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Using magnetoresistance to probe reversal asymmetry
in exchange biased bilayers
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We have measured the anisotropic magnetoresistance of Fe films exchange coupled to
antiferromagnetic Mnflayers. 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.2@0 American Institute of Physics.
[S0021-897€00)04913-9

INTRODUCTION reflectivity measuremeris showed that the magnetization
reversal mechanism is distinctly different on approach to
Over 40 yearsof research on exchange induced anisot-positive or negative saturation. In fact the reversal was found
ropy at the interface between an antiferromagié¢t) and a  to be due to magnetization rotation in one case and nucle-
ferromagne{F) has revealed many intriguing manifestations ation and propagation of domain walls in the other. We show
of this effect’ Despite the experimental and theoretical in- here that the AMR measurement is sensitive to such effects
terest, and the importance in applicatidni, remains a and can clearly distinguish between the two reversal pro-
poorly understood phenomenon. Many recent experimentsesses.
have focused on the exchange bibig] and coercivity H¢)
of exchange shifted loosTwo important phenomena asso-
ciated with exchange bias have to be understood to arrive
a quantitative understandinga) the behavior of the ex- The growth and characterization of the exchange biased
change bias and its relation to the coercivity aiwl the  MgO (substratgZnF, (buffer)/MnF, (AF, Ty=67.3 K)/
reversal processes along the hysteresis loop. Asymmetry iRg(F)/Al(cap layers was described in more detail
reversal can often be observed in hysteresis loops, e.g., Refsisewheré? The layers are grown by electron beam evapo-
4 and 5, and must be included in a full theoreticalration and characterized by reflection high energy electron
formulation® Here we show that anisotropic magnetoresis-diffraction (RHEED) and x-ray diffraction at high angle and
tance(AMR) provides useful information about the reversalin the grazing incidence geometry. Briefly, the fluoride lay-
process in good agreement with more direct neutron scatteers are guasiepitaxidgtwinned films with a body centered
ing measurements. tetragonal structure and @10 orientation, while the Fe
It is well established that AMR can be used as a probe obverlayers are polycrystalline. MgO/ZglFe/Al layers were
magnetization reversal and domain structure. Systems su@iso deposited for comparison. The AF/F sample used to
as chains of submicrometric ferromagne(i® dotd and F  obtain the data in this article has a Mnthickness of 54.0
nanowire$~1! for example, have been studied in this fash-nm and an Fe thickness of 13.5 nm, as determined by grazing
ion. It is also well known that magnetoresistance measureincidence x-ray reflectivity.
ments can be used to investigate exchange bias; magnetore- The magnetization was measured by superconducting
sistance is useful for the determination of exchange bias iguantum interference devid&QUID) magnetometry while
thin films'? and submicrometric wires while the angular the AMR was measured with standafdur termina) dc and
dependence of the in-field resistivity can be used to makac techniques in a Mdlow cryostat equipped with a super-
reversible measurements of the exchange bias erférgy.  conducting solenoid. All measurements were made with the
In this article, we use AMR as a probe of magnetizationfield applied parallel to th€100) MgO direction(i.e., at 45°
reversal in exchange biased bilayers. Specifically, we inveso both of the twin anisotropy axgand transport data were
tigate Mnk/Fe AF/F bilayer$® whose AMR reveals distinct taken with the current in plane and parallel to the field. The
reversal asymmetry while the hysteresis loops show littldemperature dependence of the resistivity was measured from
signature of this on either side of the loop. Polarized neutror.2 to 300 K in both zero field cooled and 2 kOe field cooled
conditions. The dependence was typical for an Fe fMnF,
dElectronic mail: leighton@physics.ucsd.edu ?S an. insullatoywith.no ar.]omaly present dy for any COO'._ .
bpermanent address: Department de Fisica, Universitat Autonoma d#'d field size or orientation. Current—voltage characteristics
Barcelona, 08193 Bellaterra, Spain. were measured at 10 &tabilized to within 10 mKfrom 1
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FIG. 1. Fractional MR ata) T=10 and(b) 80 K. The cooling fieldHgc

=2 kOe. Note that the data were taken with the current in plane and parallel y y y y - 20
to the in-plane magnetic field. The solid lines are guides to the eye. Arrows 0 20 40 60 8 100 1
show the direction in which the field was swept. T [Kj

. . FIG. 2. The temperature dependence of the exchangédiaad coercivity
©A up to 10 mA to rule out self-heating. The remnant fleIdS(b) for Hee=2 kOe. Square symbols represent data taken via SQUID mag-

at the sample position were measured and accounted for bigtometry while circular symbols represent data taken via AMR measure-
measuring the hysteresis loops of singwv coercivity) Fe ~ ments. Inset: SQUID hysteresis looprc=2 kOe andT =10 K. The solid
films. These fields were significantly smaller than tHg  'Ines are guides to the eye.

values reported here.

nonmagnetic Znfat any temperature studied. The unidirec-
RESULTS AND DISCUSSION tional anisotropy associated with the exchange bias is clearly

Typical AMR is shown in Fig. 1 at 80 K{>T,) and at involved. Note that data such as that in Figb)lare asym-

10 K (T<T\) after field cooling througfTy in 2 kOe(note  metric with respect to a vertical axis through the resistance
that the measuring field is applied along the same axis as theinima, i.e., on a given side of the loop the data near posi-
cooling field, with positive measuring fields corresponding totive and negative saturation are asymmetric. This effect is
the same direction as the cooling fieldhe 80 K data are clearly unrelated to the exchange anisotropy and is not dis-
symmetric about the resistance axis, while the magnitude afussed here.

the AMR is in rough agreement with literature values for The asymmetry in magnetization reversal is further ex-
Fel” The 10 K field cooled data display a shift along the amined in Fig. 3, where the AMR traces for increasing and
field axis with the minima in resistivity occurring at260  decreasing field are overlapped to compare their shape. An
and 215 Oe in the positive and negative field directions. The
value ofHg (22 O¢ determined from this data is in excellent
agreement with the value obtained from the magnetization
hysteresis loog22.5 O¢, as shown in the inset of Fig. 2. 0.00,
Figure 2 shows the good agreement on the temperature de-
pendence oHg andH for the two techniques. The physical 004
meaning of such temperature dependencies was discussed in
a previous articlé?

An interesting discrepancy between the two measure-
ment techniques is evident on close examination of Fig. 1
and the inset of Fig. 2. The shape of the magnetization hys- 0.121
teresis loop is symmetrical with respect to a vertical axis
through the geometric center of the loop whereas the shape 0161 H,.=2k0e
of the AMR curve in Fig. 1a) is not. In the AMR data the ) ——
reversal on the negative field side of the loop is much sharper -800-600-400-200 O 200 400 600
than the reversal on the positive field side. Note that this H[Oe]
asymmetry is not an artifact of sample misalignment, or cur-

- . T ; IG. 3. The inversion and overlaying of the “increasing field” and “de-
rent direction misalignment as the asymmetry dlsappeargreasing field” parts of the AMR trace shown in Figal The definition of

W_hen the sample is no longer eX_Change biaS_Ed at 8oelé e parameteH ., is clearly illustrated. The solid lines are guides to the
Fig. 1(b)]. Further, no such effect is observed in Fe layers oreye.
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120 . o e aligns with it. This stimulates the formation of reverse do-
mains rather than reversal by coherent rotation. To summa-
rize, the reversal mechanism on the left and right hand side
of the loops is fundamentally different.

The AMR measurements are clearly sensitive to this
asymmetry, despite the fact that the magnetization hysteresis
loops are not. The shape of the AMR trace in Figs) &nd
3(a) shows that theapproachto saturation on each side of
the loop is apparently the same. It is the reduction of the field
from saturationwhich shows asymmetry in the AMR, i.e.,
these measurements are sensitive to the initial stages of re-
o [ versal. This process is sharper as the field is reduced from

0 10 20 30 40 50 60 70 80 90 100 positive saturatioriwhere the magnetization reversal occurs

T by rotation than when the field is reduced from negative

[Iq saturation\where nucleation and propagation is the dominant

FIG. 4. The temperature dependencehbf,, (as defined in Fig. Bfor mechanism This can be Se.en b.y looking at the res[stance
Hec=2 kOe. InsetH,q,m Vs coercivity,Hc . The solid lines are guides to change betwe_er! the saturation field f”md the _geometnc center

the eye. of the loop; this is larger when reducing the field from nega-

tive saturation than when reducing from positive saturation.

In other words, when the field is reduced from negative satu-

asymmetry is clearly observeéNote that an identical pro- rgtion the ;tart of the reversal process occurs at higher nega-
cedure applied to the magnetization hysteresis loops resulfy€ fields (i.e., further fromHc). We suggest that the key

in only a slight asymmetyy To describe this quantitatively, po!nt required to understand this is _that the unidirectional
we arbitrarily define the magnitude of the asymmetry@nisotropy always favors the formation of the reverse do-
(Hasyn) @s the field shift of the two curves at the point whereMmains. As a consequence the initial nucleatlon anq expansion
the resistivity is reduced by 15% of the total reduction at thef the reverse domains is encouraged, resulting in a magne-
coercivity (as shown in Fig. B Figure 4 shows .o, against tore3|§tlvg response at larger _ne_gatlve fields, further from_the
temperature. The asymmetry appears belawas expected ~ CO€rcive field. We r_10te that this is contrary to th_e expectation
and increases monotonically with decreasing temperaturdat coherent rotation processes would result in a less sharp

The similarity between the temperature dependences dpagnetoresistance curve. Moreover, the data in the inset of
HasymandHc [Fig. 2)] is striking and is emphasized fur- Fig. 4 show that the reversal asymmetry is more pronounced

ther in a plot 0fH 46, as a function oH¢ (inset of Fig. 4. for loops with a larger coercivity, consistent with a stronger

Clearly the asymmetry increases linearly with the coercivity.Unidirectional anisotropy allowing formation of reverse do-
We should stress that the conclusions drawn from Fig. 4 ar8'&ins at higher and higher negative fields, far from the co-
independent of the exact definition bf,s,, Although the —€'CIV€ field.

precise values are dependent on this arbitrary choice, the

general increase dfl .5, With Hc holds regardless. SUMMARY AND CONCLUSIONS

Previous polarized neutron reflectometry on Mfffe In summary, we have investigated exchange biased hys-
bilayerd® showed that the magnetization reversal on the Y 9 9 Y

negative field side of the loop occurs via coherent magnetizeres'S loops by conventional SQUID magnetometry and by

zation rotation, while on the positive field side it occurs vig Méasuring anisotropic magnetoresistance. The two methods

the nucleation and propagation of domain walls. This differ-27€ 1N close agreement on values for the exchange bias and

ence is a result of the twinned nature of the AF films and iscoercwlty. The magnetoresistance is sensitive to the asym-

described in detail in Ref. 16. The AF anisotropy axes of theLnEttry n .m?gnetlzatclior: revgrsglgroces; on either side of :hbe
two twins in the MnFk are oriented at 90° to each other. ysleresis loop as determined by previous measurement by

However, each individual twin requires that the easy axis fOIpoIanz_ed neutron refle_ct_o_metry. We conclude that the asym-
the magnetization of the Fe overlayer is perpendicular to it etry is related to the |n|t|:_:1I format|on_ O.f reverse doma|ns as
own anisotropy axid® which leads to frustration. The avored by the exchange-induced unidirectional anisotropy.

result®is a situation where the easy axes of the Fe layer lie

at 45° to both twin directions as a compromise. This has\CKNOWLEDGMENTS
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