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Consequences of Spin-Flop Coupling in Exchange Biased Films
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(Received 12 June 1998)

Using a microscopic Heisenberg model which includes magnetostatic interactions, the Land
Lifshitz-Gilbert equation of motion is solved in order to study several magnetic properties
ferromagnetic/antiferromagnetic bilayers. For perfectly flat interfaces, it is shown that spin-fl
coupling does not lead to exchange bias as has been proposed, but rather gives rise to a un
anisotropy which in turn causes the large coercivities observed in exchange biased films. The i
duction of interfacial defects leads to exchange bias of the correct order of magnitude. [S00
9007(98)07656-X]

PACS numbers: 75.70.Cn, 75.30.Gw
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“Exchange bias” is a shift (Heb) in the magnetization
curve away from the zero field axis that can occur whe
a ferromagnetic (FM) film is in contact with a variety
of antiferromagnetic (AFM) materials. The shift occur
when the AFM is ordered in the presence of a field o
an already ordered FM film. Even though this effec
was discovered four decades ago [1], its microscop
origin has not yet been established. Recent applicatio
of exchange biased films to magnetoresistive senso
however, have renewed interest in the effect and in
underlying physics.

One major difficulty in understanding exchange bia
lies in understanding the coupling between FM and AFM
materials for the case in which the AFM interface is com
pensated [2], i.e., when there is an equal number of posit
and negative exchange interactions across the interface
that the net exchange interaction vanishes. The first the
to successfully describe this case is that of Malozemo
[3], who explained the coupling as due to a random fie
which he attributed to interface roughness and to the fo
mation of domains in the AFM when the system is coole
through the ordering temperature. While this theor
successfully describes most of the common phenome
related toHeb, it fails to explain some of the more recen
experimental findings, in particular, the tendency o
the FM to align perpendicularly to the AFM easy axi
[4,5]. This perpendicular coupling can be understoo
[6,7] within a microscopic Heisenberg model where, du
to frustration of the moments at the interface, the FM
minimizes the energy when it aligns perpendicular to th
AFM easy axis. The namespin-flop couplinghas been
used to describe this type of effective exchange coupli
between AFM and FM films. By restricting the motion
of the spins during field reversal to the plane parall
to the interface, Koon [7] was able to make his mod
show the exchange bias effect through a mechanis
proposed by Mauriet al. [8], in which a domain wall
forms in the AFM when the FM magnetization rotates
The resulting magnetization curve is reversible and
shifted by realistic values ofHeb. This mechanism differs
entirely from Malozemoff’s theory and it is, at present
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unclear as to which of the two theories should preva
While the observation of perpendicular alignment clear
supports the view of spin-flop coupling, other evidenc
such as a recent experiment by Takanoet al. [9] which
shows the relation between net uncompensated AF
magnetization at the interface andHeb, tends to support
Malozemoff’s theory. Two additional observations whic
are not addressed by either of the theories but which se
to be related to the AFM-FM coupling are as follows: (1
A large coercive field (Hc) is almost always observed in
exchange biased films [10]. (2) The AFM-FM couplin
measured in reversible experiments can be several tim
larger than the coupling derived fromHeb [11].

In the present contribution it will be shown that, con
trary to Koon’s expectation, spin-flop coupling does n
lead to the formation of a domain wall during magne
tization reversal but rather introduces a large uniax
anisotropy. It will further be shown that the two the
ories, Malozemoff’s random field and Koon’s spin-flo
coupling, do not conflict but that rather a combination o
both points of view provides an explanation for all of th
above-mentioned phenomena.

Koon calculated magnetization curves under the co
straint that the spin motion is parallel to the interfac
While this constraint has some justification in the FM
where the spins are generally held in the film plane b
the magnetostatic field, it is not obvious for AFM spins
In order to remove the constraint from the calculation
in a proper way, the magnetostatic interactions have
be included explicitly. Thus, in the present approac
the microscopic Heisenberg model is extended to i
clude, in addition to the usual exchange, Zeeman a
anisotropy energies, the magnetostatic energy,ED P

ifijh $mi $mj 2 3s $mi n̂ijd s $mjn̂ijdjyj $Ri 2 $Rjj
3, of a con-

figuration of atomic momentsh $mij, wheren̂ij is the unit
vector that points in the direction that connects the sit
at $Ri and $Rj . Since all systems considered here a
periodic in two dimensions (2D), the lattice sums forED

are performed using an Ewald method outlined by Adam
and McDonald [12] but adapted to 2D periodic lat
tices. Magnetic properties are calculated using the us
© 1998 The American Physical Society
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approach of classical micromagnetics, i.e., the local ma
netic field is determined from the gradient of the energ
Hifh $mijg  2

≠

≠ $mi
Efh $mijg, and h $mij is required to satisfy

the Landau-Lifshitz equation of motion (EOM) with
the Gilbert-Kelley form for the damping term:≠≠t $mi 
2gs $mi ^ Hid 1 ss $mi ^

≠

≠t $mid
1

j $mi j
, where g and s

denote, respectively, the gyromagnetic ratio and t
damping parameter. While the material parameters t
enter the expression for the energy have direct physi
justifications, the damping term is phenomenological a
is included to remove the energy from the system and
ensure that the magnetic configuration is in a stable
metastable equilibrium. Care has been taken to ens
that all quantitative results presented here are independ
of the magnitude of the damping parameter.

To illustrate the first important result of the presen
paper, the approach just outlined is applied to the gene
model for AFM/FM bilayers used by Koon [7]. In order
to simplify the interpretation of the results, a square latti
was used to ensure that the magnetostatic contribut
(which was omitted from Koon’s model) is isotropic in
the plane parallel to the interface. Koon did not speci
the anisotropy used in his calculations, but the magnitu
does not qualitatively affect the results.

A reversible magnetization curve (Fig. 1a, solid line
similar to the one obtained by Koon, with a domain wa
forming in the AFM, could only be generated when th
precession term was removed from the EOM and t
initial configuration had all moments perfectly paralle
to the interface plane. In this case, the torque acti
on the spins has no out-of-plane component which
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FIG. 1. Magnetization curves (a) and energy (b) for applie
field changed at a slow but constant rate. Solid lines repres
the reversible solution of EOM without the precession term
dotted lines represent the irreversible solution of the full EOM
Note that only one leg of the energy curve is shown. Th
AFM anisotropies used: 0.01 meVysite (solid and dotted lines);
0.1 meVysite (dashed line); 1.0 meVysite (dash-dotted line).
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equivalent to the constraints used by Koon. When the fu
EOM is used, the torque has an out-of-plane compone
which allows the spins in the interface region to relax int
the second spin-flop state that corresponds to the ene
minimum of the bilayer with reversed magnetization
(Fig. 2). The resulting magnetization curve is irreversibl
(Fig. 1a, dotted line). In other words, when the physica
EOM is solved, the energy barrier that the configuratio
has to overcome to switch between the two spin-flop stat
shown in Fig. 2 is smaller than the energy of the doma
wall in the AFM (Fig. 1b).

The physical conclusion of the previous discussion
straightforward. For flat interfaces, spin-flop coupling
does not lead to a shifted magnetization curve (un
directional anisotropy) but rather introduces a uniax
ial anisotropy which leads to irreversible magnetizatio
curves with finite coercivity. Additional mechanisms are
required to obtain a unidirectional anisotropy necessa
for exchange bias. To further substantiate these conc
sions, the microscopic Heisenberg model will now be ap
plied to CoOyFM bilayers, where either Permalloy (Py)
or Co will be used as a FM. The (111) plane will be
chosen for the AFM-FM interface, since, as will becom
apparent, it leaves the least ambiguity for the AFM-FM
exchange parameters.

The present model for CoOyFM (111) bilayers (Fig. 3)
assumes the usual NaCl structure for the AFM, where t
Co21 ions occupy an fcc lattice with a 4.27 Å lattice
constant and have a magnetic moment of 3.8mB [13].
Since the anisotropy direction in films is not known, two
cases will be considered for the AFM easy axis:f1 17g as
in bulk CoO [13] andf101g which is in the interface plane
and was found to be the easy axis in some (001) film
[5]. In both cases the anisotropy constant is chosen
be 3 meVyCo21 [13]. Because of the strong anisotropy
the only exchange interaction that is significant in th
AFM, after the magnetic configuration has ordered,
the next-nearest-neighbor interaction which isJA-A 
22 meV [13]. In order to keep the problem solvable
from a microscopic point of view, the AFM is assumed
to be in a single domain state with compensated (11
planes at the interface [14] and only the case where t
FM magnetization rotates coherently will be considere
explicitly in the calculations. In this context the FM

Initial configuration Final configuration

AFM

AFM

FM FM

AFM

AFM

FIG. 2. Schematic of initial and final spin-flop states corre
sponding to the solution of the full EOM. Note that AFM
sublattice magnetization (lower two planes) is the same in bo
cases, except very near the interface.
4517



VOLUME 81, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 16 NOVEMBER 1998

-
le

t

nt

e
is

e
at

l
t
-

d

t

d

x

z
y

2+

FM

Co

O

JA-F

JA-F

JF-F

JF-F

JA-A

FIG. 3. Model of CoO-Co (111) interface. Values chosen fo
exchange interactions (indicated by arrows) are next-neare
neighbor AFM,JA-A  22 meV; nearest-neighbor FM,JF-F 
16 meV; next-nearest-neighbor AFM-FM,JA-F  22 meV.

lattice can be matched to that of the AFM with an
atomic volume that corresponds to a lattice constant
3.55 Å. For flat interfaces the magnetic 2D unit ce
thus contains two sites per monolayer. Furthermor
since the exchange interactions in the FM are mu
larger than in the AFM and the current work is only
concerned with anisotropies that are induced by th
AFM-FM coupling, the only material-dependent propert
that is relevant in the FM is its magnetization. Th
magnetic moments used for Co and Py are, respective
1.7mB and 0.9mB. The magnetocrystalline anisotropy
in the FM is neglected, and the exchange interactio
are assumed to beJF-F  16 meV [15] between nearest
neighbors. The only parameter that is not knowna priori,
but to which the results are expected to be sensitive, is
exchange between the FM and CoO. It will be assum
that JA-F  JA-A, which for CoOyCo may be reasonable
but is not obvious for CoOyPy. Thus the sensitivity of the
spin-flop coupling strength toJA-F will be investigated.
Finally, all results presented here are for FM layers whic
are 200 Å thick.

As in the case of Koon’s model, the present calcul
tions for a CoOyFM bilayer yield spin-flop coupling, as
well as symmetric and irreversible magnetization curve
for flat interfaces. The coupling axis, defined by the d
rection of FM magnetization at zero applied field, is pe
pendicular to the AFM easy axis and in the film plane
To determine the spin-flop coupling strength, a field is a
plied in the film plane perpendicular to the coupling axi
(fH  90±). The EOM is solved and for small enough
field [16] the total energy per unit area is found to fi
form: EsH'd  Es0d 1 Keff sin2 f, wheref is the angle
between the total magnetization in the unit cell and th
coupling axis. Results for the effective coupling constan
Keff, are given in Table I. They are relatively insensitiv
to the anisotropy direction as well as to the choice of th
magnetic moments (mPy versusmCo). Keff is also rela-
tively robust to changes inJA-F , as long as the latter is not
much smaller thanJA-A.
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TABLE I. Spin-flop coupling constant,Keffsergycm2d, for
different AFM-FM exchange parameters and AFM easy axis.

FM AFM easy axis JA-F Keff

Py f101g 21 0.54
Py f101g 22 0.87
Py f101g 23 0.83
Py f1 17g 22 0.64

Co f101g 22 0.88

For coherent rotation of the magnetization, the co-
ercivity can be determined by reversing the field and
finding the equilibrium solution of the EOM for constant
applied field. When the applied field is larger than a cer
tain threshold, the metastable solution becomes unstab
and the FM magnetization switches. It is this critical field
that corresponds to the coercivity. Results for the presen
model of CoOyPy bilayers, with the external field ap-
plied parallel to the interface plane at an anglefH  10±

from the coupling axis, are shown in Table II. The val-
ues ofHc clearly depend onfH and are about 10%–20%
larger forfH  0±. The reason for the particular choice
of fH  10± is discussed in the next paragraph.

Defects at the interface, such as steps, islands, or poi
defects, can be included by increasing the size of the 2D
unit cell parallel to the interface and including a cor-
responding arrangement of AFM sites on the FM side
of the interface. Table II includes results for the case
in which the 2D unit cell was increased form2 3 1 to
4 3 4, with one interfacial FM site replaced by an AFM
site by accordingly changing the moments as well as th
exchange and anisotropy parameters. The defect site
decoupled from one of the AFM sublattices and antifer-
romagnetically coupled to the other. Consequently, the
two spin-flop states (Fig. 2) for a given AFM configu-
ration no longer have the same energy. This shifts th
magnetization curve and gives exchange bias. Note th
it is the coupling of the FM to the AFM through the un-
compensated defect that gives rise to this unidirectiona
shift, the spin-flop coupling is not a necessary requiremen
for exchange bias. In the present calculation, the mag
netic moment of the uncompensated AFM defect points
roughly along the AFM easy axis. ForfH  10± the
amount of uncompensated AFM magnetization projecte
onto the applied field axis is about 1% of the moments
in a CoO monolayer and thus comparable to the amoun
Takanoet al. [9] have measured. With this choice of ar-
rangement, the calculated and experimentally measure
loop shift should be of comparable magnitude, which is

TABLE II. Hc for flat CoOyPy interface as well asHc and
Heb for interface with uncompensated AFM defects (in Oe).

AFM Flat interface Interface with defects
easy axis Hc Hc Heb

f1 17g 885 575 75
f101g 1625 1250 74
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indeed the case for the results given in Table II and th
values forHeb given by Takanoet al. [9]. Introducing
uncompensated defects also reduces the coercivity. T
is because the exchange field is disturbed locally, whi
reduces the energy barrier that must be overcome in or
to switch the FM magnetization. However,Hc in Table II
is still much larger than the values actually measured f
Hc in CoOyPy films [4] (ø200 Oe for 200 Å of Py). The
likely explanation for this is that coherent rotation is no
the actual reversal mechanism in these films.

More realistically, the reversal is nucleated at film
edges or at defects and then proceeds via propagat
of FM domain walls. The coercivity arises from the
pinning of these domain walls at defects in the film. A
direct microscopic description of such a mechanism is n
presently feasible and the effect of spin-flop coupling o
the coercivity has to be discussed indirectly. The effe
tive coupling strengths determined for 200 Å (Table I
correspond to an averaged uniaxial anisotropy consta
Kspin-flop ø 5 3 105 ergycm3 which is much larger
than the anisotropy of Py (KPy ø 20 3 103 ergycm3

for the bulk). Since the AFM-FM coupling energy is
concentrated in the interface region, the averaged val
Kspin-flop , is only a lower estimate of the real anisotrop
that is induced in the FM near the interface. The spin-flo
coupling thus reduces the size of the domain walls whic
in turn increases the density of defects that can pin t
domain wall and thus increases the coercivity. As in th
case of coherent rotation, uncompensated defects
the interface give rise to an effective field which wil
shift the magnetization curve. The origin of such defec
may be simply interface roughness which, in the spir
of Malozemoff’s theory, would lead to such an effectiv
field. Other defects, such as dislocations at the inte
face, could also induce locally uncompensated regio
which, in the presence of the cooling field, are oriente
preferentially and thus break the symmetry. Thus, whi
the strong increase in the coercive field is an immedia
consequence of the direct AFM-FM coupling, exchang
bias requires indirect coupling through a defect. Th
would explain, whyHeb can be strongly reduced when
CoOyPy films are annealed whileHc remains essentially
unchanged [14]. In general, however, the AFM-FM
coupling may also depend on the interface morpholog
The experimental observation that coupling constan
determined from reversible techniques are much larg
than those derived fromHeb is an immediate consequence
of the different origins ofHeb and the coupling. While
reversible techniques measure the contribution of both t
uniaxial (spin-flop coupling) and the unidirectional (Heb)
anisotropies, the irreversible techniques measure only
latter. In CoO, as is indicated by the large differenc
between reversible and irreversible coupling measur
ments, the unidirectional contribution is much smalle
than the uniaxial coupling. Therefore, the reversib
measurements sense mainly the uniaxial coupling, whi
for 200 Å of Co is [17] 2Keff ø 1 ergycm2 [18]. The
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present theory thus not only explains qualitatively the dif
ference between reversible and irreversible experimen
but also predicts coupling constants (Table I) with the
correct order of magnitude.

In conclusion, it has been shown that spin-flop couplin
between FM and AFM films gives rise to a uniaxial
rather than a unidirectional anisotropy. A necessar
consequence is that additional mechanisms, such as th
induced by interfacial defects, are required to shift th
magnetization curve for exchange bias. For CoO th
present calculations yield realistic values for the couplin
constants as well as the loop shift, and explain the increa
in coercivity due to the AFM-FM coupling.
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