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systems
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~Received 10 November 1997; accepted for publication 24 November 1997!

The stability of the exchange bias fieldHeb has been studied for magnetron sputtered
NiO/Ni66Co18Fe16 and Ni66Co18Fe16/FeMn bilayers. A forced antiparallel alignment of the
ferromagnetic magnetization toHeb results in a gradual decrease ofHeb as a function of time for
NiO as well as FeMn based samples. The observed decrease ofHeb increases with temperature and
is interpreted as a thermally assisted reversal of magnetic domains in the antiferromagnetic layer.
© 1998 American Institute of Physics.@S0003-6951~98!02204-9#
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Direct exchange coupling at the interface between a
romagnetic~F! layer and an antiferromagnetic~AF! layer
may result in exchange biasing,1 i.e., in a shift of the hyster-
esis loop of the F layer along the field axis characterized
an exchange bias fieldHeb . Exchange biasing is used i
device structures for magnetic domain stabilization in m
netoresistive sensors2 as well as for pinning an F layer in
magnetoresistive spin valves3.

For device applications the long term stability ofHeb is
an important issue. The effect of temperature on the ma
tude of exchange biasing has been studied extensively. G
erally Heb decreases with temperature and becomes zero
temperature called the blocking temperature,TB .4,5 How-
ever, studies of time effects, i.e., the stability ofHeb at a
given ~operating! temperature and magnetic field have n
been reported. Recent calculations have shown that, du
demagnetization effects, the magnetization direction of
pinned F layer of a microstructured GMR spin valve is tilt
at the edges.6 These spin valves are operating at eleva
temperatures~approximately 100 °C! due to heating by the
sense current. Therefore, the stability of the exchange bia
under these conditions is an important issue with respec
long term stability of GMR read heads.

In this letter, we will report on the stability ofHeb at
constant temperature for an anti-parallel alignment of
magnetization of the F layer with respect to the direction
Heb using NiO and FeMn AF layers, which are frequen
used in biasing structures. We will show that a gradual
sizable reduction and even a reversal ofHeb may result. The
results can be understood by a macroscopic two-level m
in which the anisotropy of the AF layer and the grain s
distribution play an important role.

Samples with structure Si~100!/60 nm NiO/5 nm
Ni66Co18Fe16/5 nm Ta and~borosilicate! glass/3 nm Ta/5 nm
Ni66Co18Fe16/10 nm FeMn/5 nm Ta were grown at roo
temperature in an applied field of 10–15 kA/m by a mu
source sputter apparatus. The metallic layers were depo

a!Electronic mail: heijdenp@natlab.research.philips.com
b!Present address: CVC Products, 3100 Laurelview Court~Bldg. H!, Fre-

mont, CA 94538.
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by dc magnetron sputtering at a pressure of 5 mTorr Ar a
the NiO layers were deposited by rf magnetron sputter
from a NiO target in an Ar pressure of 1 mTorr. After dep
sition, the NiO based samples were annealed up to 50
after which the samples were field cooled down to roo
temperature in about 10 h in order to improve the excha
biasing.

A variable temperature magneto-optical Kerr effect a
paratus was used for magnetic characterization of
samples.Heb was determined as a function of time in th
situation of a forced antiparallel alignment of the magneti
tion of the F layer andHeb . To this end the sample is heate
from room temperature to the desired temperature with
external field applied parallel toHeb . Subsequently, the ap
plied field of about 45 kA/m and thereby the magnetizati
direction of the F layer is reversed andHeb is measured as a
function of time at constant temperature. Note thatHeb is
obtained from an hysteresis loop measurement during wh
the applied field~and the magnetization direction of the
layer! is varied. This implies that relaxation contributions
Heb faster than half the hysteresis loop measurement tim
12 s cannot be observed.

The temperature dependence of the initialHeb is shown
in Fig. 1 for the samples with 60 nm NiO and 10 nm FeM

FIG. 1. The temperature dependence of the exchange bias fieldHeb for Si
~100!/60 nm NiO/5 nm Ni66Co18Fe16/5 nm Ta~squares! and glass/3 nm Ta/5
nm Ni66Co18Fe16/10 nm FeMn/5 nm Ta~circles!.
/98/72(4)/492/3/$15.00 © 1998 American Institute of Physics
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which is obtained by measuring hysteresis loops at incre
ing temperatures after cooling the sample from room te
perature to 20 K in about 2 h with an external field applied
parallel toHeb . The figure shows thatHeb becomes zero a
TB of 480 K and 425 K for the NiO and FeMn base
samples, respectively. The observed temperature depend
of Heb is similar to that reported by others.4,5

Figure 2 shows the normalized exchange bias fields
function of time,t, for several temperatures during a forc
antiparallel alignment of the magnetization of the F layer a
Heb for a NiO based sample. The exchange bias fields
normalized to the initial value ofHeb at t 5 0 shown in Fig.
1. Figure 2 shows that at 400 K~well below TB) Heb be-
comes zero after 8 h and thenHeb changes sign and become
negative. This decrease ofHeb increases with temperature
The solid lines shown in Fig. 2 represent fits which are d
cussed later.

Further experiments7 using a 40 nm instead of a 60 nm
NiO layer show an identical decrease ofHeb as a function of
time for several temperatures. The decrease ofHeb is a re-
versible magnetic process, i.e., reversing the external app
field and thereby the magnetization direction of the F la
during an experiment, thus restoring the original biasing c
figuration, resulting in an increase ofHeb . Experiments us-
ing different magnitudes of the applied field show that t
decrease ofHeb is only observed if the applied field is su
ficiently large to reverse the magnetization of the F layer,
is independent of the magnitude of the applied field once
magnetization is reversed. This implies that the observed
crease ofHeb is only induced by the forced reversal of the
layer magnetization due to the resulting frustration of
exchange coupling at the F/AF interface and is independ
of the influence of the~small! external applied field on the
AF layer.

Figure 3 shows that the decrease ofHeb as a function of
time is also observed for a FeMn based sample. For temp
tures close toTB , the observed decrease ofHeb is similar to

FIG. 2. The time dependence of the exchange bias fieldHeb during a forced
antiparallel alignment of the magnetization direction of the F layer andHeb

at several temperatures for Si~100!/60 nm NiO/5 nm Ni66Co18Fe16/5 nm Ta.
The solid lines represent the fit of the data at different temperature
described in the text.
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that of the NiO based samples, but at lower temperatures
decrease ofHeb compared to that of NiO based samples
somewhat less pronounced.

The decrease ofHeb as a function of time can be unde
stood by a macroscopic two-level relaxation model. Mod
ing the F and AF layers as magnetic monodomains and
suming an exchange coupled F/AF bilayer with uniax
positive anisotropies,KF and KAF for the F and AF layer,
respectively, and their easy axes parallel to an external
plied field, the energy per unit area is given by

E5KFtF sin2 u1KAFtAF sin2 f2Hm0MstF cosu

1Eeb cos~u2f!, ~1!

in which tF and tAF are the thicknesses of the F and A
layer, respectively. The exchange bias coupling energy
unit area is given byEeb . The angle between a positiv
applied field and the~sublattice! magnetizations of the F
layer and AF layer (Ms andMsa , respectively! is given byu
andf, respectively. Since the field is applied along the ea
magnetization axes,u is assumed to be either 0 orp. If
KAFtAF.Eeb/2, then an energy barrier appears in the dep
dence of the energy as function of the sublattice~staggered!
magnetization direction of the AF layer@see the insets of Fig
3 for u50 ~a! andu5p ~b!#. The inset~a! of Fig. 3 refers to
t,0 for which f is assumed to be 0~the absolute energy
minimum! and exchange biasing is observed if the stagge
magnetization direction of the AF layer remains fixed duri
an hysteresis loop measurement. ReversingMs at t50 re-
sults in a change of the angular dependence of the AF en
from inset ~a! to ~b!. The energy state of the AF layer ca
relax towards a lower energy minimum by reversingMsa

~from f50 to p), which results in a reversal of the ex
change bias field.

This simplified model, assuming a single monodoma
in the AF layer would result in an abrupt reversal ofHeb

as

FIG. 3. The exchange bias fieldHeb as function of time during a forced
antiparallel alignment of the magnetization direction of the F layer andHeb

at several temperatures for glass/3 nm Ta/5 nm Ni66Co18Fe16/10 nm FeMn/5
nm Ta. The insets show a schematic representation of the angular (f) de-
pendence of the energy per unit area,Es of an AF layer with uniaxial
anisotropy and exchange coupled to a F layer with the magnetization di
rected along 0~a! andp ~b!.
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instead of the experimentally observed gradual decreas
Heb . In reality, however, the AF layer has to be modeled
an ensemble of noninteracting AF domains as described
Fulcomer and Charap.8 At t50, the Msa directions of the
AF-domains are assumed to be distributed overf50 andp
according to the Boltzmann distribution function. The rev
sal of Ms at t50 results in a gradual change of the distrib
tion in Msa direction towards the new equilibrium distribu
tion ~the distribution att50 inverted! by a thermally assisted
relaxation process. The time dependence ofHeb is given
by:8 exp(2t/t) with 1/t5n0$exp@2(Eb2Eeb)A/kBT#
1exp@2(Eb1Eeb)A/kBT#% in which n0 is the characteristic
frequency for magnetic domain reversal,A is the area of the
AF domain, andEb is the barrier energy per unit area give
by Eb5KAFtAF@11(Eeb/2KAFtAF)2# in the model described
by Eq. ~1!. Analyses of the experimentally observed tim
dependence ofHeb clearly shows that it cannot be describ
by one single exponential function. This indicates that we
dealing with an ensemble of nonidentical AF domains wit
resulting distribution oft.

The t distribution can result from a distribution inA,
e.g., by a grain size distribution in the AF layer and assu
ing that an AF-domain coincides with an AF grain.9 Trans-
mission electron and scanning electron microscopy exp
ments on the NiO layer show a columnar growth with
distribution in grain sizes. Assuming a log normal grain s
distribution,10 the distribution in the diameter,d, of the
grains is given by: (1/A2ps)3exp@2ln2(d/dmean)/2s2#, in
which s anddmean are 0.57 and 5 nm, respectively, as es
mated from scanning electron microscope~SEM! images.
The resulting fits are shown in Fig. 2 by the solid lines.
these fits the initial distribution ofMsa over f50 andp is
assumed to be grain size independent, andEeb is calculated
using the data of Fig. 1. To fit the data at different tempe
tures, a temperature independent value forn0 of 0.025 min21

and decreasing values forEb ~via KAF) with temperature are
used. This implies that the increase in relaxation rate w
temperature as observed in Fig. 2 is not only due to
increase of thermal energy but also due to the decreas
KAF . The fit values obtained forKAF are 11.7, 6.5, 5.2, and
3.4 kJ/m3 at 346, 375, 400, and 425 K, respectively. The
values are rather low compared to the bulk values forK1,
which decrease from 500 to 380 kJ/m3 for increasing tem-
peratures of 0–430 K.11 Theoretically,KAF is proportional to
the square of the staggered magnetization.11 A possible ex-
planation for the low fit values ofKAF may be found in the
fact that the staggered magnetization of the NiO layer
reduced due to finite size effects. This would give rise t
reduced value forKAF and also a distribution ofKAF , which
494 Appl. Phys. Lett., Vol. 72, No. 4, 26 January 1998
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is not taken into account in the fits. Note that in the model
described above, the relaxation ofHeb is assumed to arise
from a uniform magnetization rotation of an AF domai
while in more recent models of exchange biasing the form
tion of domain walls in the AF layer plays an importa
role.12–14However, the detailed nature of the exchange bi
ing mechanism is not important for the interpretation of t
data in terms of a macroscopic two-level relaxation mode

We have shown that the forced reversal of the magn
zation of the F layer in an exchange biased F/AF system
lead to a significant decrease of the exchange bias field,Heb .
In the case of a continuous misalignment this can even l
to a reversal ofHeb as monitored in the present study for
Ni66Co18Fe16 F layer exchange coupled to a NiO AF laye
The observed decrease ofHeb can be interpreted as a the
mally assisted reversal of the staggered magnetization d
tions of magnetic domains in the AF layer. A distribution
laterally decoupled AF domains is needed to describe
decrease ofHeb as a function of time. These results sugge
that a nonparallel alignment of the magnetization of t
pinned F layer andHeb has important consequences for t
stability of Heb and should be considered when selecti
antiferromagnetic biasing materials for GMR read heads

Part of this work was supported by the Dutch Techn
ogy Foundation~STW! and the EU-ESPRIT project on
Novel Magnetic Nanodevices of artificially layered Materia
~NM!2.
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