, reflecting the correlation
angle between the FM and the AFM spins. Approaching
the interface, the value of magnetizationumu/ms becomes
small and forms the magnetic domain wall parallel to t
interface, similar to the spin configuration presented
Mauri et al.,9 and the domain wall shape is changed, depe
ing on the direction of the applied field. Apparently, th
change of the domain wall shape gives rise to the differe
in the magnetic energy equivalent to the energy of
exchange-bias field.

V. INTRODUCTION OF MULTIDOMAINS INTO THE
L10-TYPE AFM LAYER

In the preceding discussion, we have explained that
apparent magnetization loop shift is caused by

FIG. 6. The thickness dependence of the unidirectio
exchange-bias field and coercivity with the disorderedg-phase FM/
AFM bilayer. The unidirectional exchange-bias field and coerciv
are given byHu andHC , respectively.
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noncollinear spin structure, which is due to the random
rangement of magnetic and nonmagnetic atoms in the di
deredg-phase AFM alloys. In practical applications, how
ever, theL10-type ordered AFM alloys such as MnPt,23,24

MnNi,25,26and MnPdPt40 perform excellent properties for th
unidirectional exchange-bias field even though they have
collinear antiferromagnetic structure. Accordingly, at fir
glance, the present model seems to be invalid for the for
tion of unidirectional exchange-bias field in the collinear sy
tems. We shall attempt to induce the spin frustration eff
into the orderedL10-type AFM layer. For this purpose, w
introduce the multidomains as illustrated in Fig. 8. Two ma
netic atoms and two nonmagnetic atoms are included in
magnetic unit cell. These magnetic atoms are arranged a
the @011̄#, @ 1̄01#, or @11̄0# directions in thê 111& oriented
stacking plane. At the same time, the easy axis of magn
anisotropy in the AFM layer runs along the same direction
each unit cell, and the easy axis in the FM layer is@11̄0#.
The configurations of atoms are equal in all of these th
patterns, forming the orderedL10-type lattices. The single
domain is composed of one of those three patterns, wh
includes 12312 atoms in the stacking plane. The entire c
culating model includes 333 domains, and the outer edge
the calculating region in thê111& stacking plane is defined
as the periodic boundary condition.

The frustrated spins are caused by the geometry of
magnetic atoms at the domain boundaries. As a result
contrast to the loop in Fig. 3, the calculated magnetizat
loop is actually shifted by the unidirectional exchange-b
field even in the orderedL10-type alloy systems as shown i
Fig. 9. Therefore, it is confirmed that the introduction of t
frustrated spins causes the unidirectional exchange-bias fi
The thickness dependence of the exchange-bias field is g
in Fig. 10. The unidirectional exchange-bias field decrea

l

FIG. 7. The depth profile of magnetizations on the stack
planes with the disorderedg-phase FM/AFM bilayer. Four types o
lines; dots, thin, cross, and thick, indicate the averaged magne
tion of the equivalent atomic site, I, II, III, and IV in each stacke
plane. The depth from 1 to 9 corresponds to the FM layer and
from 10 to 49 corresponds to the AFM layer.
7-5
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C. MITSUMATA, A. SAKUMA, AND K. FUKAMICHI PHYSICAL REVIEW B 68, 014437 ~2003!
with decreasing the AFM layer thickness, coming close
zero below a certain critical thickness. The maximum va
of coercivity is obtained near such a critical thickness,
companied by a sharp peak. These critical behaviors are
similar to the results of the unidirectional exchange-bias fi
Hu in Fig. 6.

The depth profile of the spin configuration is shown
Fig. 11, where the AFM layer thickness is 20 ML in Fi
11~a! and 40 ML in Fig. 11~b!. The magnetizations are mea
sured along the direction of the applied field and they
averaged over the net plane in each depth. The stac
planes in depth from 1 to 9 ML correspond to the FM lay
The stacked planes in depth from 10 to 29 ML correspond
the AFM layer in Fig. 11~a!, and the stacked planes in dep
from 10 to 49 ML correspond to the AFM layer in Fig. 11~b!.

FIG. 8. Schematic drawing of the multidomains model.

FIG. 9. The magnetization loop of the FM layer stacked on
orderedL10-type AFM layer in the multidomains model.
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The thicknesses of 20 and 40 MLs of the AFM layer, resp
tively, represent the conditions below and above the criti
thickness, where the magnetization loop shift appears. In
former case in Fig. 11~a!, there is a small rotation of spins i
the AFM layer. Switching the external field from1Happ to
2Happ , the magnetization at the site I changes from posit
to negative and vice versa at the site II. As a result,
magnetic structure shows a symmetric configuration in
applied field. In the latter case in Fig. 11~b!, on the other
hand, the spins at the sites I and II remain in the same di
tion without switching, e.g., the magnetization at the sit
always indicates a positive value in the AFM layer regardl
under the positive1Happ and negative2Happ applied
fields. Then, the domain wall structure is formed in the AF
layer, and the wall width changes from 10 to 30 ML in a
ternative applied fields. Therefore, this magnetic struct
shows an asymmetric configuration in the applied field. O
viously, the symmetric change of the magnetic configurat
in the applied field represents the absence of the unidi
tional exchange-bias fieldHu , and this asymmetric configu
ration in the applied field results in the magnetization lo
shift. Also, this domain wall motion induces the differen
between the magnetic energy in the bilayer under the p
tive and negative fields. The magnetic energies are plotte
a function of the applied field in Figs. 12~a! and 12~b! for 20
and 40 ML of the AFM layers, respectively. Symmetric a
asymmetric curves of the magnetic energies are obtained
the thinner and the thicker AFM layers, respectively.

As discussed above, we have demonstrated that the in
duction of the frustrated spins into the collinear spin config
ration of the AFM layer can develop the unidirection
exchange-bias field. The formation of the magnetic dom
wall parallel to the interface of the FM and AFM bilayers
also necessary. These prerequisites, the frustrated spins
the domain wall, are common to both the orderedL10-type
and disorderedg-phase AFM systems. In addition, the mu
tidomain structures to create the frustrated spins are also
quired for the collinear spin structure in the orderedL10-type
AFM layer. The AFM domains correspond to the domains
Fig. 8, that is to say, the domain structures are in part sim
to the random-field model by Malozemoff.2 The random-
field model stands within the framework of the Ising sp

e

FIG. 10. The thickness dependence of the unidirectio
exchange-bias fieldHu ~dashed line! and coercivityHC ~thick line!
of the FM/AFM bilayer of the orderedL10-type alloy.
7-6
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MECHANISM OF THE EXCHANGE-BIAS FIELD IN . . . PHYSICAL REVIEW B68, 014437 ~2003!
system. In a wide sense, however, the AFM domain and
perpendicular domain wall in the random-field model can
regarded as the present multidomains model. The domain
Fig. 8 also correspond to grains in the polycrystalline mod
by Nishiokaet al.16 and Tsunoda and Takahashi.17 Those two
polycrystalline models include no influences of the frustra
spins at the interface. As a consequence, those polycry
line models are naturally extended to the present mode

FIG. 11. The depth profile of magnetizations on stacked pla
in the multidomain model in the FM/AFM bilayer of theL10-type
ordered alloy.~a! Depth from 1 to 9 corresponds to the FM lay
with 9 ML and the depth from 10 to 29 corresponds to the AF
layer with 20 ML, ~b! Depth from 1 to 9 corresponds to the FM
layer with 9 ML and the depth from 10 to 49 corresponds to
AFM layer with 40 ML. Note that the AFM layer thicknesses co
respond to below and above the critical thickness for the excha
bias field phenomenon.
01443
e
e
in

ls

d
al-
of

the compensated interface by taking the influence of fr
trated spins into consideration.

VI. SUMMARY

We have investigated the spin structure of FM and a
ferromagnetic AFM bilayers and proposed the mechanism
the unidirectional exchange-bias field within the framewo
of the classical Heisenberg model. The noncollinear trip
([3Q) spin structure and the collinear AF-I spin structu
are obtained in a disorderedg-phase AFM layer and an or
deredL10-type AFM layer, respectively. The noncollinea
3Q spin structure in the AFM layer naturally induces th
in-plane magnetization reversal~2D reversal!, and the bilayer
exhibits a magnetization loop shift. The 2D reversal proc
closely relates to the magnetic domain wall in the AFM lay
parallel to the interface of the bilayer. The stability of such
domain wall formation in the applied field dominates t
development of the unidirectional exchange-bias field. In t
sense, the magnetic anisotropy energy in the AFM la
plays an important role, and the critical AFM thickness
dominated by such a domain wall width.

On the contrary, the unidirectional exchange-bias field
not developed by the simple collinear spin structure in
orderedL10-type AFM layer. In this case, the switchin
mode of the magnetization in the FM layer behaves as
3D reversal process; perpendicular component of the s

s

e

e-

FIG. 12. The magnetic energy of the FM/AFM bilayer as
function of the applied field.~a! 20 ML thickness of the AFM layer,
~b! 40 ML thickness of the AFM layer. Note that these thickness
correspond to below and above the critical thickness for
exchange-bias field phenomenon.
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C. MITSUMATA, A. SAKUMA, AND K. FUKAMICHI PHYSICAL REVIEW B 68, 014437 ~2003!
vector to the interface becomes finite during the magnet
tion reversal process, and the domain wall parallel to
interface is not created. For the noncollinear spin structur
the disorderedg-phase AFM layer, the prerequisites of th
unidirectional exchange-bias field are the frustrated spins
the magnetic domain wall parallel to the interface. Therefo
we need to introduce the frustrated spins into the orde
L10-type AFM layer because the collinear spin structure
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