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Magnetic irreversibilities of Co/Cu/Co structures with strong antiferromagnetic
exchange coupling
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The irreversibilities in antiferromagnetically coupled Co/Cu/Co sandwiches prepared by dc-magnetron sput-
tering are shown to strongly depend on the magnetic history of the samples. The irreversibilities, evidenced by
the analysis of the giant magnetoresistance and magnetization response along minor loops, are attributed to
domain-phase transformations. A method is given for estimating the amount of remanence in the Co/Cu/Co
sandwich, based on the analysis of the giant magnetoresistive response. The perfect antiferromagnetic align-
ment at zero field is attributed to the formation of a magnetic state with relative large domains. The small
amount of remanence detected in some samples is ascribed to the persistence at zero field of a significant
density of domain walls.

[. INTRODUCTION when reducing the field from saturation, while they grow
after reversing the field direction.

The hard-soft systems’® represent a wide category In this paper, we report on irreversible domain-phase
among the magnetic-field sensors based on the giant magngansformations in AF coupled polycrystalline Co/Cu/Co
toresistive effec{GMR). The recently introduced GMR sen- sandwiches at the first peak in the coupling oscillation. After
sor scheméwith the so-called artificial antiferromagnetic a brief description of the preparation, the main structural
subsystenm(AAF) offers both rigidity of the hard layers and characteristics of the samples are presented. Then, we detail
operational temperatures up to 150° C. In its basic configuhow the soft detection layer located in the buffer stack can be
ration, schematically shown in the inset of the Fig. 1, the
sensor contains two antiferromagnetically coupled layers and 5
one decoupled soft detection layer.

The Co-Cu systems are widely used in GMR sensors be- 4+

S e . Buffer stack
cause of their high magnetoresistive level. Sensors contain- A Ct/Fe/ColCu
ing the AAF require perfect antiferromagnetidF) align- 3k H =47 kOe

S

ment of the magnetizations right from the first Cu layer in  __
the stack. However, the observation of incomplete AF align- &
ment in the Co-Cu system has often been repdtiéd. g
Bridges leading to direct coupling between the magnetic lay- &
ers or roughness producing fluctuations between AF and fer-
romagnetic coupling are often mentioned to be responsible

for it. The defects are attributed to the non-layer-by-layer
growth mode of Co over CU*° Complete AF alignment can
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nevertheless be achieved by better control of the growth pa- -1 0 1
rameters, or by using a surfactaht? Recently, we demon- H/H
strated that the use of an adequate buffer talelads to a 0 s

negligible amount of remanence. . . FIG. 1. The magnetoresistance curve at room temperature of the

~The knowledge of the magnetic microstructure, Whenaar co(1.2 nm/Cu(0.83 nm/Co(1.2 nm deposited on the follow-
aiming at producm_g stable sensors, is of great |mporpancqng buffer Cf4 nm)/Fe(1.5 nm/Co(0.8 nm/Cu(10 nm. The ap-
Many techniques, like Kerr m|clreoscoﬁ§/J_or_entz transmis-  pjied field H, is normalized to the saturation fietds, defined as
sion electron microscopy;"® the Bitter pattern the field at which the magnetoresistance has dropped by 90%. The
technique,”**and polarized neutron reflectivity enable the  inset shows the basic configuration of a sensay.andm are the
observation of the domains or domain-walls in GMR sys-moments in the so-called bias and flux conducting layers, respec-
tems. Barkhausen noise measurenféntsave shown in tively. The arrowmgar shows the direction of the AAF’s net mo-
Co-Cu multilayers that the domains are relatively smallment in the case ai,>m;.
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used as a tool to judge the quality of the AF coupling. Vari-of a Co/Cu/Co sandwich with thin Co layers. Although the
ous causes of remanence are discussed in the next sectionagnetic signal of the Fe layer can in principle be easily

focused on irreversible magnetic transformations. evaluated separately, difficulties are encountered when sub-
tracting from the total magnetization the signal of the sepa-
Il. SAMPLE PREPARATION AND MEASUREMENTS rately grown Fe Iayer. This arises from the fact that the Sig-

nal of this layer, in particular its coercivity, is affected by the
The Co/Cu/Co structures presented here were prepared Byack grown on top.
sputtering on glass or on Si/(0/&m)SiO, substrates. All Therefore, attempts have been made to growlConmn/
samples were protected against oxidization by #&2CGum)/  Cu/Cq1.2 nm sandwiches at the first AF maximum in the
Cr(2 nm) capping bilayer. The details on the preparationcoupling oscillation on nonmagnetic buffer layers. Pure Cu
have been previously reportétiThe buffer consists of the puffer layers &6 nm) are hardly suited for AF coupling

following stack: Ct4 nm)/Fe&(1.5 nm/Co(0.8 nm/Cu(10  without coupling defecté! Notwithstanding significant im-
nm). The role of the 10-nm-thick Cu layer is to smoothen theprovement when the sandwich is deposited on a

buffer and to decouple the soft magnetic layer. In AAF-baseds 30-nm-thick Cu layer, the remanent magnetization still
sensors, the latter is used as a soft detection fagershown  reaches one-third of the saturation magnetization. Although
in Fig. 1. Cr exhibits many crystallographic similarities to Fe, a pure
The magnetoresistance measurements were performed @hm Cr buffer layer causes the AF coupling between the Co
room temperature by the standard four-point method, withayers to vanish completely, even when a relatively thick
the sensing current perpendicular to the applied field. The10-nm Cu layer is put on top. This may be due to very
magnetization curves were measured by a vibrating sampl&rong surface roughness. To smoothen the surface of the Cr
magnetometer or an alternative gradient field magnetometeayer, chosen to be 4 nm thick, we cover it with a 1.5-nm Fe
at room temperature. No dead layer could be detected imyer. We added a thin 0.8-nm Co to enhance the GMR sig-
single Co layers embedded in Cu layers and the Co saturaml. Finally, a 10-nm thick Cu layer is deposited, which acts
tion magnetization reaches 13#60 emu/cr, which is  as an exchange decoupling layer between the buffer stack

close to the value in bulk fcc Co (1449 emufm and the Co/Cu/Co sandwich, referred as the AAF. Thus, we
obtain an AAF with very satisfactory magnetoresistive prop-
IIl. STRUCTURAL CHARACTERISTICS erties ( Fig. 1). The AF coupling strengthl,r reaches

. 0.40 erg/crf at room temperature. As far as Co/Cu/Co sput-
Both the structural quality of the layers and morphologyiered sandwiches are concerndd is remarkably great,
of the interfaces are decisive to obtain an AF coupling free Ofndicating the high structural quality of the layers.

defects. High-angle x-ray diffraction on Co/Cu structures de-
posited on the G4 nm)/Feg(1.5 nm)/Co(0.8 nm)/Cu(10 nm)

buffer indicates that the Cr and Fe layers grow mainly in the B. Completeness of the coupling
bce (110 direction, while the Co and Cu layers are mainly

fcc (111) textured. The stabilization of th@ 10-oriented Fe still difficult to judge from the magnetization curves whether

grans 1S clearly.favored by the Cr seed layer. m&.o) the observed remanence is caused by the contribution of the
texture 1S of parncule_\rly great advantage when Fe is 'mple.'magnetic layer in the buffer stack only. Let us now describe
mented in a magnetic sensor and serves as a soft detecti :

laver. since the coercive field is appreciably reduced RBw this soft magnetic layer influences the magnetoresistive
yTrl’;msmission electron microscopp has b)éen erfor.med Omeasurements and how the remanence of the AAF can be
o Py P -9 %feduced from the magnetoresistance curve.
sgmples containing an AAF an_d have_ shown that the indi- It is known elsewhere that the total GMR signal of the
vidual layers are continuous, with flat interfaces. stack is well approximated by a superposition of the AAF

i ft'lqrr?éctfogggl ng%i%oaﬁgia;ugﬁ?gm?r gfer(;osrrﬁﬁ]d signal and the signal due to the interaction of the AAF with
- yp 9 = M the detection layel®

The structural properties of our samples are very satisfac- First we shall consider the behavior of an ideal isolated

tory and constitu_te an excellent basis for the occurrence of aARF coupled system after saturation in the positive direction.
exchange coupling free of defects. Upon reducingH,, the momentsn, andm, of the two mag-

netic layers(with the same modulum) make an anglep,
IV. COUPLING QUALITY and¢,, respectively, with the positive direction, as indicated

As indicators for the quality of the AF coupling, we con- inbthf top Olf Fig. 2h 'I;]h.e angleg, and_<p2 ha\lle tt)he same R
sider its strength, its completeness and its distribution,@PSolute valuep, which increases continuously between 0

These properties are closely related to the structural qualit§"d 90° @ is reduced fronHs to 0. The anglep satisfies
of the layers and interfaces. tosp=Hy/Hg for Hy<Hg, and the component of the iso-

lated AAF's moment in the positive direction satisfies
2mHy/Hg, as represented by the full line in Figa2 It is
well establishe®f that theR(H,) characteristic for perfectly

A ~6-nm Fe layer is adequate for growing Co/Cu multi- AF coupled layers is quadratic, so that the normalized GMR
layers with excellent magnetoresistive properfiésNever-  signal of the AAF is the parabolARaar(Ho)=1—cos ¢
theless, because of the magnetic contribution of Fe, the esti=1—(Hy/Hg)? [the full line in Fig. 2b). Let us now consider
mation of the amount of remanent magnetization in thethe interaction between the AF coupled system and the mag-
Co/Cu system itself is made difficult, especially in the casenetic layer of the buffer stack with momemi, , supposed to

In the case of sandwiches with thin magnetic layers, it is

A. Buffer layers
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FIG. 3. The magnetoresistance curve at room temperature of the
AAF Co(1 nm)/Cu(0.5 nm/Co(1 nm)/Cu(0.83 nm/Co(1 nm) de-
posited on the G4 nm)/Fg(1.5 nm)/Co(0.8 nm/Cu(10 nm buffer.

The arrows in the boxes represent the magnetic moments as a func-
tion of the field. The dashed arrow corresponds to the soft magnetic
layer's moment, and the full arrows to the moments of the Co layers
in the AAF. The inset details the GMR response upon switching of
the soft detection layer in the buffer stack. Glass substrates are
used.

FIG. 2. Stylizedm(H,) andAR/R(H,) curves. In(a), the full
line corresponds to the response of the isolated AF coupled system
and the dotted line to the soft magnetic layer(lth, the full line is
ARpar(Ho), the dotted line isAR\yr(Ho) and the dotted dashed  The question of the determination of the maximum pos-
line is their superposition. In the topn; and m, represent the gjple jump on the GMR upon switching of the soft detection

moments within the AF coupled system amg the momentin the  |ayer is in order. This maximum jump would be detected if

sofF mz_ignetlc_la_yer. Note the perpen@cular orl_entatlon of the _magml andm, would be “pinned” in the positive direction at
netizations within the AAF at zero field, relative to the positive

direction. Ho=0. In this case, upon switching d¢i,, the change of
angle betweemmy and m; (m,) would be of 180°, giving
_ _ ) rise to a jump of X on the GMR. This is twice the levédof
have an ideal soft-magnetic stepwise respojibe dotted  he jnteraction between the perfect AAF amg represented
line in Fig. 2a)]. As Ho is reduced fromHs to 0, mp re-  in Fig, 2b), since there, the relative angle varied continu-
mains aligned in the positive direction, so that the absolut%ugy between 0° and 90° only. To obtain the desired fixa-
value of the angle between, andm, (my) is ¢. The GMR o of m, andm, in the positive direction, the following
signal resulting form this interaction is knoffrto vary lin- layer sequence is prepared: (€om)/Cu(0.5 nm/Co(1 nm)/
early with cosp. Therefore, the GMR signal resulting from Cu(0.83 nm/Co(1 nm). The Cu0.5 nm layers couples fer-
this interaction is roughly given byARnr(Ho)=k(1  romagnetically the two first Co layers in order to attauh
—Hyg/Hg) for Ho<Hs [the dotted line in Fig. @)], wherek  4ndm, together. The second QL83 nm) layer ensures AF
is the ratio of the level of this interaction to the level of the coupling between this pair and the third Co layer in order to
signal of the AAF and corresponds to the rotation of the«pin» the pair in the positive direction. The total friction
detection layer from 0° to 90°, and addsA®aar(Ho), SO against rotation of the subsystem’s magnetization is
that the total GMR signal is mOdIfld:d’he dotted-dashed line increasea by about a factor of 3 Compared to a Sing|e mag-
in Fig. 2b)]. The slope of this curve dti,=0 is related to netic layer with the same total Co thickne&s nm). It is
the magnitude ofAR\t(Hp). This simple model applies essential to note that in the ground state at zero field, the
well if one considers the upper branches of the magnetorenagnetic moments of the first pair are antiparallel aligned to
sistance curve of Fig. 1. the third Co layer and lie in the positive direction. This is
Let us now consider the case of a small lag in the  schematically represented by the arrows in Fig. 3. The extra
magnetic response of the AAF. SuchAap can be repre- magnetic layer does not significantly contribute to the GMR
sented byAH, being the additional field, to compensate for interaction with the detection layer, so that the maximum
this lag. A problem arises when the remanence of the AAF tgump at zero field, R, will be approximately reproduced.
be determined from the transport curves, because of the para- A plateau in the magnetization curve, and consequently in
bolic shape, i.e., the zero slope of that curve at the origin. Ashe GMR curve, corresponding to the regime with opposite
we know from theARr(H,) interaction, the slope of this alignment of the moments is predictedt Hp=H/3. It is
interaction is much higher and the remanence of the AAFRlearly recognized in Fig. 3, which presents the GMR signal
can easily be determined. as a function of the normalized field,/Hg for the Cdl

C. The maximum signal of the detection layers
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nM)/Cu(0.5 nm/Co(1 nm)/Cu(0.83 nm/Co(1 nm) sandwich.
The dashed vertical line &t,/Hg=1/3 corresponds well to
the occurrence of the plateau.

We have argued in Sec. IV B that a small stepwise in-
crease in the GMR signal is expected to occur upon switch-
ing of the soft-magnetic layer when an AF coupled sym-
metrical sandwich shows remanence. In the specially
designed subsystem presented just above, the jump detected
around zero field roughly is the GMR increase (0.88%) that
would be observed if the sandwich had 100% remanence.
Assuming that steps of 0.025% can easily be detected in the
magnetoresistance curves, this means that a relative rema-
nence of 3% in an AAF coupled system can be easily rec-
ognized in the GMR signal. Therefore, GMR response is a
very interesting tool for estimating a small amount of rema-
nence in coupled sandwiches.

AR/R (%)

V. IRREVERSIBLE TRANSITIONS

The GMR curves presented in Sec. IV all exhibit a clear § -L
hysteretic behavior. To clarify the origin of the differences
between the branches, the magnetoresistance and the magne-
tization have been measured along minor loops. The minor !
loops start at positive saturation, then the applied fi¢jds —_—
reduced to a minimum valud.,, being either positive or ’ ’
negative, and finallyH, is increased again toward positive
saturation. The major loop corresponds to a complete hyster-
esis cycle.

16

FIG. 4. The(a) magnetoresistance arf) magnetization minor
loops with positive values dfl ., for the AAF Cq1.2 nm)/Cu(0.83
nm)/Co(1.2 nm) sandwich. Each of the minor loops is superposed
for comparison on the major loop. The inset details in each case the

Five minor loops withH ¢, values between 713 Oe and irreversibility due to domain-phase transformations at the fijg.

1.21 kOe are presented in Figat The minor loops with  In (a) the vertical scale is common to all curves, shifted by 1% for
Hiev=1.21 kOe anH,,=1.06 kOe are fully reversible, as clarity. In (b) both vertical and horizontal scales are common,
recognized by the fact that both thé(H,) branches coin- shifted by 0.5 and 1 kOe respectively, for clarity.

cide with the lowerR(Hy) branch of the major loop. For

H,=962 Oe, an irreversible process starts to occur: the resystems, we expect that the irreversibility in the GMR and
turn branch(i.e., increasing applied fieldstarts to split up M (H,) signals, in the present structure, can be attributed to a
from the one with the lowed®(H) values. This means that domain-phase transformation process. The domain configu-
962 Oe is just below the threshold valtig, at which irre-  ration develops when leaving the parallel state at saturation.
versible changes start to take place. Upon further reducingeally, the magnetization inside each Co layer would start to
H,e, well below H, the irreversibility becomes more and rotate uniformly and reach the perfect AF alignment at zero
more pronounced, as for witH,,,=894 Oe andH,, field, with both magnetizations perpendicular to the original
=713 Oe in Fig. 4a). saturation field'seem; andm, in Figure 2a)]. The poly-

The magnetization of this sample has been measurectystalline character of our Co layers originates in the amor-
along five minor loops as shown in Figib. The major loop  phous nature of the SiGsubstrate. As a consequence, there
also presents hysteretic behavior. The branch with the highs no macroscopic anisotropy and no unique sense of the
est mean magnetizatiovi (H,) along the applied field forms rotation of the magnetization in a given layer is imposed.
the pendant to the branch of the GMR curve with the lowesiTherefore, half of the moments inside the crystallites will
R(H,) signal, while the branch with the lowelst(H) is the  rotate clockwise and half will rotate counterclockwise in a

A. Positive reversal fieldH o,

counterpart of the GMR branch with the high&iH,). The
minor loops withH ., >926 Oe are fully reversible. Below
the transition field valuél+,=926 Oe, the irreversibility oc-
curs and becomes more visible fblh,,=821 Oe andH e,
=622 Oe.

The values of the transition field+; found by GMR and

specific layer. This results in the formation of magnetic do-
main structures. Inhomogeneities may add to the thermal ac-
tivation and facilitate the local rotation of the moments. For
example, stepwise variations in the spacer thickness produce
inhomogeneities in the coupling distribution so that the rota-
tion starts at different fields at different positions. This hin-

AGFM measurements are in good agreement, and the smalers a rotation in unison of the layer’'s magnetization. Upon
subsisting discrepancy can be attributed to the sensitivity ofeducingH,, the moments inside the areas presenting the

the detection method.

strongest coupling should rotate first. Upon reducing further

Now we shall delve deeper into the origin of the observedH, the magnetization inside the areas with weaker AF cou-
irreversibility. Since no effective anisotropy is present in ourpling also rotate. Here, the sense of the rotation may be im-
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posed by neighboring regions in which the sense of the ro- St -
tation is already established. Finally, more and more 4t (a) ‘ - VG
moments rotate and domain walls with éle¢ype of structure 3L o . /
are created when domains with different sense of rotation of ,L ra
the magnetization in a given Co layer meet. ! A
We will now return to the domain conversion process. As * r 5 2 a1 o
long as the wall angles are small enough, the configuration =2 of H_=121410e
with a high density of domains remains stable and the wall g R H =1605 kOe
angles can vary in a reversible fashion. This is the case of the ~ ~ ) I H'ZH 1510k0e
fully reversible minor loops of Figs.(4) and 4b). Upon t -
reducingH, below a certain threshold value, the presence of A T =2010k0e
domain walls becomes unfavorable. As a consequence, do- A o . , . H=2211k0e
mains will annihilate and cause the separation of the de- ok e

eV
H =1526kOe

ev

H =H =1.84kOe
v 12

H =193kOe

v

H =224k0e

™

scending and ascending field branches in Figs). @nd 4b).

A further reduction ofH, makes more and more domains
vanish. Finally, the return path of the minor loop reaches the
highest branch of the major GMR curv@r the lowest
branch of the magnetization cupvd his branch is character-
ized by a low density of domains.

B. Negative reversal fieldH ¢,

At zero field after positive saturation, we arrive at a simi-
lar state with low density of walls. However, the magnetiza- ) ) ) ) ) )
tion in the adjacent layers are opposite now. Let us now look -8 -4 0 4 8 12 16
at the transformations arising from the antiparallel state by H_(kOe)
considering the minor loops withl ., taking negative val- 0
ues. Figure &) presents the GMR signal of the AAF mea- _ o _
sured along five such loops. The minor loops with,, > FIG. 5. The(a) magnetoresistance arid) magnetization minor
—1.910 kOe are fully reversible. The irreversibility is visible 100PS with negative values 1, for the AAF Cd1.2 nm/Cu(0.83
at H,,,= —1.910 kOe and becomes more pronounced fOInm)/Co(l.Z_nrr) sandwnch._ Each of the_mlnor Ioo_ps_ls superposed
H o= —2.010 kOe andH,.,= —2.211 kOe. The same phe- for comparison on the major loop. The inset details in each case the

nomenon is reflected in the five magnetization minor Ioop%:gel_:gb”:ty (dufhto dorpai?'ph?sg tranSformattion”S Occumnghi: tge
of Fig. 5(b), with the same value of the threshold fiekt. 72- In (8 the vertical scale is common to all curves, shifte

9 . . . . . . . . by 1% for clarity. In(b) both vertical and horizontal scales are

Upon increasing the applied f'.eld.m the r_legatlve dlreCt'oncommon, shifted by 0.5 and 1 kOe respectively, for clarity.

from the AF state, the magnetization inside the large do-
mains is forced to rotate to reach the parallel alignment. As
long as no regions have reached this state, no new domaigft magnetic layer. It is possible to obtain Co/Cu/Co sand-
are formed upon a subsequent reduction of the field to zerdviches at the first maximum in the coupling oscillation with-
because the sense of the rotation to the antiparallel alignmeatt detectable remanence by use of an adequate buffer, as
is already defined. The magnetic phase with low domairverified by stack containing asymmetrical AAF. The residual
density is maintained and it is possible to move in a reversremanence is possibly related to the presence of domain
ible way along the upper branch of the GMR cufee along  walls at zero field. Domains are created upon reducing the
the lowest branch of the magnetization cyrydowever, as field from the saturated state, due to the freedom in the sense
soon as areas with the weakest AF coupling are saturatedf the magnetization’s rotation. The irreversibilities observed
domains are likely to be created again upon reducing thgn GMR and magnetization curves are attributed to domain-

strength of the field due to the freedom in the sense of thghase conversion. In cases with zero remanence, the annihi-
rotation, as discussed in Sec. V A for the descending fielgation is complete.

flank. For largeiH ., absolute values, more and more regions
are ferromagnetically aligned, according to the interlayer
coupling distribution, so that more and more domains are
created at the return path.
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