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Coercive mechanisms in ferromagnetic-antiferromagnetic bilayers
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The magnetization reversal of polycrystalline ferromagnetic-antiferromagnetic bilayers is investigated by
employing the Landau-Lifshitz-Gilbert equation. The magnetic interaction at the interface is modeled by a
random field. It is found that the random field breaks the ferromagnetic layer into domains during magnetiza-
tion reversal. The domain size is usually much smaller than that without the underlying antiferromagnetic
layers. We quantitatively determine the enhanced coercivity as a function of the thickness of the ferromagnetic
layer, the grain size, and the interface random field.
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An exchange interaction at the interface of a ferrom
netic ~F! and an antiferromagnetic~AF! layer results in sev-
eral unique macroscopic magnetic properties. Among m
distinct experimental observations, the most interesting pr
erties are the shifted hysteresis loop and enhanced coerc
of the ferromagnetic layer.1 To understand the shifted loo
theoretically, a convenient scheme is to saturate the fe
magnetic layer and then to rotate the magnetization in
plane2 so that one can avoid complicated reversal mec
nisms. Indeed, most of the theoretical models assum
single domain state of the ferromagnetic layer and focus
the domain structure of the AF layer for different types
interfaces. Mauriet al.3 considered the AF domain wall for
mation of a perfect uncompensated interface during the
herent rotation of the F layer. Koon,4 as well as Schulthes
and Butler5 find some interesting spin-flop states for a perf
compensated interface, which will effectively contribute
uniaxial anisotropy to the ferromagnetic layer. Oth
theories2,6–10 of the exchange bias also assume a unifo
magnetization of the F layer.

While the assumption of a uniform magnetization of the
layer greatly simplifies the problem and might be sufficie
to understand the hysteresis loop shift, it masks impor
details during the magnetization reversal of F/AF bilayers
particular, the enhanced coercivity observed in almost
F/AF bilayers can not be quantitatively derived from t
model of coherent rotation of the magnetization. In fact
has been pointed out that the single-domain character
magnet is largely irrelevant to the problem of coercivity
general.11 Recently, several experiments have begun to st
detailed domain structures in a F/AF bilayer.12 For example,
the ferromagnetic domain size during magnetization reve
has been observed to be much smaller in an exchange b
bilayer than in a single F layer without the exchange bia13

The domains can be as small as the grain size when th
layer thickness is small.14 These observations indicate th
the formation of small domains is crucial to understand
magnetization reversal or the hysteresis of the F/AF bilay
In this paper, we investigate the magnetic reversal of
exchange coupled bilayer without assuming a uniform m
netization of the F layer. Instead, we compute these dom
from various competing interactions in the bilayer. With o
model, the enhanced coercivity can be explicitly related
theexperimentally controllable parameterssuch as the thick-
PRB 610163-1829/2000/61~22!/14897~4!/$15.00
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ness of the F layer and the grain size of the AF layer.
addition, we have obtained some useful scaling relations

We start with a Hamiltonian of a bilayer

H5EF
e1EF

a1EAF
e 1EAF

a 1Ed1EZ1Eint , ~1!

where the first two terms represent the exchange and an
ropy energy of the F layer, and the third and fourth terms
those for the AF layer.Ed is the magnetostatic energy,EZ is
the Zeeman energy due to the external magnetic field,
the final term is the interaction between AF and F spins
the interface. The magnetic hysteresis of the above Ha
tonian is obtained via solving the standard Landau-Lifsh
equation with the following procedures. The sample was
erally divided intoN3N blocks. Each block represents
grain which consists ofn3n atomic spins in each plan
parallel to the the interface so that the grain size isD5na0,
wherea0 is the lattice constant. We have found that as lo
asN is large enough, the calculated results will be indep
dent ofN. In our case,N520 is sufficient. Within each grain
the ferromagnetic layer is assumed to be a single dom
state. The exchange energy between the nearest-neighbo
romagnetic blocks scales asEF

e52JF(tF /a0)S2Si
F
•Sj

F/n2,
where tF is the thickness of F layer,JF is the microscopic
exchange constant,S is the atomic spin,Si

F represents a uni
vector along the direction of the magnetization of thei th

block, and we have assumed a linear variation of the m
ments from one block to the next. The anisotropy energyEF

a

is assumed uniaxialEF
a5KFtF sin2 ui , whereu i is the angle

between the direction of the magnetization and the easy a
In the AF layer, we define two unit vectorsSi1

AF(k) and
Si2

AF(k) to represent the directions of the magnetization of
two sublattices, wherek labelskth atomic plane in the AF
layer. The exchange interaction in the AF is the sum
the contributions within a grain and between the grai
EAF

e 5SJAFSi1
AF
•Si2

AF1SJAF8 @Si1
AF
•Sj 2

AF1Sj 1
AF
•Si2

AF#, where
we only consider the nearest AF exchange coupling betw
two sublattices. The summation is over all the sublattice s
including the interlayer exchange coupling of each AF gra
and JAF8 is the intergrain AF coupling~we will take JAF8
5JAF /n). The anisotropy energy of the AF layer isEAF

a

5KAF sin2@u(k)2ui#, whereu i is the anisotropy axis ofi th
grain andu(k) is the magnetization direction for either o
R14 897 ©2000 The American Physical Society
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two AF sublattices. We will take an isotropically rando
anisotropy axis within the plane of the layer to model a po
crystalline film. The demagnetization energy takes a sim
form Ed54p(tF /a0)Ms

2(Si
Fz)2 where thez axis is normal to

the planes. Since we have used a model of a linear varia
of the magnetization between the neighboring F blocks,
magnetostatic interaction at the grain boundary is negligi
The Zeeman term is written asEZ52mB( ik@Si1

AF(k)
1Si2

AF(k)#•H2mBS(tF /a0)( iSi
F
•H, whereH is the external

magnetic field andmB is the Bohr magneton.
The interaction between the F and AF layer,Eint , is least

known. The present model is based on the general ide
random fields in the presence of impurities.15 The application
of this random-field picture to the exchange interaction
F/AF interfaces was first proposed by Malozemoff7 who has
shown in a great detail that the random interaction is a v
model to describe the exchange interaction in the presenc
the interfacial roughness. We adopt this random field
model the interface interaction throughout this paper. Int
ducing two random numbersr 1 and r 2 which are bounded
between21 to 1, we write the interface energy as

Eint52Js(
i

r 1Si
F
•@~11r 2 /n!Si1

AF~1!

1~12r 2 /n!Si2
AF~1!#, ~2!

where Js characterizes the average microscopic excha
constant between the first atomic plane of the AF layerk
51) and that of the F layer. The first random numberr 1
represents the random exchange interaction between
nearest-neighbor sites of F and AF layers at the interface.
will show below that it is this random interaction which co
trols the enhanced coercivity of F/AF bilayers. The seco
random number in Eq.~2!, r 2, characterizes the finite-siz
effect of the grains, i.e., the numbers of the two sublatti
for a given grain are statistically fluctuated. Their differen
~normalized by the total number of spins! scales as
1/An3n51/n. In fact, we will illustrate that the finite grain
size is the main parameter to control the exchange shift.

We first comment on the general features of the calcula
magnetic reversal by taking the intrinsic parameters suc
JF , JAF , KAF from commonly quoted values of bulk NiF
and CoO.5 Due to the large AF anisotropy constant, the ma
netic moments of the AF sublattices only changes sligh
and the spin-flop transition does not occur during the hys
esis cycle. The competition of the interlayer coupling in A
layers and the interface random exchange energy lead
small angle variation between different AF monolayers~typi-
cally only a few degrees!. We also find that the weak inter
grain coupling (JF8 ) does not significantly change the calc
lated magnetic properties given below. The ferromagn
layer reversal is mainly controlled by two energy terms,
ferromagnetic exchange interaction between neighboring
romagnetic blocks and the random field acting on a fer
magnetic block due to interfacial interactions. If the form
is much stronger than the latter, ferromagnetic blocks
aligned together and the ferromagnetic domains are m
larger than the grain size. Then the net coercive force~ran-
dom fields from the AF gains! acting on the ferromagneti
layers is averaged out and one would have a smaller
-
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hanced coercivity on the F layer. If the interface interacti
is stronger than the ferromagnetic coupling, the domain s
of the ferromagnetic layer during magnetic reversal will n
be much larger than the grain size. In this case, each fe
magnetic domain receives different random fields from
AF layer, and, due to fluctuation of the random field fro
each grain, the reversal will take place at different exter
fields for different ferromagnetic domains. Therefore t
breakup of the ferromagnetic layer into small domains
essential for the increased coercivity. This general pictur
quantitatively supported by the following detailed variatio
of the coercivity with respect to the thickness of the ferr
magnetic layer, the grain size, and the interface interacti

The ferromagnetic domain sizeL can be estimated
roughly by equating the ferromagnetic exchange energy
the random field energy. The exchange energy per unit a
scales as1

2 (tF /a0)JF /L2. The random field energy is th
statistically averaged energy ofN5L2/a0

2 spins within a do-
main, which scales as (Js /a0

2)/AN5Js /a0L. By minimizing
these two energies, we find the domain size is abouL
5tFJF /Js . This size is comparable to the grain size wh
the thickness of the F layer is of the order of 100 Å. We no
that the same reasoning was applied by Malozemoff to e
mate the AF domain size.7

In Fig. 1, we show the coercivity of the ferromagnet
layer for a fixed interfacial random field. We have used t
CoO anisotropy energyKAF53 mev per site.5 For such a
large anisotropy constant, the domain wall width in the A
layer will be small. The calculated coercivity will be inde
pendent of the AF layer thickness as long as it exceeds
monolayers. For smallerKAF , one would need a thicker AF
layer to simulate the coercivity. The calculated coerciv
depends slightly on the anisotropy constant of the AF lay

FIG. 1. Coercivity as a function of the thickness of a ferroma
netic layer for two grain sizesD512 nm andD520 nm. The
slopes of the curves are indicated by the arrows. The parameter
the same as those used in Ref. 5:JF516 mev, Js52 mev, JAF

52 mev, andKAF53 mev. The demagnetization field of NiFe
4pMs58300 Oe .
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The dependence of the coercivity on the F layer thicknes
rather strong, and it approximately satisfies a power law.
can understand the result in terms of the picture describe
the last paragraph. Since the ferromagnetic coupling betw
two neighboring blocks is proportional to the thickness of
F, larger thicknesses produce larger domain sizes in th
layer. For larger domains, the average of the random fi
~per site! is small. Thus the coercivity decreases. For a sm
thickness, e.g., below 8 nm, the ferromagnetic layer bre
into domains whose size is not too much larger than the g
size. This is the situation when the coercive energy from
random field ceases to increase even if the thickness is
ther reduced, because the minimum size of the domai
limited by the grain site. It is thus reasonable that the co
civity scales with the F layer thickness asHc}tF

2a with a
nearly one~note that the random field is only acting on th
interface—thusa51). When one increases the thickness b
yond 8 nm in the figure, the domain size of the F lay
begins to grow and the coercive energy decreases faster
1/tF . In this case,a is approximately 3/2. This scaling rela
tion has been suggested earlier from a general argumen
it has been experimentally verified.16

In Fig. 2, we show both the hysteresis shift and coerciv
as a function of the grain size. It is expected that the lo
shift is inversely proportional to the grain size. This is b
cause the average of the random field per unit area with
grain is inversely proportional to the grain size, as it was fi
pointed out by Takanoet al.17 The coercivity shows quite
interesting behavior. Upon increasing the grain size, the
fective interaction between the ferromagnetic blocks
creases asEJ}1/D2. Thus the domain size of the F layer
much larger than the grain size when the grain size is sm
and it becomes comparable when the grain size reache
nm. When the grain size is more than 40 nm, the coerci
stays at its maximum value. We point out that the magn
structure within a grain could be quite complicated when
size of the grains is equal to or larger than the domain w

FIG. 2. CoercivityHc and loop shiftHe as a function of the
grain size for two different F layer thicknesses. The parameters
the same as in Fig. 1.
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width. To model the spin structure within a grain, one sho
in principle choose ferromagnetic meshes whose size is
ficiently small. In our model we have neglected these co
plicated spin structure within grains, i.e., we have assum
that the spin structure is linearly varied from one grain to
next. However, the general trend shown in Fig. 2 on
variation of the coercivity as a function of the grain si
remains qualitatively correct.

In Fig. 3, we show the coercivity as a function of th
interface random fields. From the above argument, a stron
interface interaction will lead to a smaller F domain size a
thereby a larger enhancement of the coercivity. Experim
tally, the variation of the interface coupling can be controll
by inserting a wedged Cu or Ag layer at the F/AF interfa
so that one can quantitatively compare this prediction w
experimental data.18

FIG. 4. Angular dependence of the coercivity for two F lay
thicknesses and two domain sizes. The parameters are the sa
in Fig. 1.

re

FIG. 3. Coercivity as a function of interface coupling strengthJs

for two different grain sizes. The arrows indicate the slopes of
curves. The parameters are the same as in Fig. 1.
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Finally we address the angular dependence of the coe
ity. We first apply a large external magnetic field in thex
direction to simulate the cooling direction. Then the ma
netic field is reduced to zero. This remanent state is
initial state to perform the calculation of the angular dep
dence of the hysteresis when an external field is applied
direction which makes an anglea with respect to thex axis.
The calculated magnetization always refers to the direc
of the applied field. When we change to a different angle
the applied field, we repeat back to the the initial reman
state. Figure 4 shows the calculated results for two F la
thicknesses. The angular dependence of the coercivity cle
indicates that the coercivity only appears in a very narr
range of angles of the cooling field. This is a quite differe
from the unbiased ferromagnetic film in which the Ston
Wohlfarth model gives a much larger range of angle. Fig
4 is in qualitative agreement with experiment
observations.19 Note that we have set the F layer anisotro
constant equal to zero so that we do not have a backgro
coercivity. Experimentally, there is always a small coerciv
p
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even fora590°; the origin of the finite background valu
may come from the finite F layer anisotropy and the dipo
interaction between ferromagnetic domains.

In summary, we have incorporated a random field a
F/AF interface into Landau-Lifshitz equation. The presen
of the random field results in the formation of domains in t
ferromagnetic layer. There is a new length scale for the
romagnetic domains associated with two competing inter
tions: the ferromagnetic exchange and the interface rand
field. As a result, the ferromagnetic domains are mu
smaller in exchange biased bilayers. We have shown tha
random field model can account for the observed enhan
ment of the coercivity in F/AF bilayers as a consequence
the formation of lateral domains. We have derived vario
relations between the coercivity and experimentally contr
lable parameters.
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