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Using magnetoresistance to probe reversal asymmetry
in exchange biased bilayers

C. Leighton,a) M. Song, J. Nogués,b) M. C. Cyrille, and Ivan K. Schuller
Physics Department — 0319, University of California–San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0319

~Received 20 December 1999; accepted for publication 27 March 2000!

We have measured the anisotropic magnetoresistance of Fe films exchange coupled to
antiferromagnetic MnF2 layers. Exchange bias and coercivity obtained from magnetoresistance are
in close agreement with superconducting quantum interference device magnetometry data. In
addition the magnetoresistance reveals an asymmetry in the magnetization reversal process, despite
the fact that the magnetization hysteresis loops show little shape asymmetry. These results correlate
well with an earlier study of magnetization reversal asymmetry by polarized neutron reflectometry.
The data imply that the magnetization reverses by coherent rotation on one side of the loop and by
nucleation and propagation of domain walls on the other. ©2000 American Institute of Physics.
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INTRODUCTION

Over 40 years1 of research on exchange induced anis
ropy at the interface between an antiferromagnet~AF! and a
ferromagnet~F! has revealed many intriguing manifestatio
of this effect.2 Despite the experimental and theoretical
terest, and the importance in applications,3 it remains a
poorly understood phenomenon. Many recent experime
have focused on the exchange bias (HE) and coercivity (HC)
of exchange shifted loops.2 Two important phenomena ass
ciated with exchange bias have to be understood to arriv
a quantitative understanding:~a! the behavior of the ex-
change bias and its relation to the coercivity and~b! the
reversal processes along the hysteresis loop. Asymmetr
reversal can often be observed in hysteresis loops, e.g., R
4 and 5, and must be included in a full theoretic
formulation.6 Here we show that anisotropic magnetores
tance~AMR! provides useful information about the revers
process in good agreement with more direct neutron sca
ing measurements.

It is well established that AMR can be used as a probe
magnetization reversal and domain structure. Systems
as chains of submicrometric ferromagnetic~F! dots7 and F
nanowires,8–11 for example, have been studied in this fas
ion. It is also well known that magnetoresistance measu
ments can be used to investigate exchange bias; magne
sistance is useful for the determination of exchange bia
thin films12 and submicrometric wires,13 while the angular
dependence of the in-field resistivity can be used to m
reversible measurements of the exchange bias energy.14

In this article, we use AMR as a probe of magnetizati
reversal in exchange biased bilayers. Specifically, we inv
tigate MnF2/Fe AF/F bilayers15 whose AMR reveals distinc
reversal asymmetry while the hysteresis loops show li
signature of this on either side of the loop. Polarized neut
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reflectivity measurements16 showed that the magnetizatio
reversal mechanism is distinctly different on approach
positive or negative saturation. In fact the reversal was fou
to be due to magnetization rotation in one case and nu
ation and propagation of domain walls in the other. We sh
here that the AMR measurement is sensitive to such eff
and can clearly distinguish between the two reversal p
cesses.

EXPERIMENTAL DETAILS

The growth and characterization of the exchange bia
MgO ~substrate!/ZnF2 ~buffer!/MnF2 ~AF, TN567.3 K!/
Fe~F!/Al ~cap! layers was described in more deta
elsewhere.15 The layers are grown by electron beam evap
ration and characterized by reflection high energy elect
diffraction ~RHEED! and x-ray diffraction at high angle an
in the grazing incidence geometry. Briefly, the fluoride la
ers are quasiepitaxial~twinned! films with a body centered
tetragonal structure and a~110! orientation, while the Fe
overlayers are polycrystalline. MgO/ZnF2/Fe/Al layers were
also deposited for comparison. The AF/F sample used
obtain the data in this article has a MnF2 thickness of 54.0
nm and an Fe thickness of 13.5 nm, as determined by gra
incidence x-ray reflectivity.

The magnetization was measured by superconduc
quantum interference device~SQUID! magnetometry while
the AMR was measured with standard~four terminal! dc and
ac techniques in a He4 flow cryostat equipped with a supe
conducting solenoid. All measurements were made with
field applied parallel to the~100! MgO direction~i.e., at 45°
to both of the twin anisotropy axes! and transport data wer
taken with the current in plane and parallel to the field. T
temperature dependence of the resistivity was measured
4.2 to 300 K in both zero field cooled and 2 kOe field cool
conditions. The dependence was typical for an Fe film~MnF2

is an insulator! with no anomaly present atTN for any cool-
ing field size or orientation. Current–voltage characterist
were measured at 10 K~stabilized to within 10 mK! from 1
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mA up to 10 mA to rule out self-heating. The remnant fiel
at the sample position were measured and accounted fo
measuring the hysteresis loops of single~low coercivity! Fe
films. These fields were significantly smaller than theHE

values reported here.

RESULTS AND DISCUSSION

Typical AMR is shown in Fig. 1 at 80 K (T.TN) and at
10 K (T,TN) after field cooling throughTN in 2 kOe~note
that the measuring field is applied along the same axis as
cooling field, with positive measuring fields corresponding
the same direction as the cooling field!. The 80 K data are
symmetric about the resistance axis, while the magnitud
the AMR is in rough agreement with literature values f
Fe.17 The 10 K field cooled data display a shift along t
field axis with the minima in resistivity occurring at;260
and 215 Oe in the positive and negative field directions. T
value ofHE ~22 Oe! determined from this data is in excelle
agreement with the value obtained from the magnetiza
hysteresis loop~22.5 Oe!, as shown in the inset of Fig. 2
Figure 2 shows the good agreement on the temperature
pendence ofHE andHC for the two techniques. The physica
meaning of such temperature dependencies was discuss
a previous article.15

An interesting discrepancy between the two measu
ment techniques is evident on close examination of Fig
and the inset of Fig. 2. The shape of the magnetization h
teresis loop is symmetrical with respect to a vertical a
through the geometric center of the loop whereas the sh
of the AMR curve in Fig. 1~a! is not. In the AMR data the
reversal on the negative field side of the loop is much sha
than the reversal on the positive field side. Note that t
asymmetry is not an artifact of sample misalignment, or c
rent direction misalignment as the asymmetry disappe
when the sample is no longer exchange biased at 80 K@see
Fig. 1~b!#. Further, no such effect is observed in Fe layers

FIG. 1. Fractional MR at~a! T510 and~b! 80 K. The cooling field,HFC

52 kOe. Note that the data were taken with the current in plane and par
to the in-plane magnetic field. The solid lines are guides to the eye. Arr
show the direction in which the field was swept.
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nonmagnetic ZnF2 at any temperature studied. The unidire
tional anisotropy associated with the exchange bias is cle
involved. Note that data such as that in Fig. 1~b! are asym-
metric with respect to a vertical axis through the resista
minima, i.e., on a given side of the loop the data near po
tive and negative saturation are asymmetric. This effec
clearly unrelated to the exchange anisotropy and is not
cussed here.

The asymmetry in magnetization reversal is further e
amined in Fig. 3, where the AMR traces for increasing a
decreasing field are overlapped to compare their shape

lel
s

FIG. 2. The temperature dependence of the exchange bias~a! and coercivity
~b! for HFC52 kOe. Square symbols represent data taken via SQUID m
netometry while circular symbols represent data taken via AMR meas
ments. Inset: SQUID hysteresis loop atHFC52 kOe andT510 K. The solid
lines are guides to the eye.

FIG. 3. The inversion and overlaying of the ‘‘increasing field’’ and ‘‘de
creasing field’’ parts of the AMR trace shown in Fig. 1~a!. The definition of
the parameterHasym is clearly illustrated. The solid lines are guides to th
eye.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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asymmetry is clearly observed.~Note that an identical pro
cedure applied to the magnetization hysteresis loops re
in only a slight asymmetry!. To describe this quantitatively
we arbitrarily define the magnitude of the asymme
(Hasym) as the field shift of the two curves at the point whe
the resistivity is reduced by 15% of the total reduction at
coercivity~as shown in Fig. 3!. Figure 4 showsHasymagainst
temperature. The asymmetry appears belowTN ~as expected!
and increases monotonically with decreasing temperat
The similarity between the temperature dependences
Hasym andHC @Fig. 2~b!# is striking and is emphasized fur
ther in a plot ofHasym as a function ofHC ~inset of Fig. 4!.
Clearly the asymmetry increases linearly with the coerciv
We should stress that the conclusions drawn from Fig. 4
independent of the exact definition ofHasym. Although the
precise values are dependent on this arbitrary choice,
general increase ofHasym with HC holds regardless.

Previous polarized neutron reflectometry on MnF2/Fe
bilayers16 showed that the magnetization reversal on
negative field side of the loop occurs via coherent magn
zation rotation, while on the positive field side it occurs v
the nucleation and propagation of domain walls. This diff
ence is a result of the twinned nature of the AF films and
described in detail in Ref. 16. The AF anisotropy axes of
two twins in the MnF2 are oriented at 90° to each othe
However, each individual twin requires that the easy axis
the magnetization of the Fe overlayer is perpendicular to
own anisotropy axis,18 which leads to frustration. The
result16 is a situation where the easy axes of the Fe layer
at 45° to both twin directions as a compromise. This h
profound consequences for the magnetization reve
mechanisms. When the field is reduced from positive sat
tion the existence of an easy axis at 45° from the origi
field direction encourages rotation of the magnetization
wards this easy axis. Hence rotation is induced on this s
of the loop and eventually the magnetization vector is
versed. When the field is increased from negative satura
the situation is changed by the fact that the unidirectio
anisotropy favors a situation where the magnetization ve

FIG. 4. The temperature dependence ofHasym ~as defined in Fig. 3! for
HFC52 kOe. Inset:Hasym vs coercivity,HC . The solid lines are guides to
the eye.
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aligns with it. This stimulates the formation of reverse d
mains rather than reversal by coherent rotation. To sum
rize, the reversal mechanism on the left and right hand s
of the loops is fundamentally different.

The AMR measurements are clearly sensitive to t
asymmetry, despite the fact that the magnetization hyster
loops are not. The shape of the AMR trace in Figs. 1~a! and
3~a! shows that theapproachto saturation on each side o
the loop is apparently the same. It is the reduction of the fi
from saturationwhich shows asymmetry in the AMR, i.e
these measurements are sensitive to the initial stages o
versal. This process is sharper as the field is reduced f
positive saturation~where the magnetization reversal occu
by rotation! than when the field is reduced from negati
saturation~where nucleation and propagation is the domin
mechanism!. This can be seen by looking at the resistan
change between the saturation field and the geometric ce
of the loop; this is larger when reducing the field from neg
tive saturation than when reducing from positive saturati
In other words, when the field is reduced from negative sa
ration the start of the reversal process occurs at higher n
tive fields ~i.e., further fromHC!. We suggest that the ke
point required to understand this is that the unidirectio
anisotropy always favors the formation of the reverse
mains. As a consequence the initial nucleation and expan
of the reverse domains is encouraged, resulting in a mag
toresistive response at larger negative fields, further from
coercive field. We note that this is contrary to the expectat
that coherent rotation processes would result in a less s
magnetoresistance curve. Moreover, the data in the inse
Fig. 4 show that the reversal asymmetry is more pronoun
for loops with a larger coercivity, consistent with a strong
unidirectional anisotropy allowing formation of reverse d
mains at higher and higher negative fields, far from the
ercive field.

SUMMARY AND CONCLUSIONS

In summary, we have investigated exchange biased h
teresis loops by conventional SQUID magnetometry and
measuring anisotropic magnetoresistance. The two meth
are in close agreement on values for the exchange bias
coercivity. The magnetoresistance is sensitive to the as
metry in magnetization reversal process on either side of
hysteresis loop as determined by previous measuremen
polarized neutron reflectometry. We conclude that the as
metry is related to the initial formation of reverse domains
favored by the exchange-induced unidirectional anisotrop
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