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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 disorgirase 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 ordefgetype antiferromagnetic alloy results in only
the enhancement of coercivity of the ferromagnetic layer. Introducing the multidomains into the ordered
L1,-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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[. INTRODUCTION this spin-flip model can cause no magnetization loop shift.
Also, they pointed out that the solution by Koon is held in
Since the first observation by Meiklejohn and Bk&or  the restriction of the in-plane magnetization revefsareaf-
the exchange-bias field phenomena at the interface betwed@r, we call “2D reversal) accompanied by the unidirec-
ferromagnetid FM) and antiferromagnetiGAFM) materials, ~ tional exchange-bias field. The calculation by Xi and White
many theoretical models have been proposed. The a‘js in conflict with the 2D reversal. However, it should be
proaches of discrete micromagnetics modefscontinuum noted that all those discussions are based on the collinear
micromagnetics modefs2and other$"have tried to ex- SPIn structure in AFM layers. For practical applications, the
plain the exchange-bias field phenomenon qualitatively an@!loy systems used as an AFM layer usually exhibit a variety
quantitatively. The Ising spin and the square lattice were con@f the spin structures, including the collinear and noncol-
sidered in the model of Malozemdtiand the presence of the linear ant|ferromagne_:t|c spin arrangements. For example, or-
AFM domain causes the exchange-bias field. Another quarfi€redL1o-type MnNi and MnPt alloys have an AF-I-type
titative explanation was given by Mawet al® and the vector ~ collinear spin structur&, 2° while disorderedy-phase Mn-
spin was considered to form the magnetic domain wall at théNi, Mn-Rh, and Mn-Ir alloys have the noncollinear type of a
interface between the FM and the AFM layers. The influencdriple-Q (=3Q) spin structuré"??In both cases, the unidi-
of the competition between the FM and the AFM interactionséctional exchange bias field is observed experimenftaify.
was first shown by Kochby using a b.c.c lattice with the Note that various theoretical and experimental works have

vector spin. Such a competition is accompanied by the relaxpeen reviewed by Berkowitz and Takafo. _
ation of spins and the “spin-flop state” at the interface. For both the collinear and noncollinear antiferromagnetic

The “random-field model” by Malozemoff contrasts spin structures, the question arises whether the unidirectional
with the spin-flop model by Koohfor the explanation of the exchange-bias field is caused by the same mechanism or not.
origin of an exchange-bias field at the “compensated interdn the present study, we intend to elucidate the mechanism of
face.” The compensated interface is formed by the spin conthe magnetization loop shift in the FM/AFM bilayer, focus-
figuration, where the magnetization is canceled out due t#d on the influence of the realistic spin structure in the AFM
the summation of the positive and negative components d@yer. Then, we demonstrate that the same motive force
spins in the AFM layer. The random-field model requires thecauses the unidirectional exchange-bias field in not only the
atomic roughness of the interface, whereas in the Spin_ﬂogollinear but also in noncollinear spin systems. From these
model the interface roughness is not required but a domaifgsults, it should be emphasized that the frustrated spins due
wall structure parallel to the interface is necessary, whicHO the geometric arrangement of the AFM atoms are essential
was first introduced by Maurt al? Those models explain to develop the exchange-bias field.
the appearance of a magnetization loop shift in a FM/AFM
bilayer. Later on, Schulthess and Buflérpo_inted out that . MODEL OF CALCULATIONS
there is a possibility of different process in the spin flop.

According to their calculation, the perpendicular component The configuration of atoms in the present model is illus-
of the spin vector to the interface becomes finite during therated in Fig. 1. The bilayer is constructed of {ie.1) stack-

magnetization reversal procegmereafter, we call “3D rever- ing in the triangular net plane, forming a compensated inter-
sal,” where 3D is three dimensionain the FM layer, and face between the FM and the AFM layers. The closed and
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whereS; is the unit spin vector of theth magnetic atom);
andJ, are the exchange constants for the first and the second
nearest neighbors, respectively. The summatigng and
(i,k) are carried out over all possible pairs of the first and the
second nearest neighbors. The third term in 8q.repre-
sents the magnetic anisotropy ener@y, and n mean the
011] single spin anisotropy energy and the unit vector along the
easy direction of the magnetic anisotropy, respectively. The
last term in Eq.(1) describes the Zeeman energiy is the
S demagnetized field due to the dipole interaction between
® AFM atom } Binary spins, andH ,,,, is the applied field. Typically, the exchange
alloy constants of magnetic alloys composed of Mn, Ni, Fe, and
Co are of 16-30 meV, which can be estimated by thée\le
temperature or the Curie temperature. For simplicity, in the

O Non-mag. atom

Exchange interaction present study, the first nearest exchange conskams as-
—> AFM J, —> AFM J, sumed to be 20 meV for the FM layer and to b0 meV
for the AFM layer and the interface, and the second nearest
—* Interlayer J; —— [Interlayer J, exchange constamd, is given byJ,=|J;|/2.1* For the cal-
----- » FM J,; R )\ A culation of the demagnetized fielt};, the magnetic moment
of the atom is assumed to be 1ug like that of Co. For
FIG. 1. The model lattice of the FM and AFM bilayer. example, Ni-Fe or Co-Fe alloy is used for the FM layer in

. ) ] the FM/AFM bilayer system, and a typical anisotropy field
open circles represent the magnetic and nonmagnetic atorg$ sych alloys shows the order of~110 Oe. Accordingly,
in the AFM layer, respectively, composing a binary alloy. he anisotropy energy of 0.116eV corresponds to 10 Oe.
The atomic configuration in Fig. 1 corresponds to the case ofpe anisotropy energy of the AFM layer become$~1a0*
an ordered.1o-type AFM layer. For the disorderegtphase  times larger than that of the FM lay&rand hence, we as-
AFM layer, the lattice becomes an f.c.c. structure. Thegyme 0.116 meV in the present study.
double cwclgs denote the magnetic qtoms in the FM layer. Tphe single-spin-flip Metropolis algorithm is employed for
The layer thickness of the FM layer is 9 MimonolayeJ, the Monte Carlo calculations of the spin structures in the
corresponding to about 15 A for typical FM layers, e.g., Ni, AFM layer system. First, & 10° Monte Carlo steps are spent
Fe, and Co. On the other hand,_ the AFM layer thicknessg, the relaxation of the system and nex20° Monte
ranges from 10 to 120 ML. The interface between the FMcario steps are adopted as the Monte Carlo average for the
and the AFM layers is clearly defined without any roughnessphysical observable. In addition, the Landau-Lifshitz motion
The periodic boundary condition is applied to the in-planeequation is used to solve the magnetization process in the
direction of the layered film and the calculated region in-gyiernal applied field to the FM/AFM bilayer. The following

cludes 24 24 atoms in each monolayéviL). Eq. (2) describes the motion equation:
To investigate the spin structures and the magnetization
process of the FM/AFM bilayer, the classical Heisenberg ds
model is adopted in the present paper. Within the framework qo = VS X He,— al SX (S X Her) 1, (]

of this model, we consider the interactions up to the second

nearest neighbors because the interaction between the secoigeresS; is the unit vector of théth spin in the system and
nearest neighbors plays an important role to establish longs the damping constant. In the present calculations, we as-
range order; the antiferromagnetic spin arrangement in frussumea=0.1. The effective field at theth siteH is given
trated spin systems in the present case. The thick arrowsy the following derivative of the Hamiltonian in E¢L):

stand for the exchange interactiah between the first

nearest-neighboring spins and the dashed arrows represent He = —dH/9S . ()

the FM exc_hange !nteractlon. The thin arrows indicate theI'his motion equation is solved by using a forward difference
exchange interactiond, between the second nearest n.,.q The fime stept in the difference equation is de-

neighboring spins and the dashed arrows represent the F thed by At=0.02/(vHa;), Wherew andH.,, are the gyro-

exchange interaction as well. In the present classical Heise I aanetic constant and the aoplied field. respectivel
berg model, we assume that the interlayer exchange constant 9 P  1esp y-

is equal to the exchange constant in the AFM layer. The total

magnetic energy is given by the following Hamiltonian. IIl. UNIDIRECTIONAL EXCHANGE-BIAS FIELD
The spin structure of the disordered AFM layer including
H=— J, S-S — J, S-S — D.(S-n)2 75% of magnetic atoms and 25% of nonmagnetic atoms in
<izi> 1”3 ' %:3 2”(3 S Z SR analogy with the disordereg-phase Mn alloys is calculated

by employing the Monte Carlo method in Figa® Also, the
_ Hy+H,0)-S, 1 spin structure of the disordered alloy with 97.5% of magnetic
gMBEi ( % ap) S @) atoms and 2.5% of nonmagnetic atoms is calculated in Fig.
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(a) Triple Q (b) Single Q and the succeeding discussion, we evaluate the exchange
; e bias to use the motion equation of Landau-Lifshitz which is
generally solved at 0 K. The shaded circles represent the
disordered atoms. The closed and open circles denote the
magnetic and nonmagnetic atoms, respectively. The arrows
indicate the spin vectors and the dashed lines represent the
magnetic unit cells. The spin vector is obtained by averaging
the spins on the equivalent site:

1 —
© Disordered atom S :N EI S, COSG:(S : S(>v 4
whereN is the number of magnetic atoms on each sublattice
(¢) AF-I spin structure I. The correlation anglé of the spin structures is calculated
by a linear combination of averaged spins. TheeNieem-
peratures in Fig. 2 are obtained from the following equation:

T-Ty

9 _
(ﬁ'”@l)

where(S)) is the average size of the classical spin. In Figs.
2(a) and 2b), it averages over four spins on the equivalent
sitel(1=1,2,3,4). In Fig. ), it averages over two spins on
@ Magnetic atom the equivalent sitd (I=1,2 where 1, 2 are consisted of
O Non-magnetic atom magnetic atoms g is the critical exponent in the expansion

. B 6 o
FIG. 2. The schematic drawing of the collinear and noncollinearequat'on ofme(T—Ty)” near the critical temperature. In

spin structure in AFM alloys(a) Triple-Q spin structure in the e magnetic unit cell of a disordergdphase AFM layer in.
disorderedy-phase lattice(b) singleQ spin structure in the disor- F19: 2(a), four equivalent atoms are included, and the spins
dered y-phase lattice,(c) AF-l1 spin structure in the ordered of those atoms point thg111],[111],[111], and[111]
L1,-type lattice. The dashed lines represent the magnetic unit cellirections, respectively. This spin configuration corresponds
to the 3Q spin structure which is a typical nhoncollinear spin

2(b). The atomic arrangements and the spin configurations jgtructure in the f.c.c. lattice, resulting from the frustrated

the AFM layers are illustrated in Fig. 2. The temperatureSPInS due to the atomic geometry. _
used in the calculations i§/J;=0.086 17, giving the condi- Within the framework of the classical Heisenberg model,

tion of T<Ty, the Neel temperature. In fact, the value of IN Principle, the ground-state energy of the collinear spin

Ty/J; is 1.896-0.038, 2.887%0.053, and 3.56%0.061 for ~ Structure or the singl® (=1Q) structure in Fig. &), is not

Figs. 4a), 2(b), and 2c), respectively. The reason why we distinguishable from the noncollinear spin structure of the
. L 1 1 . - . 36 -

use such a value of/J; is for the confirmation of the spin 3Q structure, in the f.c.c. lattic&*® where all equivalent

structures in the present model. Later on, as given in Fig. {oms are purely magneticlikg-Mn. However, the presence
of nonmagnetic atoms changes the number of interacting

spins at the nearest neighboring atomic sites, causing the
spin frustration in the disorderegphase alloy system. This
spin frustration lowers the energy of th&3spin structure,

1.5
with y-phase AFM

? L0 \Q compared with that of the collinear spin structdif&Ve have
< 05 Ff : : also confirmed the validity of this behavior to use the motion
~§ ' : ' equation of spins. The initial spin configuration is assumed to
-% 0.0 [Froemmmemeenness . B R IEEIIERIITRED be in the 1Q structure, and hence, the final solution is ob-
S . ’ : tained to be the @ spin structure in the case of the disor-
g -05 [ ' ; : dered alloy with 75% of magnetic atoms and 25% of non-
S __/ magnetic atoms. The magnetic energy lowers from —120 to
1.0 REA N —126 meV/spin, changing the spin structure fro@ tb 3Q.
15 , i with L1,-type AFM In addition, the spin configuration of the ordered AFM layer
-10 5 0 5 10 having theL 1y-type lattice structure is calculated by using
Applied field (g, H,,, / D) the Monte Carlo method. In the present case, two magnetic

and two nonmagnetic atoms are included in the magnetic

FIG. 3. The magnetization loops of the FM/AFM bilayer with unit cell as seen from Fig.(@). The spin correlation angle
the orderedL1,-type (dashed linesand the disordered-phase between the nearest-neighboring spins is 180° and it corre-
AFM alloys (bold lines. sponds to the AF-I spin structure, being a typical collinear
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z z
% ; y
L~
X X
(a) (b)
ﬁ FM spin ? AFM spin (+40 deg. to interface)
1 AFM spin ﬁ AFM spin (-40 deg. to interface)
210 ©
5 O Non-mag. atom
£ 05 . . .
= FIG. 5. The spin structures at the interface of bilayer systam.
'é 0.0 o RS O OrderedL1y-type AFM layer and(b) disorderedy-phase AFM
8 kK 2 1 y Time step layer.
] “
§ 05T Sy Wi o
S B magnetization process. Let us focus ontecomponent for
A0 L m an ordered AFM layer having the AF-I spin structure in Fig.

4(a) and the case of a disordergephase AFM layer having
the 3Q spin structure in Fig. @). In Figs. 4c) and 4d), the
Loy ’,"’z @ vertical axis denotes the magnetization in they, and z
components and the horizontal axis denotes the time step in
the calculations. Then, component in the former increases
and makes the first peak of the oscillation beforecrossing
Time step the zero line in Fig. &), while m, in the latter is restricted to
a small value and makes the first peak aftgrcrossing the
zero lines in Fig. 4d). The former corresponds to the 3D
reversal and the latter does to the 2D reversal in the first half

FIG. 4. The magnetization switching process in the FM layer ofof the magnetization process. As a result, the magnetization
the FM/AFM bilayer with the ordereti1,-type and the disordered loop shift is developed only in the bilayer system having the
y-phase AFM alloys(a) and(b) schematic images of the magneti- noncollinear spin structure.
zation reversal with the orderetll,-type and the disordered As pointed out above, those switching modes are influ-
y-phase AFM alloys, respectivelyc) The magnetization in three enced by the spin structure of the AFM layer. Therefore, we
components against the time step for the bilayer with the ordereghyestigate the spin structure at the interface. The correlation
L 1,-type AFM alloy having the collinear spin arrangemeldl,the  angle between the FM and the AFM spins indicates about
same plots yvith the disorderedphase AFM alloy having the non-  gge for the ordered AFM layer, and all of the FM and AFM
collinear spin arrangement. spins lie down in the film plane. In Fig(#&, this spin struc-

. o ture is called the spin flop structure, and the spin correlation
spin structure of AFM alloys. Then, the magnetization pro-apge s likely to keep 90° during the whole magnetization
cess in an external field is calculated by adding the FM layefayersal process. The FM spins show a 3D reversal with the
to such AFM layers. _ . perpendicular component to the interface because the AFM

The magnetization loop with the disordergephase AFM  gping remain in the film plane. This is because the correlation
Iayfer is shn‘ted.by the unidirectional exchange-blas f'e|dvangle between the FM and AFM spins corresponds to the
while the loop with thel 1,-type ordered AFM layer exhibits pisection of the correlation angle between the AFM spins in
only the enhancement of coercivity instead of the bias fieldy cojlinear configuration, and the switching path along such
shift as shown in Fig. 3 when; is the saturation magneti- pjisection gives the minimum state in the exchange energy.
zation. In these cases, the magnetic easy directions in thext, we show the spin configuration at the interface with a
AFM and FM layer are[112] and [110], respectively. disorderedy-phase AFM layer in Fig. ). The FM spins lie
These distinct different magnetization loops are explained irin the film plane, but the perpendicular spin component to
the following way. Each component of the magnetizationthe interface presents in thephase disordered AFM layer
vectorm in the FM layer during the magnetization reversal where the AFM spin meets-40° or —40° with the inter-
process is plotted in Figs(# and 4b) with the disordered face. The correlation angle between the FM and the AFM
v-phase AFM and the orderédly-type AFM layers, respec- spins agrees with the bisection of the correlation angle be-
tively. Thex andy components lie down in the layered film, tween AFM spins, and it is also equivalent to the meeting
and thez-component is perpendicular to the film plane. Theangle of AFM spins to the interface. As a consequence, the
initial magnetization points the-y direction and the switch- direction of the FM spins is restricted near the parallel plane
ing field is applied to the-y direction. While they compo-  to the interface during the switching process. In other words,
nentm, decreases from 1 te-1, m,, andm, oscillate and the FM spins with the disorderegtphase AFM layer exhibit
converge to zero, exhibiting the Larmor precession in thea 2D reversal.

Magnetization (im / m.)
=
1=
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FIG. 6. The thickness dependence of the unidirectional
exchange-bias field and coercivity with the disordeyephase FM/ -1.2 ' '
AFM bilayer. The unidirectional exchange-bias field and coercivity 0 20 40 60
are given byH, andH¢, respectively. Depth of plane (ML)
IV. MAGNETIC DOMAIN WALL STRUCTURE IN THE FIG. 7. The depth profile of magnetizations on the stacked
AFM LAYER planes with the disordereg-phase FM/AFM bilayer. Four types of
lines; dots, thin, cross, and thick, indicate the averaged magnetiza-
The thickness dependence of the exchange-bias field ition of the equivalent atomic site, I, I, Ill, and IV in each stacked

the bilayer system is shown in Fig. 6. Below about 25 ML, plane. The depth from 1 to 9 corresponds to the FM layer and that
the unidirectional bias fieldH, decreases when the AFM from 10 to 49 corresponds to the AFM layer.

layer thickness ML decreases and it becomes zero below a

certain critical thickness. The coercive fortéc takes a poncollinear spin structure, which is due to the random ar-
maximum value around such a critical thickness. The sysgangement of magnetic and nonmagnetic atoms in the disor-
tematic error in the calculations éf, andH; is 0.005 inan  yered y-phase AFM alloys. In practical applications, how-
normalized unit in Fig. 6, and the statistical error is abOUtever, theL 1,-type ordered AFM alloys such as Mng?
+/—0.15. These behaviors are very similar to the measuref;j,mNi,zs,zeand MnPdPP perform excellent properties for the
results for an FeMn film as the AFM Iayséegg/vhlch has been pigirectional exchange-bias field even though they have the
reported to have the @ spin structure®* The unidirec-  ¢ojlinear antiferromagnetic structure. Accordingly, at first
tional exchange-bias field is influenced not only by the SPiNylance, the present model seems to be invalid for the forma-

structure at the interface but also by the macroscopic spitjon of unidirectional exchange-bias field in the collinear sys-
arrangement in the AFM layer. The magnetization compOtems. We shall attempt to induce the spin frustration effect
nentsm/m; for four equivalent atoms along the applied field i the ordered_1,-type AFM layer. For this purpose, we
are plotted as a depth profile of the stacking films in Fig. 7.ntroduce the multidomains as illustrated in Fig. 8. Two mag-
The magnetization of an equivalent atom is averaged ovefetic atoms and two nonmagnetic atoms are included in the
the net plane in each depth. The stacked planes in depth frofjagnetic unit cell. These magnetic atoms are arranged along
1to 9 ML correspond to the FM layer and the stacked planeﬁqe[mﬁ’ [101], or[110] directions in the(111) oriented

in depth from 10 to 49 ML correspond to the AFM layer. The stacking plane. At the same time, the easy axis of magnetic

magnetization in th_e FM Iayer ;tandsl and—.l under the anisotropy in the AFM layer runs along the same direction in
positive and negative applied fields, respectively. The value

of m/m, at each equivalent atom site, I, II, IlI, and IV, in the €ach unit cell, and the easy axis in the FM layef 14.0].
AFM layer is about+ 0.5 or —0.5, reflecting the correlation 1h€ configurations of atoms are equal in all of these three
angle between the FM and the AFM spins. Approaching tgoatterns, forming the orderedl,-type lattices. The smgle.
the interface, the value of magnetizatipm|/m, becomes domain is composed of one of those three patterns, which
small and forms the magnetic domain wall parallel to thelnCludes 1212 atoms in the stacking plane. The entire cal-
interface, similar to the spin configuration presented byculating modelincludes 83 domains, and the outer edge of
Mauri et al,® and the domain wall shape is changed, dependthe calculating region in thel1l) stacking plane is defined
ing on the direction of the applied field. Apparently, the @S the periodic boundary condition.

change of the domain wall shape gives rise to the difference 1he frustrated spins are caused by the geometry of the

in the magnetic energy equivalent to the energy of thdnagnetic atoms at t_he c_Jomain boundaries. As a re_sult_, in
exchange-bias field. contrast to the loop in Fig. 3, the calculated magnetization

loop is actually shifted by the unidirectional exchange-bias
field even in the ordered1,-type alloy systems as shown in
Fig. 9. Therefore, it is confirmed that the introduction of the
frustrated spins causes the unidirectional exchange-bias field.
In the preceding discussion, we have explained that th&he thickness dependence of the exchange-bias field is given
apparent magnetization loop shift is caused by thdn Fig. 10. The unidirectional exchange-bias field decreases

V. INTRODUCTION OF MULTIDOMAINS INTO THE
L1,-TYPE AFM LAYER
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Atomic arrangement 0.3
a
Pattern 1 Pattern 2 Pattern 3 En

0.2
=2
N
=

& 0.1
g

Easy axis Magnetic atom Non-magnetic atom 0
0 50 100 150
AFM layer thickness (ML)

Domain configuration FIG. 10. The thickness dependence of the unidirectional

Eeﬁo(‘l’ic . . exchange-bias fieltl, (dashed linpand coercivityH (thick line)
oundary Single domain of the FM/AFM bilayer of the orderetl 1,-type alloy.

condition

36 atoms

tively, represent the conditions below and above the critical

12 atoms
Wﬂ —=> fg The thicknesses of 20 and 40 MLs of the AFM layer, respec-
[s/

12 atoms thickness, where the magnetization loop shift appears. In the
— former case in Fig. 1), there is a small rotation of spins in
Periodic boundary the AFM layer. Switching the external field fromH,,, to
condition —H,pp, the magnetization at the site | changes from positive

36 atoms to negative and vice versa at the site Il. As a result, the

FIG. 8. Schematic drawing of the multidomains model. magnetic structure shows a symmetric configuration in the
applied field. In the latter case in Fig. (b}, on the other

] ) ] ] hand, the spins at the sites | and Il remain in the same direc-
with decreasing the AFM layer thickness, coming close t%jon without switching, e.g., the magnetization at the site |

zero below a certain critical thickness. The maximum valugjways indicates a positive value in the AFM layer regardless
of coercivity is obtained near such a critical thickness, acynder the positive+ Happ and negative—H,,, applied
companied by a sharp peak. These critical behaviors are vefie|ds. Then, the domain wall structure is formed in the AFM
similar to the results of the unidirectional exchange-bias fieldayer, and the wall width changes from 10 to 30 ML in al-
H, in Fig. 6. ternative applied fields. Therefore, this magnetic structure
The depth profile of the spin configuration is shown inshows an asymmetric configuration in the applied field. Ob-
Fig. 11, where the AFM layer thickness is 20 ML in Fig. viously, the symmetric change of the magnetic configuration
11(a) and 40 ML in Fig. 11b). The magnetizations are mea- in the applied field represents the absence of the unidirec-
sured along the direction of the applied field and they ardional exchange-bias field,, and this asymmetric configu-
averaged over the net plane in each depth. The stacke@tion in the applied field results in the magnetization loop
p|anes in depth from 1 to 9 ML Correspond to the FM |ayer_Shift. Also, this domain wall motion induces the difference
The stacked planes in depth from 10 to 29 ML correspond td#etween the magnetic energy in the bilayer under the posi-
the AFM layer in Fig. 11a), and the stacked planes in depth tive and negative fields. The magnetic energies are plotted as
from 10 to 49 ML correspond to the AFM layer in Fig.(b. & function of the applied field in Figs. (& and 12b) for 20
and 40 ML of the AFM layers, respectively. Symmetric and
asymmetric curves of the magnetic energies are obtained for

L3 the thinner and the thicker AFM layers, respectively.
'g 1.0 As discussed above, we have demonstrated that the intro-
~ duction of the frustrated spins into the collinear spin configu-
& 05 ration of the AFM layer can develop the unidirectional
,§ 0.0 exchange-bias field. The formation of the magnetic domain
g wall parallel to the interface of the FM and AFM bilayers is
$ 05 also necessar isi i
g O y. These prerequisites, the frustrated spins and
g 1.0 the domain wall, are common to both the ordelely-type
= : and disordered/-phase AFM systems. In addition, the mul-
-1.5 : : ! tidomain structures to create the frustrated spins are also re-
2 -1 0 1 2 quired for the collinear spin structure in the ordekelq)-type
Applied field (gn,H / D) AFM layer. The AFM domains correspond to the domains in

Fig. 8, that is to say, the domain structures are in part similar
FIG. 9. The magnetization loop of the FM layer stacked on theto the random-field model by MalozemdffThe random-
orderedL 1,-type AFM layer in the multidomains model. field model stands within the framework of the Ising spin
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1 g (a)
Site I ~
+H
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U fome S s e o i s s s o 5
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1 . Site 11 5’3

FM <«—+» AFMlayer

Applied field (gugH / D)

-H

Magnetization (m / m)

Magnetic energy (meV)

Applied field (gugH / D)

FIG. 12. The magnetic energy of the FM/AFM bilayer as a
function of the applied fieldi@) 20 ML thickness of the AFM layer,
(b) 40 ML thickness of the AFM layer. Note that these thicknesses
correspond to below and above the critical thickness for the
exchange-bias field phenomenon.

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

Magnetization (2 / m)

VI. SUMMARY

We have investigated the spin structure of FM and anti-
ferromagnetic AFM bilayers and proposed the mechanism of
the unidirectional exchange-bias field within the framework
Depth of plane (ML) of the classical Heisenberg model. The noncollinear triple

=3Q) spin structure and the collinear AF-I spin structure
re obtained in a disorderegphase AFM layer and an or-
deredL1,-type AFM layer, respectively. The noncollinear
3Q spin structure in the AFM layer naturally induces the

FIG. 11. The depth profile of magnetizations on stacked plane
in the multidomain model in the FM/AFM bilayer of tHel,-type
ordered alloy.(a) Depth from 1 to 9 corresponds to the FM layer

with 9 ML and the depth from 10 to 29 corresponds to the AFM L .
layer with 20 ML, (b) Depth from 1 to 9 corresponds to the FM in-plane magnetization revers@D reversa)l, and the bilayer

layer with 9 ML and the depth from 10 to 49 corresponds to the€Xhibits a magnetization Ioop shift. The 2D_reversal process
AFM layer with 40 ML. Note that the AFM layer thicknesses cor- Cl0Sely relates to the magnetic domain wall in the AFM layer

respond to below and above the critical thickness for the exchangd?@rallel to the interface of the bilayer. The stability of such a
bias field phenomenon. domain wall formation in the applied field dominates the

development of the unidirectional exchange-bias field. In this
system. In a wide sense, however, the AFM domain and theense, the magnetic anisotropy energy in the AFM layer
perpendicular domain wall in the random-field model can beplays an important role, and the critical AFM thickness is
regarded as the present multidomains model. The domains tlominated by such a domain wall width.
Fig. 8 also correspond to grains in the polycrystalline models On the contrary, the unidirectional exchange-bias field is
by Nishiokaet al'® and Tsunoda and TakahashiThose two  not developed by the simple collinear spin structure in the
polycrystalline models include no influences of the frustratedbrdered L 15-type AFM layer. In this case, the switching
spins at the interface. As a consequence, those polycrystairode of the magnetization in the FM layer behaves as the
line models are naturally extended to the present model o8D reversal process; perpendicular component of the spin
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vector to the interface becomes finite during the magnetizano frustrated spins. Accordingly, the present multidomains
tion reversal process, and the domain wall parallel to thanodel is able to develop the unidirectional exchange-bias
interface is not created. For the noncollinear spin structure ifield originated from the frustrated spins at the AFM domain
the disorderedy-phase AFM layer, the prerequisites of the boundaries. Furthermore, the present model can also create
unidirectional exchange-bias field are the frustrated spins antthe magnetic domain wall parallel to the interface, and the
the magnetic domain wall parallel to the interface. Thereforecritical thickness for the formation of the unidirectional
we need to introduce the frustrated spins into the orderedxchange-bias field is dominated by such a domain wall
L1,-type AFM layer because the collinear spin structure hasvidth in analogy with the noncollinear AFM system.
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