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Domain wall duplication in a hard-soft spin-valve structure using the CoF¢lr /CoFe
artificial antiferromagnetic subsystem

S. Colis and A. Dinia
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(Received 30 May 2002; published 15 November 2002

We used magnetoresistance measurements to evidence a domain wall duplication between the soft and the
hard layer in a hard-soft spin-valve-type structure. The spin valves are grown by molecular-beam epitaxy on
MgO(001) substrates. For the sample composed only of the magnetically soft Fe/Co subsystem, the magneti-
zation loop is square with a coercive field of about 25 Oe. After the growth of the 3-nm Cu decoupling layer
and of the CoFe/lr/CoFe antiferromagnetically coupled sand¢iahd laye) on the top of the soft subsystem,
the magnetization minor loop of the soft electrode is shifted towards positive applied fields. Such a shift of the
order of 5 Oe is attributed to an exchange-type interaction between the artificial antiferromagnetic sandwich
(AAF) and the soft Fe/Co bilayer. As a consequence the domain wall structure of the AAF is duplicated into
the Fe/Co soft electrode, despite the lai@enm) layer thickness of the decoupling layer. This is further
confirmed by magnetoresistance measurements, and supported by magnetic force microscopy observations and
demagnetization studies.
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[. INTRODUCTION the soft magnetic electrode. This duplication is evidenced by
the gaint magnetoresistan@MR) measurements which are
Since the discovery of spin-valve systérasmposed by a very sensitive to investigate local magnetization variations,
soft and a hard magnetic layer separated by a nonmagnet&d supported by magnetic force microscapy=M) and
spacer, this research area is the subject of intense develogemagnetization studies.
ments. This is due to the fundamental interest of these sys-
tems as well as to their potential applications, such as high- Il. SAMPLE PREPARATION

density recording media or magnetic sensors. Two ; .
alternatives are widely used to ensure the rigidity of the har(togtc:;qg;m,\//:éoé ”g‘r( Cﬁg%onombssggg\g;?:; chgl\/:rezesvri]thdz
layer. The first is the eXChaggg'b'gsed system in which age/co/cu/Co buffet? in which the Fe/Co constitutes a soft
antiferromagnetic layef-eMn;” NiO,” or IrMn (Ref. 4] en-  magnetic subsystem of the spin valve. Within the sandwich,
sures the rigidity of the biased magnetic layer via exchanggne coFe films correspond to an alloy with 50 at. % Co and
anisotropy. The second is the so-called artificial antiferro5g at. 9 Fe, and the Ir thickneé8.5 nm corresponds to the
magnetic subsysteihAF) for which the hard layer is com-  first AF maximum of the coupling strength;*®providing a
posed of two ferromagnetic layers coupled antiferromagnetivalue that exceeds 3.5 erg/cm. The substrates were heated
cally through a nonmagnetic spacein both cases much at 600°C for 1 h prior to deposition, then cooled to room
attention has been paid on the study of the rigﬁjimd the temperature (rt). The base pressure was about 1
thermal stability of the hard layer. However, other effects x 10~ 1° mbars, and the deposition rates were typically about
related to the interaction between the hard and the soft laye®.3 nm/min. Fe was deposited at 500 °C in order to obtain a
such as domain wall duplication effects, have not been corflat surface and a monocrystalline layer. The rest of the stack
sidered for the spin valves, contrary to magnetic tunnelas deposited at rt in order to avoid diffusion at interfaces.
junctions®® The growth quality was monitored using ansitu reflection

In this paper, we report on the interaction between a sofhigh-energy electron diffractiotRHEED) technique. The
Fe/Co bilayer and an antiferromagnetic CoFe/Ir/CoFe sandRHEED patterns showed a good monocrystalline quality
wich, in molecular-beam epitaxyMBE) grown hard-soft ~With a bcc structure for the Fe layer. This is at the origin of
spin-valve-type structures with the following nomenclature:a fourth degree magnetic anisotropy for the Fe layer with the
MgO(001)// Fes nm/ C.5nm! CUs nm/ C%.5nm/ [COFE. snm/ magnetization easy axis along the00] Fe direction** In
Iro.5nm/ COF& nml/ Clo nm/ Cranm- First, the magnetization order to study separately the magnetization reversal of the Fe
and the magnetoresistance loops of the whole stack show!ayer, an additional sample consisting of a soft Fe/Co/Cu
well-defined plateau in a large field window, which is inter- buffer has been grown with Fe deposited at 500°C and
esting for applications. Second, it is clearly shown that thecapped with an br,, protection layer.
magnetization minor loop corresponding to the switch of the
soft layer is shifted by 5 Oe in comparison with the loop [ll. RESULTS AND DISCUSSION
measured for the sample containing only the soft layer. This
is induced by an exchange-type interaction between the soft
and the hard layer. The exchange interaction is also respon- Figure 1 presents the magnetization and magnetoresis-
sible for a magnetic structure duplication from the hard intotance major loops for the MgO(OWIFe; ,/COy5nm/

A. Magnetization and magnetoresistance major loops
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FIG. 1. Room-temperature magnetoresistaf@eand magneti-  Coy, s,,n/Cus ym/ C s nm! [COFE 5nm/Ifo snm! COF&nml/ Cly nm/
zation (b) major loops for the MgO(001/Fe nm/COsnm/  Cr, ,py Spin valve. The magnetic field was applied in the film plane
CUs nm/C0o5nm/[ COFE 50m/Irg snm/ COF& ]/ Cly nm/Cronm SPIN and along thd100] Fe direction. Arrows are reported to show the
valve, with the magnetic field applied in the film plane and alongsyccessive magnetic configurations. The dotted arrow corresponds
the [100] Fe direction. Going from the positive saturation, the ar-to the soft detection layer. The small and the large solid arrows
rows show the successive magnetic configurations. The dotted agorrespond to the magnetic moments of the bottom and the top
row corresponds to the soft detection layer. The small and the largeoFe layer of the AAF, respectively.
solid arrows correspond to the magnetic moments of the bottom and
the top CoFe layer of the AAF, respectively.

ration is preserved until a field of 3 kOe, where the field
CUs v/ C 5m!/ [ COFQ 5am/ ITg 5 nm! COF& nml/ Clp nm/ _strength is high enough to overcome the antn‘erromagnet_m
Cr, . Spin valve measured at room temperature with thdnteraction. Consequently, the moments of the thick and thin

magnetic field in the plane and parallel to the magnetizatiol-CF€ layers start to rotate, respectively, clockwise and anti-
easy axis, i.e., FEL00]. These curves show a strong antifer- clockwise to follow the applied field direction.

romagnetic coupling between the CoFe layers of the AAF, of Compared to the most commonly used Ru-based AAF,
the order of —3.5 erg/cmd. The quality of the coupling is the Ir-based AAF presents more interesting characteristics.
certified by: (i) a plateau up to—3 kOe, where the CoFe This is mainly due to the deposition technique. A good rigid-
magnetization vectors have an antiparallel alignment,(and ity is not only defined by a large coercive field, but also by a
a variation of the magnetization and magnetoresistanceharp reversal of the net magnetic moment of the AAF. In the
curves between the plateau and the saturation fields, close pesent case, this is easily visible on the magnetization and
the one expected of a perfect antiferromagnetic coupling. Irmagnetoresistance loops which present a well-defined pla-
order to have more insight on the reversal mechanisms of theeau between the coercive fielég.; and Hq,=400 Oe of
soft and the hard electrode, we have zoomed the magnetizéie soft and the hard layers. This field interval that defines
tion and magnetoresistance major loops as reported in Fig. 2Zhe operating field window of a spin-valve system, as well as
After the field reversal, the switch of the Fe/Co soft bilayerthe stability of the AAF, is essential for magnetic sensor
occurs atH-;= —15 Oe, giving rise to the most interesting applications. On the contrary, in the case of Ru-based AAF's
situation where the Fe/Co magnetization is antiparallel to thégenerally prepared by magnetron sputteriagd within the

net magnetization of the AAF. Such an alignment is stabldield window, the net moment of the AAF rotates progres-
until the coercive field of the AAFH:,= —400 Oe, where sively by increasing the field and the hard layer is far to
an abrupt switch of the AAF net moment is observed leadingpresent a good stability. To our knowledge, Ru-based AAF’s
to a sharp increase in the resistance. Therefore, the magnelias never presented a similar rigidity to the one evidenced in
zation vector of the AAF’s thinnest layer is again antiparallelthe present case, but we have to keep in mind that our
to the magnetization vector of the soft bilayer. This configu-samples were prepared under more special conditions.
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MgO0L)/Fey/Co, J/CuIr, () ' magnetization rotation occurs at a magnetic field higher than
Lo S S e ] the magnetic anisotropy strength. As a consequence of the

T ferromagnetic interaction, a domain wall structure may be
duplicated from the thinnest CoFe layer into the Fe/Co soft
(@), bilayer, despite the 3 nm thickness of the decoupling Cu
layer.

It is important to note that different types of interactions
between the hard and the soft electrode can be at the origin
of such behavior. These interactions may have several ori-
gins such as exchange-type interaction, dipolar interaction,
. . . H//Fe[100] or orange-peel interaction. The dipolar interaction is gener-
H//Fe[100] ‘ ated by the stray field of both magnetic layers of the AAF on
the Fe/Co detection bilayer. This interaction is thus related to
the magnetic inhomogeneities of the AAF and is dependent
on both the thickness of the CoFe layers and on their dis-
tanced from the Fe layer as df (whend is about the same
(b) order of magnitude as the layer thickneds these condi-

] tions and using a simple calculation, it is clear that the stray
field coming from the thin CoFe layer is stronger than the
one coming from the upper thick CoFe layer. This stray field
-1.0 VGO0 e fCo G o JCoFe. Jir, JCoRe CaCr (o) wi_II then favor an antiferromagnet?c interaction_ b.et\_/veen the
. . — . thin CoFe layer and the Fe detection layer. This is in contra-
diction with the ferromagnetic-type interaction already evi-
H (kOe) denced by the minor magnetization loop, but does not ex-
clude the possibility of the existence of this type of
Fa . /COysnm/Cls nr/Ifp nn buffer stack and (b) for the intgraction. Howeve.r., sin_ce the magnfatization min.orlloop is
MgO(001)// F& 1/ COo 5/ Cls i/ Co.5 /[ COFEL ! 1o 5/ ;hlftgd towards positive fields, the antlferromagn(_euc interac-
COF& ,,]/Cly ./ Cr, nim SpiN valve. Measurements have been per-ion is overcomed by the exchandferromagnetig interac-
formed at room temperature with an in-plane magnetic field andion. On the other hand, an orange-peel-type interaction
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FIG. 3. Magnetization loops for(a) the MgO(001)//

along the[100] Fe direction. across the Cu decoupling layer is limited since, as atomic
force microscopy observations indicated, the roughness of

B. Exchange-type interaction between the hard the free surfaces adjacent to this layer are characterized by

and the soft layers very small peak-to-peak values which never exceed 0.5 nm,

In order to have more details on the reversal mechanisfiompared with the thickness of the Cu lay8rm). There-

of the soft subsystem, we have to look carefully to its rever{Or€, theé most probable explanation seems to be an
sal before and after the deposition of the AAF. This Soﬁexcha_nge-type interaction between the Fe/Co electrode and
bilayer should present a small coercive field in order to fol-th€ thin CoFe layer of the AAF.

low freely any magnetic applied field, and a sharp reversal
when the field is switched. This is exactly what is observed
in Fig. 3(a) that shows the magnetization loop at room tem-
perature for the Fe when only the buffer layer is deposited. To further support the existence of this interaction and to
The magnetic field is applied along the FHQ] direction,  confirm the biasing effect of the Fe soft layer, magnetoresis-
which means the magnetization easy axis. The loop is squatance minor loops have been recorded and presented in Fig.
with a coercive field of about 25 Oe. This coercive field is4. In order to make the understanding of this curve easier for
reduced to 18 Oe after the growth of the AAF sandwiely.  the reader, a schematic explanation of the successive domain
3(b)]. More interestingly, the loop is asymmetric and is configurations in the magnetic layers for different fields is
shifted towards positive field values by about 5 Oe. This camgiven in Fig. 5.

be attributed to a ferromagnetic-type interaction between the First, we will explain using physical arguments the mag-
Fe soft layer and the AAF. Indeed, coming from positive netic configuration shown in Fig.(&. Decreasing the field
field values the magnetization is constant. After the field refrom positive saturation, the local magnetic moments of the
versal, a switch of 50% of the magnetization of the Fe layetthin CoFe layer start to rotate driven by the AF coupling. The
is first observed, followed by a plateau. This is due to themoments will rotate clockwise and anticlockwise depending
fourth-order magnetic anisotropy of the Fe layer, whichon their local anisotropy axes with respect to the field direc-
reaches an easy axis afterza90° rotation. Therefore, the tion. The regions where the local anisotropy axis is in the
complete rotation is observed when the external field overfield direction will constitute the core of the future walls, if
comes the magnetic anisotropy. The situation is, howevethe magnetization of adjacent regions relax by rotating in the
different when coming from negative field values. Due to theopposite directions. Therefore, by reducing the field, the
ferromagnetic interaction the loop is shifted and the plateamagnetization of such adjacent regions will turn by 180°,
is no more observed. This is explained by the fact that theiving rise to 360° Nel domain walls. These walls are par-

C. Magnetoresistance minor loop and magnetic configuration
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FIG. 4. Magnetoresistance minor loops measured at room tem-
perature with an in-plane magnetic field for MgO(001)//
FG5 nm/ COO.Snm/ CU3 nm/ CC’O.Snm/ [COFQ.Snm”rO.Snm/COF% nm]/

CW ym/Cr nm Spin valve. Solid line corresponds to the zoomed
loop reported in Fig. @). Open circles correspond to an incomplete
minor loop from 750 Oe to—375 Oe and again to 750 Oe. The (¢) -16 Oe<H<-10 Oe (d) -300 Oe <H <-18 Oe
letters indicate different resistance states corresponding to the mag-
netic configurations reported in Fig. 5. The inset presents a zoom of
the GMR minor loop(curve 2 around zero field.
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ticularly stable since their core magnetization is aligned in
the field directionthin bottom CoFe layer in Fig.(8)]. For
fields smaller than the plateau fietth (~3 kOe), and due

to the strong AF coupling, this domain structure will be du-
plicated into the uppefthick) CoFe layer. In this layer, the
magnetic walls will present the core magnetization in the
opposite field direction. The existence of these 360° domain
walls will be experimentally evidenced later. Therefore, in
the plateau, corresponding to a high resistance state indicated
by a in Fig. 4, the magnetizations of the CoFe layers are
antiparallel with a domain structure as shown in the Fig.
5(a). The Fe/Co bilayer has its magnetization antiparallel to 7
the nearest CoFe layer and is perfectly aligned in the field
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direction. With decreasing the applied field, this state is pre-

served until 50 Oe. Below this value, the alignment of the — —
CoFe moments of the two layers is still antiparallel, but the e s ,:>=>=>
local net moment turns towards the local anisotropy axis

(zoneb in Fig. 4). This leads to a reduction of the magneti-
zation of the CoFe layers along the field direction, and thus
to a reduction of the GMR signal coming from the soft elec-
trode. After the field reversal, from the zobheo the zonec FIG. 5. Successive magnetic configurations corresponding to the
in Fig. 4, a sharp decrease in the resistance is observed. Theesistance states indicated in Fig. 4 Fpr e.ach magnetic.layer whit.e
magnetizations of some regions of the Fe layer are SWitChing”OWS represent tht_e local magnetization in each domain. In addi-
clockwise, while other regions exhibit an anticlockwise rota- on, t_he narrow white band W'th.sma" dark arrows represents a
tion, leading to a domain structure. Such a domain structurgomaln wall with the core magnetic moments. T.he big white arrow

. .2 . orresponds to the direction of the external field and the values
is a duplication of one of the thin CoFe layers as a result of dicate the field range that corresponds fo the maanetic confiqura-
the exchange-type interaction. Thus, in the zored Fig. 4, mnaicate ! 9 P gned 'gu

a complete parallel alignment of the magnetizations from

both the domains and the walls is reached between the Fas shown in zonel of Fig. 4. This means that the applied
and the thin CoFe layers. In these conditions, the lowesfield is high enough to overcome the ferromagnetic interac-
resistance state is obtained. Upon decreasing the field, thimn and to annihilate the domain wall structure from the
resistance increases and becomes constant aredidOe  detection layefFig. 5d)].

|

—~

2) H =134 Oe (a) 430 Oe<H<3kOe ,
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In order to further support the explanation given above, 20
we have performed an additional irreversible minor loop in-
side the GMR loop described above. This means that by
decreasing the negative applied field, we have stopped the
field before the complete reversal of the AAF, exactly at the
middle of the resistance slope in the zomef the magne-
toresistance loogFig. 4, curve 2. The magnetic configura-
tion of this intermediate resistance state is shown in Fig.
5(e), where the antiferromagnetic sandwich has rotated by
only 90° with respect to the applied field and to the magne-
tization vector of the soft bilayer. With increasing the mag-
netic field towards zero, the resistance shows a very small
slope which is due to a slight disorientation of the applied
field with respect to the easy axis. After the field reversal, the
resistance drops to reach its lowest value around 5 Oe, zone
fin Fig. 4. In this state the antiparallel alignment in the AAF
is perfect, and both the magnetic net moment of the AAF and
the magnetization of the soft electrode are perpendicular to
the external field. This means that the magnetization of the
Fe/Co bilayer rotates by onlyz 90° to be completely parallel
to the nearest CoFe layer and to give rise to the low resis-
tance state, as shown in Fig(fp This is possible due the
fourth-order magnetic anisotropy of the Fe layer and/or due
to the ferromagnetic interaction between the Fe and the thin
CoFe layers. In order to see which one of these two contri-
butions is the most important, we also analyzed GMR minor
loops where the angle between the magnetic net moment of
the AAF and the field after the field reverdalnalogous to
the zonee in Fig. 4], is more(curve 3 or less(curve J than
90°. This means that the angle between the thin CoFe layer
and the field direction(Fe/Co magnetizationis different
from 90°. In these conditions, if the Fe/Co magnetization
will still switch by =90° towards easy magnetization axis,
when the field is reversed towards positive values, the resis-
tance will not reach its lowest state, since the local moments
of the Fe/Co and thin CoFe layer will not be perfectly par-
allel. Nevertheless, this low resistance state is systematically
reached no matter how much the AAF net moment is rotated

)H

Se

with respect to the field axis. This indicates that the ferro- f @ (h
magnetic interaction is stronger than the one due to the an- -0.75 -0.50 -0.25 0.00
isotropy of the Fe layer. Therefore, the magnetic structure of H (kOe)

the thin CoFe layer is fully duplicated into the Fe/Co bilayer

(zonef !n Flg'.4)' Such a domain conflgurathn I.S frozer_1 n ? [Co/CoFellr/CoFé structure, showing the magnetization reversal
Small field W'”‘_’OW where the ferromagne.nc Interaction 'Sand the existence of a domain structure at some significant
high enough with respect to the external field strength. Fopagnetic-field values, indicated in the magnetization curve. The
larger external field, the resistance increases, ZpmeFig.  getection layer gives no contrast since it is completely saturated.
4, to reach, in the case of curve 2, its previous value beforvnite arrows indicate stable Mewalls.

the Fe/Co switching. This means that the domain wall struc-

ture is annihilated and the rotation of the Fe/Co magnetiza- D. Magnetic force microscopy observations

tion is then complete and is lying in the external field direc-  This simple model of magnetization reversal describes
tion as shown in Fig. ). Upon further increasing the well the magnetic configuration of the sample in Fig. 5, in
magnetic field, the AAF rotates before the coercive field isagreement with the minor GMR loops, and is realistic since
reached and aligns its magnetic net moment in the fieldlomain walls were evidenced by MFM observations. Indeed,
direction. This is due to the initial configuration of the AAF Fig. 6 shows that decreasing the field from zero to
net moment, which is perpendicular to the external field—15 Oe, the contrast is small, and large magnetized regions
in comparison with the antiparallel alignment in the normalare observed. Therefore, the dipolar interaction generated by
situation. the stray field and predicted by Thomeisal® is small, and

FIG. 6. Set of MFM images (1010 xm?) for the[Fe/Cd/Cu/
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the ferromagnetic-type interaction prevails. The magnetic MgO(001)//Fe/Co, /Cu,/Co, /CoFe, /I, /CoFe,/Cu,/Cr, (nm)
contrast arises solely from the hard layer since the soft de- H//Fe[100]
tection layer is saturated, and increases progressively witt : /
the external field as the net moment of the AAF starts to I

deviate from the field axi¥ After the complete reversal of 0.5 K/
the net magnetic moment of the AAF 400 Oe), 360° do-
main walls are observed. It is important to note that these™
walls are stable in the plateau after the AAF switch, as well =,
as when the field is reduced down t5 Oe. In this last =
case, the walls appear with small contrast since the magne® -0-5 /)
tization corresponding to adjacent domains relax towards lo- - e 1
cal anisotropy axes, thus reducing the angle of the walls. ¢ === (a)
Therefore, for small fields, a domain structure exists in the ) ) ) ) . .
hard layer and is duplicated into the soft magnetic electrode 075 050  -0.25 0.00 0.25 0.50 0.75
as it was shown by the transport measurements.

arb. units)

0.0

H//Fe[100]

1.0

E. Demagnetization studies

units)

The interaction between the hard and the soft magnetic 5
electrodes can be also evidenced by repeated switches of tt g
soft layer magnetization. This type of measurements can give:"’
an indication on the stability of the AAF system, which is &
required for the applications, i.e. on the evolution of the
magnetic domain structure in this electrode. If such evolution
exists, it will be reflected on the rigidity of the hard layer and
consequently on the reversal mechanism of the soft layer  -1.0 (b)
thus confirming the interaction between the soft and the harc
layers. Therefore, TOcycles with a maximum applied field
of 100 Oe have been performed in order to obtain repeatec H (kOe)
magnetization reversals of the soft layer. This field saturates
completely the soft layer, but should not influence the hard FIG. 7. Major(a) and minor(b) magnetization loops measured
AAF System(as observed in Fig_)ZThereforel a magneti_ after 2% 104 reversals of the Fe/(_:o magnetization. During the C)-/-
zation major loop recorded after the repeated switches shoufding experiment and the magnetic measurement, the magnetic field
be identical to the one measured previous to the cycling exas applied in the film plane along the00] Fe direction.
periment. Nevertheless, the magnetization major and minor
loops [Figs. 7a) and qb)] measured after the repeated terized by a small remnant magnetization and coercive field.
switches of the Fe/Co soft bilayer are significantly differentHowever, the bias field is still positive and of the same value
from the loops reported in Figs(l? and 3b). These differ- (5 0@ as in the case of the minor loop measured before
ences are a strong indication of significant changes in theycling[Fig. 3(b)], which indicates that in the both cases the
AAF system. average interaction between the soft and the hard electrodes

First, one observes that the rigidity of the AAF hard layerof the spin valve is unchanged. These observations indicate
is reduced after performing the repeated switches. Indeeghat a domain structure is present in the AAF system around

after the reversal of the soft layer, the plateau correspondingero field as it was already confirmed by the MFM studies.
to the situation where the net moment of the AAF is opposite

to the field direction is not well definedike in Fig. 2b)],

but a slope is observed indicating a continuous rotation of
the AAF magnetization[Fig. 7(a)]. Moreover, for fields
higher than 400 Oe, a long tail of magnetization is observed In conclusion, we succeeded to obtain high-quality spin
up to the complete alignment of the AAF's net magneticvalves using a CoFe/lr/CoFe AAF system as a hard magnetic
moment towards the direction of the applied field. Thiselectrode. This AAF presents a very good rigidity in terms of
means that the AAF’s rigidity is reduced, indicating clearly coercive field and stability in the external field. The most
the presence of a domain structure in the AAF. This is in-interesting result was obtained by using the magnetoresistive
duced by cycling experiment and is the result of the interaceffect as a sensitive probe for micromagnetic characteriza-
tion between the hard and the soft magnetic electrodes of thgn. By analyzing the magnetoresistive signal of the spin
spin valve. Moreover, after the repeated switches of the softalves, we evidenced a duplication of the magnetic domain
magnetic layer, the shape of the minor magnetization lootructure from the hard into the soft magnetic electrode, due
[Fig. 7(b)] is also modified. The magnetization of the Fe/Coto a predominant exchange-type interaction. It is clearly
bilayer switches in a continuous rotationlike manner characshown that this phenomenon appears despite the large thick-

-0.050 -0.025 0.000 0.025 0.050

IV. CONCLUSIONS
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ness of the decoupling layg€B nm), and is supported by was never reported for spin-valve systems containing only
MFM observations and demagnetization studies. The remetallic layers.
peated reversals of the soft layer modify the magnetic do-

main structure of the hard electrode and lead to a degradation

of its rigidity. This magnetic domain structure is mirrored in  Authors thanks J. Arabski and G. Schmerber for sample
the reversal behavior of the soft layer magnetization and igreparation, and M. Guth for GMR measurements. This
consistent with the domain wall duplication evidenced bywork was supported by the European Community
transport measurements. To our knowledge, such duplicatiofTunelSense” projectGrant No. BRPR-CT98-0657
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