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Exchange bias due to configurational magnetic rearrangements

P. Weinberger
Center for Computational Materials Science, Technische Univérgitan, Getreidemarkt 9/158, 1060 Vienna, Austria
(Received 8 June 2001; published 12 December 001

By considering collinear and noncollinear magnetic configurations the interlayer exchange energy can be
viewed as a continuous energy parametehat can directly be correlated with the magnetoresistance. It is
shown for the spin-valve system Co(111)4ZEC00),/Cos/Cus/Cos/Co(111),n=6,12, that the exchange
bias refers to that value of 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 papérthe phenomenology of exchange bias r(Cy)—r(Cy)
and related effects with emphasis on layered ferromagnetic- R(C))= TGy (2

antiferromagnetidFM-AFM) structures is reviewed. Such
an exchange bias occurs when systems with FM-AFM interSuppose that for a two-dimensional translational invariant
faces are cooled through the &leéemperature T) of the  system (layered system a particular configurationC;
AFM part, whereby the Curie temperaturéd) of the FM  ={ ... .Nk—1,Nk,Nk+1, - - .}, Wherek numbers atomic lay-
part has to be larger thaFy, . After the field cool procedure, €rs, is definetlby a set of collinear unit vectors, that
at a temperatur&<Ty, the hysteresis loop of the FM-AFM characterize the orientations of the magnetization in all
system is shifted along the field axis generally in the oppoatomic  layers  considered, then configuratiorC;
site direction of the cooling field, i.e., the absolute value of={ - . - ,Nk-1,—Ni,Nk+1, - - .} refers to an arrangement in
the coercive field for decreasing and increasing field is dif-which with respect t; the orientation of the magnetization
ferent. This loop shift is usually termed exchange bias ands reversed in th&th atomic layer. Taking also noncollinear
was found and investigated in quite a few different experi-configurations into account implies th@ can be reachéd
ments such as magnetization and magnetic torque measuiig-a continuous manner by means of a rotatidf®) of n,,
ments, ferromagnetic resonance, neutron diffraction, magnéd<®=<2s, around an axis perpendicular tg, i.e., by
toresistance, eté.,FM-AFM structures are presently very considering configurations of the form C;(0)
much under discussion as they seem to be of enormous im={ . .. ,ng_1,U(®)n,,ng; 1, ...}. Clearly enough in such
portance for magnetic recording and related devices. a case the interlayer exchange energyE[C;(0)]
Up to now, however, only phenomenological or semiclas-=E[C;(®)]—E[C;(0)] varies continuousf/from zero to
sical models, see, e.g., Ref. 2, are in use in order to explai&(C;) —E(C;).
exchange bias effects. In here an attempt is made to head for If C; denotes thecollinean ground state magnetic con-
a microscopical(ab initio type, no adjustable parameters figuration then the interlayer exchange energy, see(Bq.
description of exchange biased spin-valve systems by simutan be viewed as a continuous variakle 0 provided that
taneously considering interlayer exchange energies and thaso noncollinear configurations are taken into account. Sup-
magnetoresistanc@MR) in the current-perpendicular to the poseC denotes the set of all collinear magnetic configura-
planes(CPP and current-in-plan€¢CIP) geometries. tions then the set of corresponding interlayer exchange ener-
Usually in terms of the magnetic force theorem the inter-gies simply consists of certain valueseothat can be ordered
layer exchange coupling enerdyE(C;) is defined as the  according to magnitude.
difference in the single particle grand canonical potentials In principle therefore one can view the MR as an implicit
E(C;) between twa(collinea) magnetic configurations function of e,

oy (G .
AE(C)=E(C))—E(Cy), 1) (O=——"ecy

where in CPR (€) is that sheet resistan¢eesistivity in the
whereC; is a given reference magnetic configuration &hd case of CIP which (with respect toC,;) corresponds to a
a magnetic configuration in which the orientation of the mag-magnetic configuration of interlayer exchange energy
netization in a certain subset of atomic layers is reverse€learly enough for certain regimes efthe magnetoresis-
with respect toC;. In a similar manner one can define the tanceR(e) remains constant while in other regimes rapid
MR for perpendicular electric transport as a weighted differ-changes withe occur: the interlayer exchange energwcts
ence in sheet resistancé@®sistivities in the case of CJP as a magnetic fiel¢external energythat is switched on con-
r(C;) between these twdprechosen magnetic configura- tinuously. Increasing “forces” the system to gradually as-
tions sume the magnetic configuration with the next highest en-
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FIG. 1. Magnetic configurations: configurati@y, was used for 0] 0-6-0-0-0-o o]
matters of self-consistency. Configuratiobg— C, lead to the ten -50 A P S =0 S
lowest interlayer exchange energies. Z¢ooe indicate that in a . . . .
particular layer the orientation of the magnetization is pargial collinear magnetic collinear magnetic
tiparalle) to the surface normal® varies between zero and 180° configuration configuration

and leads continuously and uniformly froBy to C;.
FIG. 2. The ten lowest interlayer exchange energies and corre-

ergy, etc. Consequently one can define the exchange biggonding magnetoresistances. CPP and CIP are denoted by circles
Ep, ,in terms ofR(e) in the following manner; and diamonds, respectively. The number of repetitions of a CoO
1as 1

double layer is marked explicitly.
O$E<Ebias: R(G):O;E>EbiaS:R(6)§t0. (4)

fully relativistic spin-polarized form of the Kubo-Greenwood
Obviously for all e<E,, it is sufficient to consider only equation for layered systefiisby using a complex Fermi
collinear configurations, while foe>Ey;,s also particular  energy and 183, points in the ISBZ for the SBZ integrals,
noncollinear configurations have to be taken into account. land by continuing the thus obtained sheet resistafic¢es-
should be noted that of course this definition applies only tcsistivities in the case of C)Phumerically to the real energy
systems for which a recordable change in the MR can baxis. In order to find the lowest excited collinear states for a
observed, e.g., in spin-valve systems with an AF part. total of 45 different collinear magnetic configurations the

In here the fully relativistic spin-polarized screened interlayer exchange energy and the magnetoresistance was

Korringa-Kohn-Rostoker method for layered systdéfthis  evaluated considering collinear “spin flips” not only in the
applied to calculate the electronic structure and mag<CoO part of the system, but also in the Co slabs and in the
netic properties of Co(111)/Gd(Co0),/Coz/Cus/Caog/ Cu spacer. It should be noted that for six Cu layers antifer-
Co(111), n=6,12. In all calculations an fcc-Co parent romagnetic coupling between the two FM Co slabs
lattice® is assumed with a lattice spacirg of 6.5509a.u. pertains>!
(bulk fcc Co, i.e., no layer relaxation is considered, and six In Fig. 1 those collinear magnetic configurations referring
Co layers serve as buffer to the semi-infinite leads. In ordeto the ten smallest interlayer exchange energies with respect
to determine selfconsistently within the local densityto configurationC,; (ground statg are displayed fom=6.
approximatiofi (LDA) the effective potentials and effective For n=12 the second half of the CoO part of the systems is
exchange fields a minimum of 4§ points in the irreducible analogous to configuratio@,, in Fig. 1. In Fig. 2 the corre-
wedge of the surface Brillouin zon@SBZ) was used. All  sponding interlayer exchange energies and K&RP and
selfconsistent calculations refer to the “antiferromagnetic’ CPP are shown fom=6 and 12. Although the interlayer
configurationC, listed in Fig. 1, all interlayer exchange exchange energy increases for the first sgeetlinearn con-
energies are evaluated by using a total of 89foints in the  figurations the MR remains zero and only jumps suddenly
ISBZ, which—as was showrin the case of magnetic anisot- between configuratio€; and Cg. This jump between con-
ropy energies—guarantees well converged results. All eledigurationsC, and Cg is characteristic for both thicknesses
tric transport calculations were performed in terms of theof the CoO part of the system. Figure 3 resolves this sudden
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FIG. 3. Interlayer exchange energy and CPP magnetoresistance w 001
as a function of the rotation ang® for a rotation around thg axis.
The two collinear magnetic configurations that correspond to the 0.00+ —Hn
end points are marked explicitly. I———
_ _ _ o _ 0 1 2 3 4 5 6 7 8
jump in terms of a continuous rotation, i.e., by going con- m t fi i
tinuously from configurationC, to configurationCyy by collinear magnetic configuration
means of the noncollinear configurations headed 6y in 0.04
Fig. 1. From Fig. 3 one can see that the interlayer exchange
energye(®) and R(0®) indeed vary continuously but also /l
that because of relativistic effeceg®) differs considerably A
from a functional forri that is proportional toi[1 s 0.031
—cos@)]. In Fig. 4 R(e) versuse is shown forn=6. In "E’
here collinear magnetic configurations refer to full symbols —
whereas noncollinearity between configuratiésand C, g 0.02{
is displayed in terms of open symbols: on the scalee of L o
shown in this figure the exchange bias constitutes just the
very beginning of this curve. In general the “flip energy” 0.01

Eqp that causes the jump in the MR can be defined as the
difference betweerk,s and the closest larger collinear in-
terlayer exchange energyC§ in the present cageln the
present case this energy amounts to 0.416 meVifo6 and
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FIG. 5. Top: Interlayer exchange energs:Ey,i,sfor n=6. Bot-
0.399 meV forn=12. In order to give a rough estimate in tom: Exchange bias as a function of the number of repetitions of a
kOe, by using the relatioAE= ugB (1 meV=172.76 kOg, CoO double layer. The value at=0 (open symbdlis an extrapo-
these energies amount to 72 and 69 kOe, respectively. lation, see text.
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Epias iS caused by two different types of effects, namely,the cap, but also on the actual layer distances and the quality
(1) a rearrangement of the orientations of the magnetizatioef the various interfaces present in such a system. However,
in the oxygen layers an(®) a rearrangement of orientations all these effects are discussed at length from an experimental
in the Cu spacer layers. This can be seen best by replottingtandpoint of view in the review paper by Noguend
the interface energy foe<E;,s. From Fig. 5(top) it is Schuller! and references therein. In here the main emphasis
obvious that about half d&,sarises from the rearrangement was put on the microscopical origin of the exchange bias, at
of orientations in the Cu spacer layers. Foe6 E,j,s de-  least as viewed in terms of the MR for a model spin-valve
pends only very weakly on the thickness of the CoO part ofystem containing AF parts, of course omitting all possible
the system and amounts to about 0.035 méWkOe, see dynamical effects. From Fig. 2 follows that the definition of
above relatio which seems to be in reasonably good agreethe exchange bias in terms of E@) is independent of the
ment with the experimental valuesEf,<9.5kOe)  type of MR(CIP or CPP to be correlated with the interlayer
reported for Co/CoO type systems. Using the value ®f exchange energy.
from the top part of Fig. 5, it is tempting to extrapolate to the |, symmary it can be said that the exchange bias in spin-
case on=0, i.e., to a complete absence of the AFM part of  5}ye systems with FM-AFM interfaces very likely is caused
the system. As can be seen from Figbdttom Eyiaswould — yainy “by configurational magnetic rearrangements in the
th.en drop _substanual!y, which in turn is very much in line nonmetal parts of the AFM subsystem and in theonmag-
with experimental evidencelncreasing the interlayer ex- netic”) metal spacer parts. A description of this phenomenon

han ner Epias €< (Epjast Eiip), in terms of non- . }
change energy, Epias (Epias Efip), In terms of non- 04 onab initio calculations such as presented in here,
collinear configurations eventually leads to a reversed orien: . or :

owever, can only be given by considering simultaneously

tation of the magnetization in that Co slab that does not for g . .
WO quantities, namely an appropriate energy variable, e.g.,

the interface with the AFM part of the system, see also Fig.

1. This particular behavior is the microscopic reason for usin€ interlayer exchange energy, and a physical property by

ing AFM parts as “pinning layers.” which—similar to experiment—the alignments in the FM

Quite clearly in an actual system of the type Co(111)/Parts of a given system can be monitored.
(Co0),/Ca, /Cus/Ca,/Cap the exchange bias not only de-  This paper resulted from discussions with Professors
pends on all relevant thickness parameters, namelySchuller and Gotherodt. Financial support was provided by
n, t;, ty, ands, the thickness of the AFM CoO layer, the the RTN network “Magnetoelectronics”(Contract No.
FM Co layers, the Cu spacer and the type, and thickness dRTN1-1999-0014p
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