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Antiferromagnetic thickness dependence of exchange biasing
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~Received 9 September 1999!

A theory for a ferromagnetic/antiferromagnetic~FM/AF! exchange coupled bilayer of finite thickness is
presented. Calculations based on this theory describe the reversible and irreversible transitions of the magnetic
moments in this FM/AF system. A description of the exchange bias effect is offered that explains the observed
phenomena of enhanced coercivity and rotational hysteresis. The theory also explains the AF thickness depen-
dence of the exchange field and the coercivity.
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Currently, there is a great deal of interest in the phys
and materials involved in the so-called exchange bias eff
which was discovered in partially oxidized Co particles mo
than 40 years ago.1 As a result of interfacial exchange cou
pling, the hysteresis loop of a ferromagnet~FM! in contact
with an antiferromagnet~AF! is displaced in an applied mag
netic field relative to that of an isolated FM film by a
amount termed the exchange fieldHe . Despite extensive ex
perimental studies2,3 and numerous theoretical efforts,4–7 the
mechanism of the FM/AF exchange coupling is not well u
derstood. This effect is of great practical value since it
critical for the operation of recording heads based on g
magnetoresistance~GMR!, as well as for magnetic random
access memories~MRAM !.

From hysteresis loop measurements, an increased coe
ity Hc is always observed in an exchange biased FM rela
to a single FM film. Most of the previous models dealin
with the exchange bias effect do not address this coerci
enhancement. Qianet al.8 associated this enhancement w
an interfacial uniaxial anisotropy induced by higher ord
exchange coupling terms. However, there is no direct e
dence to support the existence of such higher order te
The existence of an interfacial spin flop state in the AF la
can result in an enhanced uniaxial anisotropy in the FM
give an enhanced coercivity according to Schulthess
Butler.7 However, spin flop does not lead to exchange bia
FM/AF bilayers.

The AF thickness dependence of exchange bias on
thickness of the AF is shown in Fig. 1 fo
Ni81Fe19/Pt10Mn90. Notice that when the AF thickness de
creases to a certain value, the exchange fieldHe drops
abruptly to zero. At the same time, the coercivityHe in-
creases and a large rotational hysteresis loss appears. T
results have also been observed by others.9 In principle, the
coherent rotation model of Meiklejohn and Bean1 can ac-
count for such a sharp change of exchange field with
thickness. However, Parkin and Speriosu10 found that a cal-
culation of the torque based on this coherent rotational mo
does not give an abrupt decrease with AF thickness.
rotational hysteresis loss gives a clue that the presenc
moment rotation in the AF~Refs. 5 and 6! may play a role.
In this paper, a simple model for an exchange coup
FM/AF is presented. Based on this idea, the exchange
and the coercivity can both be derived from this model, a
the AF thickness dependence of the exchange bias and
PRB 610163-1829/2000/61~1!/80~4!/$15.00
s
t,

-
s
t

iv-
e

ty

r
i-
s.
r
d
d

n

he

ese

F

el
e
of

d
ld
d
ta-

tional hysteresis loss can be obtained. While Neel5 found that
rotation of the magnetization in the AF could lead to irr
versible behavior, he did not relate this to the exchange b

We shall assume that the FM layer is isotropic in the fi
plane. A theoretical study11 has shown that there is no helic
structure, for example, along the thickness direction in a t
ferromagnetic layer, e.g., Ni80Fe20 with thickness up to 500
Å, exchange coupled with a ferromagnetic, ferrimagnetic
antiferromagnetic film at the interface. Furthermore, Par
et al.12 have observed a uniform magnetization distributi
throughout the thickness of a 400 Å Ni80Fe20 layer coupled
with a Fe50Mn50 layer. Therefore, we assume the FM m
ments rotate uniformly in the presence of an applied fie
For a FM/AF bilayer with a single-crystal AF layer and a
uncompensated interface, the total energy per area unit o
bilayer includes the volume energy of the AF layer and
interfacial exchange coupling energy

E5E
0

tAFFAAFS dw

dzD 2

1KAF sin2wGdz2JE cos~w2a!uz50 ,

~1!

where AAF and KAF are exchange coupling constant a
uniaxial anisotropy constant of the AF layer with finite thic
ness tAF , respectively. The FM magnetizationMF is as-
sumed to make an anglea with the AF easy axis. The direc
tion of the AF moments varies spatially withz as described
by w(z). The moments of the FM and AF layers are coupl

FIG. 1. AF layer thickness dependence of the exchange fieldHe

and coercivityHc in the Ni81Fe19(250 Å)/Pt10Mn90 bilayer system.
80 ©2000 The American Physical Society
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at the interface by an exchange coupling constantJE . Using
the variational method to minimize the total energy, the
moment structure is given by the differential equation
w(z):

2AAFS d2w

dz2 D2KAF sin~2w!50, ~2!

with the boundary conditions

S dw

dzD U
z50

5
JE

2AAF
sin~w2a! and S dw

dzD U
z5tAF

50. ~3!

As the AF thicknesstAF approaches infinity, then the tota
energy reduces to that of Mauriet al.5 In our case, the finite
AF layer has moments at one end coupled withMF and
moments at the other end free to rotate. To perform the
merical calculations, we transform Eqs.~2! and ~3! into a
discrete form with step size of 1023dw , where dw

5AAAF /KAF. Our results are independent of step size in t
regime. Figure 2 describes the moment configuration in
AF layer along the thickness direction with the FM defini
an anglea at the interface. In the following, we will presen
our numerical results for the AF thickness normalized by
characteristic domain wall lengthdw and JE normalized by
the domain wall energy parametersw52AAAFKAF. It turns
out that this system shows different behavior depend
upon whetherJE is larger or smaller thansw .

Let us consider the response of the FM layer in the pr
ence of a reverse applied field. Assume thatMF , ferromag-
netically coupled with the AF moments at the interface, l
along the AF easy axis. In coherent rotationMF rotates away

FIG. 2. Schematic representation of the helical structure of
moments with one end exchange-coupled with the FM magne
tion and the other end free to rotate. The FM magnetization rot
away from the AF easy axisx by an anglea. The moments of only
one sublattice of the AF layer are shown.~a! a slightly wound-up
helical structure,~b! the helical structure before transition, and~c!
the helical structure after transition. The curved arrow shows
twisting direction.
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from the easy axis, and the AF moment structure twists
shown in Fig. 2~a!. This helical structure develops further a
the AF moments at the interface try to follow the rotatin
MF . Let us assume thatJE is larger thansw , in particular,
JE55sw . When the AF moments at the interface reach
pass through the AF hard axis we find that the helical str
ture becomes unstable when the angle ofMFa reaches a
critical valueacri . The AF structure ‘‘springs’’ forward, set
tling down in a new stable state which still contains som
twist ~see Figs. 2~b! and 2~c!!. Finally, whenMF has com-
pleted its rotation to the opposite direction, the AF structu
has also rotated by 180°. This irreversible motion of the
moments was first obtained by Neel5 in 1967 and recently
applied by Stiles and McMichael.13 Neel concluded that
when the AF thickness is great than 2dw , the irreversible
transition occurs at a critical angle in the range from 90°
180°. Stiles and McMichael attribute the experimentally o
served ‘‘rotatable anisotropy’’ in ferromagnetic resonan
~FMR! measurements14 to this irreversible motion of the AF
spin structure. Our calculations show explicitly how the cri
cal transition angleacri is dependent onJE and tAF . When
JE is greater thansw , such a transition always occurs an
acri approaches 180° with increasingJE and tAF .

To clarify the behavior ofMF , we have computed the
total energy as a function of the anglea of MF from Eq. ~1!
using thew(z) from Eqs. ~2! and ~3!. Figure 3 shows the
a-dependentEmin as well as the anglew(z50) of the inter-
facial AF moments which are coupled toMF in the caseJE
55sw and tAF54dw . As MF rotates from 0° to 180°, an
irreversible transition occurs ata5153°. At this point, the
total energy drops abruptly as a result of the ‘‘unwinding’’
the AF moment structure. The AF moments totally recov
when a5180°. For that part of the cycle whereMF rotates
from 180° to 360°, a new AF helical structure develops ju
as it did from 0° to 180°. There is an energy loss associa
with this magnetization process and the energy differenc

F
a-
es

e

FIG. 3. Minimum energyEmin and the anglew that the AF
interfacial moments make with respect to the AF easy axis in
case ofJE55sw and tAF54dw . The solid lines are for the FM
magnetization rotating from 0° to 360°. The dash lines are fr
360° back to 0°.
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the critical angle accounts for this loss. This result is sim
to that given by Koon,5 but by calculating the magnetizin
process, we can see that there is no exchange bias in
system, and the coercivity is due to the irreversible proc

WhenJE is less thansw , the results are different. Figur
4 shows the resulting numerical calculation for the case
JE50.9sw . WhentAF is equal to 4dw , no irreversible tran-
sition occurs in the system and there is only a single sta
state as the FM magnetization rotates. AsMF rotates from 0°
to 180°, the AF moments at the FM/AF interface follow th
rotation as a result of the interfacial exchange coupli
When MF rotates beyond a certain angle which is grea
than 90°, e.g., 168° in the case ofJE50.9sw , further wind-
ing of the structure generates a wall energy that can no
sustained by the interfacial coupling. As a result, the
moments at interface rotate back and the AF moments re
to their original positions whena5180°.

For a bilayer system withJE,sw , there is a critical
thicknesstcri , below which an irreversible transition of th
AF moments occurs. This thickness characterizes the
thickness dependence of the exchange fieldHe , the coerciv-
ity Hc and the hysteresis energy loss per unit area« loss.
When the AF thickness is larger than this critical value,
motion of MF is reversible and a nonzero value ofHe is
found.He is obtained as the magnitude of an applied fieldHa
at whichMF becomes perpendicular to the easy axis, co
sponding toM50 in a hysteresis loop measurement. The
fore, He is given as

He5HauM505S 1

MFtF
D S dEmin

da D U
a5p/2

, ~4!

where tF is the FM layer thickness. The results forHe are
shown in Fig. 5. For our example caseJE50.9sw , in the
reversible regime, i.e.,tAF,tcri , He increases slightly with
increasing AF thickness although this small effect is diffic

FIG. 4. Minimum energyEmin and the anglew that the AF
interfacial moments make with respect to the AF easy axis in
caseJE50.9sw . The minimum energyEmin is the sum of the vol-
ume energy of the AF layerEvol and the interfacial exchange cou
pling energyEint . The AF thickness is 4dw .
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to show in this figure. As the AF thickness gets very larg
the value ofHe approaches 0.67sw /MFtF , which is equal to
our calculation result for a bilayer with infinite AF
thickness.15 He shown in Fig. 5 with a minus sign means th
the hysteresis loop of the FM magnetization shifts towa
negative fields.

When the system enters the irreversible regime, i.e.,tAF
,tcri , the irreversible transition occurring in the magnetiz
tion process results in an unshifted hysteresis loop which
a coercivity with a magnitude also given by Eq.~4! since the
irreversible jump in the AF always occurs fora.90°. In this
regime there is no exchange biasing, i.e., the exchange
He is equal to zero. In addition to the irreversible transitio
there is another mechanism contributing to the coercivity.
forceMF away from the stable state ofa50°, requires a field
Hr with a magnitude that is equal to or greater than the va
of the second derivative ofEmin /MF tF with respect toa. This
coercivity is given by

Hc5S 1

MFtF
D S d2Emin

da2 D U
a50

. ~5!

The values derived from Eqs.~4! and Eq.~5! for the coer-
civity are shown in Fig. 5. The larger value will be the c
ercivity for the nonbiased hysteresis loop. The shape of
hysteresis loop also changes with the AF thickness. A crit
thickness of 2.28dw is found for JE50.9sw . As we men-
tioned before, irreversible motion of the AF moments alwa
occurs when the interfacial exchange couplingJE is larger
thansw . So, there is no critical thickness whenJE55sw .

Hysteresis energy loss is expected when the AF thickn
tAF is smaller thantcri where the irreversible motion occurs
The difference of the minimum energyEmin at the transition

e

FIG. 5. AF thickness dependence of the exchange field, coer
ity, and hysteresis energy loss in the cases of~a! JE50.9sw and~b!
JE55sw . Note that the exchange field and coercivity are norm
ized bysw /MFtF , and the rotational hysteresis energy loss per u
area « loss is normalized bysw . Thickness-dependent exchang
fields and coercivities are shown by solid and dash lines, res
tively. Curves~1! and~2! for coercivity are obtained from Eqs.~5!
and ~4!, respectively.
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accounts for the hysteresis loss. However, no energy
occurs if tAF is too small. For an AF layer with a thicknes
thin enough, the irreversible transition occurs atacri590°.
This results in a single energy state for the FM magnetiza
and a zero hysteresis energy loss. The AF thicknessdcri at
which the rotational hysteresis loss disappears, is ab
0.8dw and 1.4dw for JE50.9sw and 5sw , respectively.dcri
increases with increasing interfacial exchange couplingJE .
For the case thatJE is larger thansw , the thicker the AF
layer, the closer the critical angle for the irreversible tran
tion is to 180°. A nearly 180° AF domain wall develops a
the hysteresis energy loss per unit area approachessw
when tAF goes to infinity. This is also shown in Fig. 5.

In reality, the interface is complicated by defects a
a

V

B
.

ss

n

ut

i-

roughness, and most of the AF films are polycrystalline. A
result, the interfacial exchange couplingJE will be modified
by the interface morphology, and will generally vary acro
the interface as we have found in NiFe/CrMnPtx ~x53, 6,
and 9! bilayers prepared by substrate bias sputtering.16 That
is, in some regionsJE will exceedsw and in others it will be
less thansw . Therefore, the observed dependence ofHe ,
Hc , and« loss, will be a composite of the two general beha
iors shown in Fig. 5, which agrees with the observed beh
ior in Fig. 1. Note that the exchange bias never exceeds
wall energysw .
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