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When a ferromagnetic met&F) is in contact with an antiferromagnéAF), often a shift of the
hysteresis loop away from its normal, symmetric position arddrd0, toHg# 0 does occur. This
phenomenon is known as exchange K§igB). We put forward an analytic model, for compensated

AF interfaces, based on the AF interface freezing into a metastable canted spin configuration. The
EB energy is reversibly stored in a spring-like magnet, or incomplete domain wall, ihglads. Our

theory yields the right values ¢fg and itsF thickness dependend;‘eEoctgl. It also predicts thé&

layer by layer magnetization profile. @999 American Institute of Physics.

[S0003-695(199)04151-7

When a ferromagne(F) that is in contact with an anti- temperature cycling abov€y. The former agrees with the
ferromagnet(AF) is field cooled in a fieldH, through the memory effect detected by Chien al.*® who also observed
AF’'s Neel temperaturd’y, a unidirectional anisotropy may the temperature cycling feature. The observation of the freez-
be created, resulting in a hysteresis loop shifteddigyalong  jng of the AF magnetic structure was reported by Balal 1

the field axis.He is the exchange-biasing field. Exchange these experimental findings imply that the EB information is
anisotropy was discovered more than 40 years ago b)ﬁtored by the interface, since neither the orddfedor the

Me|kIeJ_ohn and Bear.However, in spite of the. reV|ved.|n- disordered AF above the MEtemperature can retain the
terest, it has lately awakerfednd the technological applica- o . . :
sample magnetization history. In addition, Camley, Catric

tions that exchange bidEB) has, a full understanding of the : .

phenomenon is not yet available. We present and investigat%nd Stamp’g reported calculations showing that surface ef-
a modef that yields the right values dfiz and itsF thick- fects in Fek do not extend beyond two monolayers. As a
nesste dependencHEatgl. It also predicts thé layer by ~ consequence, the energy is mainly stored in an incomplete
layer magnetization profile. domain wall(IDW) in the F slab, and our model allows us to

Since its discovery, EB has been characterized as a@valuate thé thickness dependence ldi and to predict the
interface-governed phenomenon. As early as 1962 Bean artktailed magnetic structure of the IDW.

Jacob$ established that for the Co/CoO systéty is inde- Using this model, we derive an expression for the energy
pendent of the AF thicknestys, as long astaz.>2nm,  per unit interface area, which reads

while for Fe/Fek and Fe/Mnk no variation ofHg as func-
tion of tar has been reported. Several EB theories were
advanced; X with varying degree of success. Early
models>® which yield much too large values &fz, assume

a domain wall(DW) in the AF. Koon suggestédhat the
F/AF interface structure is the one sketched in Fig. 1, with
the F magnetic order orthogonal to the bulk AF easy axis.
This was confirmed experimentalfyfor Fe/Fek and also
for the FgO,/CoO system$? Recent experimental neutron
reflectometry®* and reversible anisotropic mag-
netoresistance results confirmed the presence of a DW in
the F slab. Another important experimental informatiois
thatHgoct o1,

Our analytic modélis based on the assumption that the
AF-compensated interface monolayer freezes, as the system
temperature is lowered towards the éll@aemperatureTy,
into a canted magnetic structure which becomes rigid when
the AF bulk orders. Moreover, the AF interface remains fro-
zen, in this metastable state, throughout external magnetic-
field cycling performed folH|<H, and in the course of

3E|ectronic mail: mkiwi@puc.cl
YPermanent address: Facultad de Ciencias, Escuela Superiociiotitde ~ FIG. 1. Zero-applied-field spin configuration of the AF interface monolayer

Chimborazo, Riobamba, Ecuador. and the twdF and AF monolayers closest to the interface. The canting angle
9PEDECIBA-Fsica Graduate Fellowship, Universidad de la Rajma, 0. is measured relative to the cooling fidtt;, applied parallel to the (10)
Montevideo, Uruguay. AF crystal direction.
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Above, we introduced the dimensionless applied fiald
= uggH/2Jg<10 3, whereug is the Bohr magnetorg the
gyromagnetic ratio, andd the applied field.D=Kg/2J¢
<10 °, whereJ andK denote the exchange and anisotropy
parameters, respectivelx.= — (|Jg/agl/Je)cosb; is the ef-
fective interface coupling ané, is the AF interface canting
angle, which depends on the AF paramei@is: and K 5r)
and onH. We differentiatee with respect tog; , equate to

zero to minimize the energy, and thus obtain the set of non-

linear equations to be solved 68, }
h sin 0]_(1_ 5J"N)Sir(0j+l_ GJ)‘F 5]'le sin 01

+(1— 6 9)sin(6;— 6;_1) + 2D sin#; cosh; =0, (2

where g; ; is the Kronecker symbol. Below, we apply this
model to two well-documented systems: Fe/fFeénd
Fe/MnF,. They have in common a very small AF-DW width
(of the order of monolayefsand a well-characterized, con-
trolled, and simpleéF/AF interface structuré.Our computa-
tions are carried out for theompensate(l10) AF interface.

A crucial feature to be stressed is the fact that, consistent

with our assumption on the freezing of the AF interface
layer, in these systems only this layer canting angle differ
significantly from theF and AF magnetic bulk. Results for
the magnetization vector angtg , of the kth layer relative
to the cooling field direction, are given in Table I. The con-
dition required for negative EBHg<0) is that the mini-
mum energy configuration corresponds to a net interfac
magnetization component opposite K, or equivalently,
0.= 60— _1>90°, as illustrated in Fig. 1. On the other hand,
0:.<90°, which materializes for large cooling fields, implies
positive EB. Thus, it i9.# 90° that provides the symmetry
breaking necessary to generate EB.

In Fig. 2 we display thél vs H plots we computed for a
13 nm Fe slab in contact with tH&10-compensated face of
FeF, and MnF,. The following parameter values, all of them
obtained from experimerit, were usedJ-=+ 16 meV and
Ke=0; Jap=—1.2meV, Kxe=2.5meV/spin for Fe/Fef
and Jae=—1.3meV, K,r=0.12 meV/spin for Mng. The
only unknown is theF/AF interfacial exchange parameter
Jr/ae- The valueslgap=—1.2 and—0.35meV fit the ex-
perimental resultddz=—436 and—50 Oe of Fe/Fefand
Fe/MnF,, respectively. While the value df,ae for Fe/Fek
is the same as the AF bulk value, for Fe/MriFis smaller.

TABLE |. Magnetization vector angl®,, relative to the direction of the
cooling fieldH, for the five layersk=—-3, —2, —1, 1, and 2 of Fig. 1
(H=2000 Oe).

Layer 0, (FelFek) 0, (Fe/lMnk)
F(k=2) 0.17° 0.04°
F(k=1) 0.85° 0.26°
AF(k=—1) 98.16° 93.04°
AF(k=-2) 88.91° 89.41°
AF(k=—3) 90.07° 90.03°
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FIG. 2. MagnetizatiorM vs applied fieldH for Fe/Fel and Fe/Mnk. The
values ofJg/ar are — 1.2 and—0.35 meV for Fekand MnF, respectively.

This is not altogether unexpected as was pointed out by Ha-
segawa and Hermaf,and more recently for the specific
case of Fe/Mnkby Leightonet al,'® when they explored the
variation ofJ in the vicinity of an interface and its relation
with EB. We also remark that since a single interface domain
is assumed in our model the hysteresis loops are reversible,
but not quite symmetric, which reflects the fact that the

+o and H— —oo states are not mirror images of each
other, a crucial point to obtain EB. This asymmetry is more

—

%ronounced the larger the value &) o .

As already mentioned, another relevant feature of EB
systems is th& thicknessty dependence dflz. Our calcu-
lations show conclusively thad Extgl over a wide range of
values, as illustrated in Fig. 3, in agreement with experimen-

%al observation&?15:20

Layer-by-layer magnetization profiles have recently
been obtained with ever-increasing detail by several
authorst>**thus providing a challenging test ground for EB
models. In Fig. 4, we plot the magnetization angle relative to
the cooling fieldH vs H, for a 13 nm Fe slab (£k=65) in
contact with Fek. First, we observe that the onset of the
magnetization reversal is rather abrupt, both for increasing
and decreasindd. It is also interesting to notice that the
difference between the magnetization orientation of Ehe

—a— Fe/FeF,

10}

H, (kOe)

0.1

10 100
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FIG. 3. Fe layer thickness dependence ofiz. The computations yield
Heoctp 10112:00009¢0r Fo/Fel; and H oty ©999%-00005for Fe/MnF,.
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