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Micromagnetic calculations of bias field and coercivity of compensated
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Dieter Suess,? Markus Kirschner, Thomas Schrefl, Werner Scholz, Rok Dittrich,

Hermann Forster, and Josef Fidler
Solid State Physics, Vienna University of Technology, Vienna, Austria

(Presented on 15 November 2002

Exchange bias in polycrystalline IrMn/NiFe was found at perfectly compensated interfaces. The
energy associated with unidirectional anisotropy is stored in lateral domain walls in the
antiferromagnet. In addition to exchange bias, this mechanism leads to a training effect. The bias
field shows a maximum ofioHp,=4 mT at an antiferromagnetic layer thickness of 22 nm. The
coercivities are on the order gfigH.=10 mT. The coercive field increases with decreasing
intergrain exchange interactions within the ferromagnet. 2@3 American Institute of Physics.
[DOI: 10.1063/1.1557859

Since the work of Meiklejohn and Behthe exchange magnetic spins are fixed in the field direction, the antiferro-
bias effect of ferromagnets has been the subject of theoreticatagnetic spins arrange in such a way that they occupy low
and experimental investigations. Meiklejohn and Bean pheenergy states. Several experiments like rotational hysteresis
nomenologically introduced a unidirectional anisotropy tomeasurements and ferromagnetic resonance studies suggest
explain a shift in the hysteresis loop of small Co particlesthat irreversible processes occur in the antiferromagnet when
with a CoO shell. The exchange bias effect is used to stabthe ferromagnet is reverséd.Many antiferromagnet/
lize the pinned layer in spin valve sensors. Commonly usederromagnetic systems show the so-called training effect.
materials are bilayers of FeMn/FeCo, IrMn/NiFe, and IrMn/ The loop shift decreases with increasing number of hyster-
FeCo. In these multilayer systems, both the antiferromagnesis cycles. This suggests that after each cycle the system is
and the ferromagnet are polycrystalline. Various models werd @ different state. After field cooling the system has loss
proposed to explain exchange bias but all of them require@nergy. The energy will increase if the system changes its
the assumption of partly uncompensated interficesthe ~ State from the state after field cooling toa different state. .If
following we will present a model that explains exchangethe ferromagnet is reversed, some antiferromagnetic grains
bias at perfectly compensated interfaces. switch irreversibly. These irreversible processes are initiated

Originally, Koor? proposed a mechanism for exchangeby the reversal of the ferromagnet. They occur for uncom-

bias at fully compensated interfaces. Koon assumed that tfEnsated as well as for compensated interfaces. Owing to the
antiferromagnetic spins are restricted to planes parallel to thifytergrain exchange coupling between antiferromagnetic

interface. The loop shift can be attributed to partial domaingrains the energy inqreases. Differ_e nt mechani;ms C(.)ntribl.ﬂe
walls would up in the antiferromagnet. Allowing full three to the partial switching of the antiferromagnetic grains. Xi

dimensional rotations of the antiferromagnetic spinsand Whité found a varying interface coupling in NiFe/

Schulthess and Butlérshowed that the domain walls are CrMnP bilayers prepared by substrate bias sputtering. How-

unstable due to out of plane rotations of the antiferroma ever, itis sufficient to take into account the random magne-
P gtocrystalline anisotropy in the AF grains to observe that some

netic spins. They conclude that spin flop coupling at Com'agd not all AF grains switch irreversibly.

pensated interfaces enhances the coercivity but does not lea In the upper sequence in Fig. 1 the antiferromagnet
to e>.<cha.nge b|a§. St||e§ and MCM'C@ét,eW a s.|m|Iar €ON"  switches irreversibly as the ferromagr&) is rotated by a
clusion mtrpducmg spin ﬂOF_’ COUP"”Q n the|r' m°d,e' for rotational external field. The angle of the field direction in-
pglycrystalllne ferromagnetic—antiferromagnetic b'l‘f"yers'creases following the subfigures from left to right in Fig. 1.
Kiwi and co-wgrkerg propose a model of exchange bias at|pjtia|ly, the ferromagnet points perpendicular to the antifer-
compensated interface. In their model energy is stored iRomagnet owing to spin flop coupling. The antiferromagnet
domain walls within the ferromagnet. In this article we ShOWpoints parallel to the easy axis that is parallel to the interface
numerically that exchange bias can occur at fully compenplane. The material parameters are chosen to mimic a
sated interface. The essential features of the model are graiﬁ%rmalloyllrMn bilayef’. The simulations are performed us-
in the antiferromagnet which exhibit random uniaxial anisot-ing  a finite element approach for ferromagnet/
ropy and are weakly exchange coupled. antiferromagnet structures. Details can be found in Ref. 9.

In a global picture the exchange bias effect can be un-  |n the sequence at the bottom of Fig. 1 the angle between
derstood by the change of the total Gibbs' free energy aftethe easy axis and the interface plane is 10°. When the ferro-
the reversal of the ferromagnet. After field cooling the totalmagnet is rotated by 90° the antiferromagnet starts to rotate
energy of the system is low. During field cooling the ferro- out of the plane parallel to the interface. As a consequence
the antiferromagnet rotates back close to the initial configu-
aAuthor to whom correspondence should be addressed; electronic mail@tion. Thus the switching of the ferromagnet did not switch
suess@magnet.atp.tuwien.ac.at the antiferromagnet.
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field cooled state reversed state

FIG. 2. Spin configuration in two exchange coupled antiferromagnet grains
and the ferromagnet after field cooling and after the reversal of the ferro-
magnet, respectively. The magnetization of one sublattice is shown. The
easy axis of3, is parallel to the ARF interface. The angle between the easy
axis of G, and the interface is 10°. After field cooling the magnetization of
the two grains points almost parallel. After switching of the ferromagnet
only G, reverses.

FIG. 1. Spin structure in an AF/bilayer during switching of the ferromag- ) o )
net. In the upper left picture both spin sublatti¢césand B) are shown inthe ~ proportional to the square of the magnetization. The material

antiferromagnet. In all the other pictures only sublattice A is shaWpper  parameters are chosen to approximate materials used in giant
sequencglrreversible switching of the antiferromagneétower sequende  magnetoresistance read-heads, such as IrMn. In the antifer-
Reversible switching of the AF. .

romagnet, the anisotropy constak=1x10° J/n? Jur

If these two grains are exchange coupled in a granular0.023 meV. The antiferromagnetic layer consists 0kK60
AF/F film the switching of one grain and the not switching rectangular grains with a basal plane area 0k10 nnf.
of the other grain can lead to exchange bias. Suppose that tAdie grain structure in the ferromagnet is the same as in the
two grains are oriented that the initial state after field coolingantiferromagnet. The thickness of the ferromagnet is 10 nm
is represented by the left image of Fig. 2. If the grains arén all cases. The intergrain interaction between ferromagnetic
exchange coupled the spins after field cooling will arrange irgrains isJg=0.45 meV. The coupling between the ferromag-
such a way that the total energy is minimized. Consequentlyet and antiferromagnet is completely compensated, with the
the spins in grainG; and G, are almost parallel and not effective interface exchangé,r_r= —0.45 meV. Field cool-
antiparallel. ing is simulated using a Metropolis Monte Carlo algorithm.

Only G, switches and the two grains point almost anti- The initial state for the hysteresis loop calculation is the
parallel after the ferromagnet is reversed. As a consequend¢sagnetization configuration obtained after field cooling. The
in the reversed state the total energy is higher than in thbysteresis loop is obtained by the subsequent calculation of
field cooled state owing to intergranular exchange couplingequilibrium states for decreasing or increasing external field.
Generally, we found that the field that is required to switchDetails of the method are presented elsewhre.
the ferromagnet from the low energy state to the high energy  Figure 3 shows the calculated hysteresis loops for a
state is larger than the field required to switch the ferromag-
net in the other direction. This explains the loop shift ob- I
served in antiferromagnetic/ferromagnetic structures.

In the following results are presented using a simple mi-
cromagnetic model to calculate the exchange bias field for 05
granular AFF bilayers. We assume a polycrystalline antifer-
romagnetic film of thicknest,z coupled to a polycrystalline -~
ferromagnetic film of thicknesk:-. For small grain size and = ©
low intergrain exchange coupling the magnetization within a
grain remains nearly uniform. Thus we treat the magnetiza-
tion within every grain with one spin vector. We assume a %3 7

compensated interface and therefore use a biquadratic cou- % / ]
pling term between the ferromagnet and the antiferromagnet I R 1 '
as proposed by Stiles and McMichaeind as derived by bo3 0.02 -0.01 0 0.01 0.02 003

. . . H
Stamps° A weak Heisenberg exchange coupling is assumed _ #oH (D _ _ )
between the AF grains. OnIy the ferromagnet interacts WitH:IG' 3. Hysteresis Ioop_for a IrMn/Permalloy bilayer with 3600 grains and
. . ... perfectly compensated interface between ferromagnet and antiferromagnet.
the external field. Shape effects for the ferromagnetic filmrpe thickness of the ferromagnet and antiferromagnet is 10 and 20 nm,

are approximated by assuming an in plane anisotropy energyspectively. The AF grains are weakly exchange coupled.
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FIG. 5. Hysteresis loops for different intergranular exchange in the ferro-
magnet. The shown hysteresis loops are taken after the 10th field cycle. The
AF andF thickness is 15 and 10 nm, respectively.

thickness the domain wall energy approaches zero, resulting
in a vanishing energy difference between the reversed state
(large number of domainsnd the initial statésmall number
of large domains Consequently, the bias field goes to zero.
For large thicknesses the high anisotropy energy hinders
switching of the antiferromagnetic grains. Thus the reversed
state is symmetric to the field cooled state, which results in a
FIG. 4. Domains in the antiferromagnet. Theomponent of one sublattice Symmetric hysteresis loop with zero bias. The model predicts
of the antiferromagnet is color codet®) state after field cooling. The the bias fields of IrMn/NiFe bilayers in the right order of
eﬁtef?ﬁé fsis\ﬁcisi':ex; ?Hle Ié:z)mzomi“ Strugﬂﬁ (ig)tg% rir;t.'.ieémﬁzet magnitude. In addition, the thickness dependence of the bias
an the first hystgresis cyClBley= 8.1 Te(XIID) Aftér switching the ferromag- field is in good qua“tatlv.e agreement with the experimental
net againH,= —0.1 T. data reported by van Driel and co-workéfs.
The coercivities are on the order pfyH.=10 mT but
significantly depend on the exchange constant in the antifer-

thickness of the antiferromagnet of 20 nm. The initial field isromagnetic film as shown in Fig. 5. The coercive field in-
applied parallel to the y-axis with a field strength @fH  creases with decreasing exchange integral of the ferromag-
=0.1T. Itis decreased in steps @pAH=0.002 T. In order net. For an exchange integral in the ferromagnetJpf
to investigate the training effect several hysteresis cycles are 0.045 meV the coercive field igoH.=35 mT, whereas
calculated. Cycle 1 of the loops in Fig. 3 is calculated startfor J-=0.45 meV the coercive field is onlgoH.=3 mT.
ing from the field cooled state as the initial configuration. It The increase of the coercive field of partly uncompensated
shows a bias field ofi,H,=7.7 mT). The next cycldécycle  ferromagnetic/antiferromagnetic bilayers with decreasing ex-
2) shows a reduction of the bias field by about 65%. Thus &hange constant in the ferromagnet was also reported by
training effect can be found although the simulation is per-Stiles and McMichael®
formed at zero temperature. The origin of the training effect . )
are the different domain configurations in the antiferromag-  WOrk supported by the Austrian Science Fund, Grant
net after field cooling and after the first hysteresis cyclesNO- Y-132 PHy. The authors thank R. Stamps and J. V. Kim
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