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Exchange bias due to configurational magnetic rearrangements

P. Weinberger
Center for Computational Materials Science, Technische Universita¨t Wien, Getreidemarkt 9/158, 1060 Vienna, Austria

~Received 8 June 2001; published 12 December 2001!

By considering collinear and noncollinear magnetic configurations the interlayer exchange energy can be
viewed as a continuous energy parametere that can directly be correlated with the magnetoresistance. It is
shown for the spin-valve system Co(111)/Co6 /(CoO)n /Co6 /Cu6 /Co6 /Co(111),n56,12, that the exchange
bias refers to that value ofe below which the magnetoresistance remains zero. Above this value a gradual
change in the magnetoresistance is observed when considering noncollinear magnetic configurations. All
calculations are performed in terms of the fully relativistic spin-polarized versions of the screened Korringa-
Kohn-Rostoker method and the Kubo-Greenwood equation.
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In a recent paper1 the phenomenology of exchange bi
and related effects with emphasis on layered ferromagne
antiferromagnetic~FM-AFM! structures is reviewed. Suc
an exchange bias occurs when systems with FM-AFM in
faces are cooled through the Ne´el temperature (TN) of the
AFM part, whereby the Curie temperature (TC) of the FM
part has to be larger thanTN . After the field cool procedure
at a temperatureT,TN , the hysteresis loop of the FM-AFM
system is shifted along the field axis generally in the op
site direction of the cooling field, i.e., the absolute value
the coercive field for decreasing and increasing field is
ferent. This loop shift is usually termed exchange bias a
was found and investigated in quite a few different expe
ments such as magnetization and magnetic torque mea
ments, ferromagnetic resonance, neutron diffraction, mag
toresistance, etc.,1 FM-AFM structures are presently ver
much under discussion as they seem to be of enormous
portance for magnetic recording and related devices.

Up to now, however, only phenomenological or semicl
sical models, see, e.g., Ref. 2, are in use in order to exp
exchange bias effects. In here an attempt is made to hea
a microscopical~ab initio type, no adjustable parameter!
description of exchange biased spin-valve systems by sim
taneously considering interlayer exchange energies and
magnetoresistance~MR! in the current-perpendicular to th
planes~CPP! and current-in-plane~CIP! geometries.

Usually in terms of the magnetic force theorem the int
layer exchange coupling energyDE(Ci) is defined3,4 as the
difference in the single particle grand canonical potent
E(Ci) between two~collinear! magnetic configurations

DE~Ci !5E~Ci !2E~C1!, ~1!

whereC1 is a given reference magnetic configuration andCi
a magnetic configuration in which the orientation of the ma
netization in a certain subset of atomic layers is rever
with respect toC1. In a similar manner one can define th
MR for perpendicular electric transport as a weighted diff
ence in sheet resistances~resistivities in the case of CIP!
r (Ci) between these two~prechosen! magnetic configura-
tions
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R~Ci !5
r ~C1!2r ~Ci !

r ~C1!
. ~2!

Suppose that for a two-dimensional translational invari
system ~layered system! a particular configurationCi
5$ . . . ,nk21 ,nk ,nk11 , . . . %, wherek numbers atomic lay-
ers, is defined5 by a set of collinear unit vectorsnk that
characterize the orientations of the magnetization in
atomic layers considered, then configurationCj
5$ . . . ,nk21 ,2nk ,nk11 , . . . % refers to an arrangement i
which with respect toCi the orientation of the magnetizatio
is reversed in thekth atomic layer. Taking also noncollinea
configurations into account implies thatCj can be reached5

in a continuous manner by means of a rotationU(Q) of nk ,
0<Q<2p, around an axis perpendicular tonk , i.e., by
considering configurations of the form Ci(Q)
5$ . . . ,nk21 ,U(Q)nk ,nk11 , . . . %. Clearly enough in such
a case the interlayer exchange energyDE@Ci(Q)#
5E@Ci(Q)#2E@Ci(0)# varies continuously6 from zero to
E(Cj )2E(Ci).

If C1 denotes the~collinear! ground state magnetic con
figuration then the interlayer exchange energy, see Eq.~1!,
can be viewed as a continuous variablee>0 provided that
also noncollinear configurations are taken into account. S
poseC denotes the set of all collinear magnetic configu
tions then the set of corresponding interlayer exchange e
gies simply consists of certain values ofe that can be ordered
according to magnitude.

In principle therefore one can view the MR as an impli
function of e,

R~e!5
r ~C1!2r ~e!

r ~C1!
, ~3!

where in CPPr (e) is that sheet resistance~resistivity in the
case of CIP! which ~with respect toC1) corresponds to a
magnetic configuration of interlayer exchange energye.
Clearly enough for certain regimes ofe the magnetoresis
tanceR(e) remains constant while in other regimes rap
changes withe occur: the interlayer exchange energye acts
as a magnetic field~external energy! that is switched on con-
tinuously. Increasinge ‘‘forces’’ the system to gradually as
sume the magnetic configuration with the next highest
©2001 The American Physical Society30-1
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ergy, etc. Consequently one can define the exchange
Ebias in terms ofR(e) in the following manner;

0<e<Ebias:R~e!50;e.Ebias:R~e!Þ0. ~4!

Obviously for all e<Ebias it is sufficient to consider only
collinear configurations, while fore.Ebias also particular
noncollinear configurations have to be taken into accoun
should be noted that of course this definition applies only
systems for which a recordable change in the MR can
observed, e.g., in spin-valve systems with an AF part.

In here the fully relativistic spin-polarized screene
Korringa-Kohn-Rostoker method for layered systems3,4 is
applied to calculate the electronic structure and m
netic properties of Co(111)/Co6 /(CoO)n /Co6 /Cu6 /Co6 /
Co(111), n56,12. In all calculations an fcc-Co paren
lattice5 is assumed with a lattice spacinga0 of 6.5509 a.u.
~bulk fcc Co!, i.e., no layer relaxation is considered, and s
Co layers serve as buffer to the semi-infinite leads. In or
to determine selfconsistently within the local dens
approximation7 ~LDA ! the effective potentials and effectiv
exchange fields a minimum of 45ki points in the irreducible
wedge of the surface Brillouin zone~ISBZ! was used. All
selfconsistent calculations refer to the ‘‘antiferromagnet
configurationC10 listed in Fig. 1, all interlayer exchang
energies are evaluated by using a total of 990ki points in the
ISBZ, which—as was shown4 in the case of magnetic aniso
ropy energies—guarantees well converged results. All e
tric transport calculations were performed in terms of t

FIG. 1. Magnetic configurations: configurationC10 was used for
matters of self-consistency. ConfigurationsC12C10 lead to the ten
lowest interlayer exchange energies. Zero~one! indicate that in a
particular layer the orientation of the magnetization is parallel~an-
tiparallel! to the surface normal.Q varies between zero and 180
and leads continuously and uniformly fromC7 to C10.
01443
ias

It
o
e

-

r

’’

c-
e

fully relativistic spin-polarized form of the Kubo-Greenwoo
equation for layered systems8,9 by using a complex Ferm
energy and 1830ki points in the ISBZ for the SBZ integrals
and by continuing the thus obtained sheet resistances10 ~re-
sistivities in the case of CIP! numerically to the real energy
axis. In order to find the lowest excited collinear states fo
total of 45 different collinear magnetic configurations t
interlayer exchange energy and the magnetoresistance
evaluated considering collinear ‘‘spin flips’’ not only in th
CoO part of the system, but also in the Co slabs and in
Cu spacer. It should be noted that for six Cu layers anti
romagnetic coupling between the two FM Co sla
pertains.6,11

In Fig. 1 those collinear magnetic configurations referri
to the ten smallest interlayer exchange energies with res
to configurationC1 ~ground state! are displayed forn56.
For n512 the second half of the CoO part of the systems
analogous to configurationC10 in Fig. 1. In Fig. 2 the corre-
sponding interlayer exchange energies and MR~CIP and
CPP! are shown forn56 and 12. Although the interlaye
exchange energy increases for the first seven~collinear! con-
figurations the MR remains zero and only jumps sudde
between configurationC7 and C8. This jump between con-
figurationsC7 and C8 is characteristic for both thicknesse
of the CoO part of the system. Figure 3 resolves this sud

FIG. 2. The ten lowest interlayer exchange energies and co
sponding magnetoresistances. CPP and CIP are denoted by c
and diamonds, respectively. The number of repetitions of a C
double layer is marked explicitly.
0-2



n

n
o

ol

f
th
’’
th
-

in

are

of a

an

th

EXCHANGE BIAS DUE TO CONFIGURATIONAL . . . PHYSICAL REVIEW B 65 014430
jump in terms of a continuous rotation, i.e., by going co
tinuously from configurationC7 to configurationC10 by
means of the noncollinear configurations headed by ‘‘Q ’’ in
Fig. 1. From Fig. 3 one can see that the interlayer excha
energye(Q) and R(Q) indeed vary continuously but als
that because of relativistic effectse(Q) differs considerably
from a functional form6 that is proportional to 1

2 @1
2cos(Q)#. In Fig. 4 R(e) versuse is shown forn56. In
here collinear magnetic configurations refer to full symb
whereas noncollinearity between configurationsC7 andC10
is displayed in terms of open symbols: on the scale oe
shown in this figure the exchange bias constitutes just
very beginning of this curve. In general the ‘‘flip energy
Eflip that causes the jump in the MR can be defined as
difference betweenEbias and the closest larger collinear in
terlayer exchange energy (C8 in the present case!. In the
present case this energy amounts to 0.416 meV forn56 and
0.399 meV forn512. In order to give a rough estimate
kOe, by using the relationDE5mBB ~1 meV5172.76 kOe!,
these energies amount to 72 and 69 kOe, respectively.

FIG. 3. Interlayer exchange energy and CPP magnetoresist
as a function of the rotation angleQ for a rotation around they axis.
The two collinear magnetic configurations that correspond to
end points are marked explicitly.
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FIG. 4. CPP magnetoresistance forn56 as a function of the
interlayer exchange energy. Collinear magnetic configurations
shown in terms of full symbols.

FIG. 5. Top: Interlayer exchange energye<Ebias for n56. Bot-
tom: Exchange bias as a function of the number of repetitions
CoO double layer. The value atn50 ~open symbol! is an extrapo-
lation, see text.
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Ebias is caused by two different types of effects, name
~1! a rearrangement of the orientations of the magnetiza
in the oxygen layers and~2! a rearrangement of orientation
in the Cu spacer layers. This can be seen best by replo
the interface energy fore<Ebias. From Fig. 5 ~top! it is
obvious that about half ofEbiasarises from the rearrangeme
of orientations in the Cu spacer layers. Forn>6 Ebias de-
pends only very weakly on the thickness of the CoO par
the system and amounts to about 0.035 meV~6 kOe, see
above relation!, which seems to be in reasonably good agr
ment with the experimental values (Ebias<9.5 kOe)
reported1 for Co/CoO type systems. Using the value ofC3
from the top part of Fig. 5, it is tempting to extrapolate to t
case ofn50, i.e., to a complete absence of the AFM part
the system. As can be seen from Fig. 5~bottom! Ebias would
then drop substantially, which in turn is very much in lin
with experimental evidence.1 Increasing the interlayer ex
change energye, Ebias<e<(Ebias1Eflip), in terms of non-
collinear configurations eventually leads to a reversed or
tation of the magnetization in that Co slab that does not fo
the interface with the AFM part of the system, see also F
1. This particular behavior is the microscopic reason for
ing AFM parts as ‘‘pinning layers.’’

Quite clearly in an actual system of the type Co(111
(CoO)n /Cot1

/Cus /Cot2
/Cap the exchange bias not only d

pends on all relevant thickness parameters, nam
n, t1 , t2, ands, the thickness of the AFM CoO layer, th
FM Co layers, the Cu spacer and the type, and thicknes
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the cap, but also on the actual layer distances and the qu
of the various interfaces present in such a system. Howe
all these effects are discussed at length from an experime
standpoint of view in the review paper by Nogue´s and
Schuller,1 and references therein. In here the main empha
was put on the microscopical origin of the exchange bias
least as viewed in terms of the MR for a model spin-va
system containing AF parts, of course omitting all possi
dynamical effects. From Fig. 2 follows that the definition
the exchange bias in terms of Eq.~4! is independent of the
type of MR ~CIP or CPP! to be correlated with the interlaye
exchange energy.

In summary it can be said that the exchange bias in s
valve systems with FM-AFM interfaces very likely is caus
mainly by configurational magnetic rearrangements in
nonmetal parts of the AFM subsystem and in the~‘‘nonmag-
netic’’! metal spacer parts. A description of this phenomen
based onab initio calculations such as presented in he
however, can only be given by considering simultaneou
two quantities, namely an appropriate energy variable, e
the interlayer exchange energy, and a physical property
which—similar to experiment—the alignments in the F
parts of a given system can be monitored.

This paper resulted from discussions with Profess
Schuller and Gu¨ntherodt. Financial support was provided b
the RTN network ‘‘Magnetoelectronics’’~Contract No.
RTN1-1999-00145!.
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