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Magnetic irreversibilities of CoÕCuÕCo 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.
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I. INTRODUCTION

The hard-soft systems1–3 represent a wide categor
among the magnetic-field sensors based on the giant ma
toresistive effect~GMR!. The recently introduced GMR sen
sor scheme3 with the so-called artificial antiferromagnet
subsystem~AAF! offers both rigidity of the hard layers an
operational temperatures up to 150° C. In its basic confi
ration, schematically shown in the inset of the Fig. 1, t
sensor contains two antiferromagnetically coupled layers
one decoupled soft detection layer.

The Co-Cu systems are widely used in GMR sensors
cause of their high magnetoresistive level. Sensors cont
ing the AAF require perfect antiferromagnetic~AF! align-
ment of the magnetizations right from the first Cu layer
the stack. However, the observation of incomplete AF ali
ment in the Co-Cu system has often been reported4–8

Bridges leading to direct coupling between the magnetic l
ers or roughness producing fluctuations between AF and
romagnetic coupling are often mentioned to be respons
for it. The defects are attributed to the non-layer-by-lay
growth mode of Co over Cu.9,10 Complete AF alignment can
nevertheless be achieved by better control of the growth
rameters, or by using a surfactant.11,12 Recently, we demon-
strated that the use of an adequate buffer stack13 leads to a
negligible amount of remanence.

The knowledge of the magnetic microstructure, wh
aiming at producing stable sensors, is of great importan
Many techniques, like Kerr microscopy,14 Lorentz transmis-
sion electron microscopy,15,16 the Bitter pattern
technique,17,18and polarized neutron reflectivity,19 enable the
observation of the domains or domain-walls in GMR sy
tems. Barkhausen noise measurements20 have shown in
Co-Cu multilayers that the domains are relatively sm
PRB 620163-1829/2000/62~6!/3917~6!/$15.00
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when reducing the field from saturation, while they gro
after reversing the field direction.

In this paper, we report on irreversible domain-pha
transformations in AF coupled polycrystalline Co/Cu/C
sandwiches at the first peak in the coupling oscillation. Af
a brief description of the preparation, the main structu
characteristics of the samples are presented. Then, we d
how the soft detection layer located in the buffer stack can

FIG. 1. The magnetoresistance curve at room temperature o
AAF Co~1.2 nm!/Cu~0.83 nm!/Co~1.2 nm! deposited on the follow-
ing buffer Cr~4 nm!/Fe~1.5 nm!/Co~0.8 nm!/Cu~10 nm!. The ap-
plied field H0 is normalized to the saturation fieldHS , defined as
the field at which the magnetoresistance has dropped by 90%.
inset shows the basic configuration of a sensor.mb andmf are the
moments in the so-called bias and flux conducting layers, res
tively. The arrowmAAF shows the direction of the AAF’s net mo
ment in the case ofmb.mf .
3917 ©2000 The American Physical Society
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used as a tool to judge the quality of the AF coupling. Va
ous causes of remanence are discussed in the next se
focused on irreversible magnetic transformations.

II. SAMPLE PREPARATION AND MEASUREMENTS

The Co/Cu/Co structures presented here were prepare
sputtering on glass or on Si/(0.5mm)SiO2 substrates. All
samples were protected against oxidization by a Cu~2 nm!/
Cr~2 nm! capping bilayer. The details on the preparati
have been previously reported.13 The buffer consists of the
following stack: Cr~4 nm!/Fe~1.5 nm!/Co~0.8 nm!/Cu~10
nm!. The role of the 10-nm-thick Cu layer is to smoothen t
buffer and to decouple the soft magnetic layer. In AAF-bas
sensors, the latter is used as a soft detection layer,3 as shown
in Fig. 1.

The magnetoresistance measurements were perform
room temperature by the standard four-point method, w
the sensing current perpendicular to the applied field. T
magnetization curves were measured by a vibrating sam
magnetometer or an alternative gradient field magnetom
at room temperature. No dead layer could be detecte
single Co layers embedded in Cu layers and the Co sat
tion magnetization reaches 1346610 emu/cm3, which is
close to the value in bulk fcc Co (1449 emu/cm3).

III. STRUCTURAL CHARACTERISTICS

Both the structural quality of the layers and morpholo
of the interfaces are decisive to obtain an AF coupling free
defects. High-angle x-ray diffraction on Co/Cu structures
posited on the Cr~4 nm!/Fe~1.5 nm!/Co~0.8 nm!/Cu~10 nm!
buffer indicates that the Cr and Fe layers grow mainly in
bcc ~110! direction, while the Co and Cu layers are main
fcc ~111! textured. The stabilization of the~110!-oriented Fe
grains is clearly favored by the Cr seed layer. The~110!
texture is of particularly great advantage when Fe is imp
mented in a magnetic sensor and serves as a soft dete
layer, since the coercive field is appreciably reduced.

Transmission electron microscopy has been performed
samples containing an AAF and have shown that the in
vidual layers are continuous, with flat interfaces.

Atomic force microscopy measurement was performedex
situ. The typical rms roughness is of the order of 0.3 nm

The structural properties of our samples are very satis
tory and constitute an excellent basis for the occurrence o
exchange coupling free of defects.

IV. COUPLING QUALITY

As indicators for the quality of the AF coupling, we con
sider its strength, its completeness and its distributio7

These properties are closely related to the structural qu
of the layers and interfaces.

A. Buffer layers

A '6-nm Fe layer is adequate for growing Co/Cu mu
layers with excellent magnetoresistive properties.6,21 Never-
theless, because of the magnetic contribution of Fe, the
mation of the amount of remanent magnetization in
Co/Cu system itself is made difficult, especially in the ca
-
ion,
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of a Co/Cu/Co sandwich with thin Co layers. Although th
magnetic signal of the Fe layer can in principle be eas
evaluated separately, difficulties are encountered when
tracting from the total magnetization the signal of the se
rately grown Fe layer. This arises from the fact that the s
nal of this layer, in particular its coercivity, is affected by th
stack grown on top.

Therefore, attempts have been made to grow Co~1.2 nm!/
Cu/Co~1.2 nm! sandwiches at the first AF maximum in th
coupling oscillation on nonmagnetic buffer layers. Pure
buffer layers ('6 nm) are hardly suited for AF coupling
without coupling defects.21 Notwithstanding significant im-
provement when the sandwich is deposited on
'30-nm-thick Cu layer, the remanent magnetization s
reaches one-third of the saturation magnetization. Althou
Cr exhibits many crystallographic similarities to Fe, a pu
6-nm Cr buffer layer causes the AF coupling between the
layers to vanish completely, even when a relatively th
~10-nm! Cu layer is put on top. This may be due to ve
strong surface roughness. To smoothen the surface of th
layer, chosen to be 4 nm thick, we cover it with a 1.5-nm
layer. We added a thin 0.8-nm Co to enhance the GMR
nal. Finally, a 10-nm thick Cu layer is deposited, which a
as an exchange decoupling layer between the buffer s
and the Co/Cu/Co sandwich, referred as the AAF. Thus,
obtain an AAF with very satisfactory magnetoresistive pro
erties ~ Fig. 1!. The AF coupling strengthJAF reaches
0.40 erg/cm2 at room temperature. As far as Co/Cu/Co sp
tered sandwiches are concerned,JAF is remarkably great,
indicating the high structural quality of the layers.

B. Completeness of the coupling

In the case of sandwiches with thin magnetic layers, i
still difficult to judge from the magnetization curves wheth
the observed remanence is caused by the contribution o
magnetic layer in the buffer stack only. Let us now descr
how this soft magnetic layer influences the magnetoresis
measurements and how the remanence of the AAF can
deduced from the magnetoresistance curve.

It is known elsewhere that the total GMR signal of th
stack is well approximated by a superposition of the AA
signal and the signal due to the interaction of the AAF w
the detection layer.13

First we shall consider the behavior of an ideal isola
AF coupled system after saturation in the positive directi
Upon reducingH0, the momentsm1 andm2 of the two mag-
netic layers~with the same modulusm) make an anglew1
andw2, respectively, with the positive direction, as indicat
in the top of Fig. 2. The anglesw1 and w2 have the same
absolute valuew, which increases continuously between 0
and 90° asH0 is reduced fromHS to 0. The anglew satisfies
cosw5H0 /HS for H0,HS , and the component of the iso
lated AAF’s moment in the positive direction satisfie
2mH0 /HS , as represented by the full line in Fig. 2~a!. It is
well established22 that theR(H0) characteristic for perfectly
AF coupled layers is quadratic, so that the normalized GM
signal of the AAF is the parabolaDRAAF(H0)512cos2 w
512(H0 /HS)

2 @the full line in Fig. 2~b!. Let us now consider
the interaction between the AF coupled system and the m
netic layer of the buffer stack with momentmD , supposed to
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have an ideal soft-magnetic stepwise response@the dotted
line in Fig. 2~a!#. As H0 is reduced fromHS to 0, mD re-
mains aligned in the positive direction, so that the abso
value of the angle betweenmD andm1 (m2) is w. The GMR
signal resulting form this interaction is known22 to vary lin-
early with cosw. Therefore, the GMR signal resulting from
this interaction is roughly given byDRINT(H0)5k(1
2H0 /HS) for H0,HS @the dotted line in Fig. 2~b!#, wherek
is the ratio of the level of this interaction to the level of th
signal of the AAF and corresponds to the rotation of t
detection layer from 0° to 90°, and adds toDRAAF(H0), so
that the total GMR signal is modified@the dotted-dashed line
in Fig. 2~b!#. The slope of this curve atH050 is related to
the magnitude ofDRINT(H0). This simple model applies
well if one considers the upper branches of the magnet
sistance curve of Fig. 1.

Let us now consider the case of a small lagDw in the
magnetic response of the AAF. Such aDw can be repre-
sented byDH, being the additional field, to compensate f
this lag. A problem arises when the remanence of the AAF
be determined from the transport curves, because of the p
bolic shape, i.e., the zero slope of that curve at the origin.
we know from theDRINT(H0) interaction, the slope of this
interaction is much higher and the remanence of the A
can easily be determined.

FIG. 2. Stylizedm(H0) andDR/R(H0) curves. In~a!, the full
line corresponds to the response of the isolated AF coupled sy
and the dotted line to the soft magnetic layer. In~b!, the full line is
DRAAF(H0), the dotted line isDRINT(H0) and the dotted dashe
line is their superposition. In the top,m1 and m2 represent the
moments within the AF coupled system andmD the moment in the
soft magnetic layer. Note the perpendicular orientation of the m
netizations within the AAF at zero field, relative to the positi
direction.
te
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C. The maximum signal of the detection layers

The question of the determination of the maximum po
sible jump on the GMR upon switching of the soft detecti
layer is in order. This maximum jump would be detected
m1 and m2 would be ‘‘pinned’’ in the positive direction a
H050. In this case, upon switching ofH0, the change of
angle betweenmD and m1 (m2) would be of 180°, giving
rise to a jump of 2k on the GMR. This is twice the levelk of
the interaction between the perfect AAF andmD represented
in Fig. 2~b!, since there, the relative angle varied contin
ously between 0° and 90° only. To obtain the desired fi
tion of m1 and m2 in the positive direction, the following
layer sequence is prepared: Co~1 nm!/Cu~0.5 nm!/Co~1 nm!/
Cu~0.83 nm!/Co~1 nm!. The Cu~0.5 nm! layers couples fer-
romagnetically the two first Co layers in order to attachm1

andm2 together. The second Cu~0.83 nm! layer ensures AF
coupling between this pair and the third Co layer in order
‘‘pin’’ the pair in the positive direction. The total friction
against rotation of the subsystem’s magnetization
increased3 by about a factor of 3 compared to a single ma
netic layer with the same total Co thickness~3 nm!. It is
essential to note that in the ground state at zero field,
magnetic moments of the first pair are antiparallel aligned
the third Co layer and lie in the positive direction. This
schematically represented by the arrows in Fig. 3. The e
magnetic layer does not significantly contribute to the GM
interaction with the detection layer, so that the maximu
jump at zero field, 2k, will be approximately reproduced.

A plateau in the magnetization curve, and consequentl
the GMR curve, corresponding to the regime with oppos
alignment of the moments is predicted3 at HP5HS/3. It is
clearly recognized in Fig. 3, which presents the GMR sig
as a function of the normalized fieldH0 /HS for the Co~1

m

-

FIG. 3. The magnetoresistance curve at room temperature o
AAF Co~1 nm!/Cu~0.5 nm!/Co~1 nm!/Cu~0.83 nm!/Co~1 nm! de-
posited on the Cr~4 nm!/Fe~1.5 nm!/Co~0.8 nm!/Cu~10 nm! buffer.
The arrows in the boxes represent the magnetic moments as a
tion of the field. The dashed arrow corresponds to the soft magn
layer’s moment, and the full arrows to the moments of the Co lay
in the AAF. The inset details the GMR response upon switching
the soft detection layer in the buffer stack. Glass substrates
used.



in
tch
m
al
ec
ha
c
t
m

ec
s
a

a
es
ag
in

e
te

d

s

r
r

t

in
d

r

ig

es

m
y

e
u

nd
to a
gu-
ion.
t to
ero
al

or-
re
the
d.
ill
a
o-
ac-
or
uce
ta-
n-
on
the
her
ou-
im-

ed
the

for
n,

3920 PRB 62N. PERSAT, H. A. M. van den BERG, AND A. DINIA
nm!/Cu~0.5 nm!/Co~1 nm!/Cu~0.83 nm!/Co~1 nm! sandwich.
The dashed vertical line atH0 /HS51/3 corresponds well to
the occurrence of the plateau.

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

V. IRREVERSIBLE TRANSITIONS

The GMR curves presented in Sec. IV all exhibit a cle
hysteretic behavior. To clarify the origin of the differenc
between the branches, the magnetoresistance and the m
tization have been measured along minor loops. The m
loops start at positive saturation, then the applied fieldH0 is
reduced to a minimum valueH rev, being either positive or
negative, and finally,H0 is increased again toward positiv
saturation. The major loop corresponds to a complete hys
esis cycle.

A. Positive reversal fieldH rev

Five minor loops withH rev values between 713 Oe an
1.21 kOe are presented in Fig. 4~a!. The minor loops with
H rev51.21 kOe andH rev51.06 kOe are fully reversible, a
recognized by the fact that both theirR(H0) branches coin-
cide with the lowerR(H0) branch of the major loop. Fo
H rev5962 Oe, an irreversible process starts to occur: the
turn branch~i.e., increasing applied field! starts to split up
from the one with the lowestR(H0) values. This means tha
962 Oe is just below the threshold valueHT1 at which irre-
versible changes start to take place. Upon further reduc
H rev well below HT1 , the irreversibility becomes more an
more pronounced, as for withH rev5894 Oe and H rev
5713 Oe in Fig. 4~a!.

The magnetization of this sample has been measu
along five minor loops as shown in Fig. 4~b!. The major loop
also presents hysteretic behavior. The branch with the h
est mean magnetizationM (H0) along the applied field forms
the pendant to the branch of the GMR curve with the low
R(H0) signal, while the branch with the lowestM (H0) is the
counterpart of the GMR branch with the highestR(H0). The
minor loops withH rev.926 Oe are fully reversible. Below
the transition field valueHT15926 Oe, the irreversibility oc-
curs and becomes more visible forH rev5821 Oe andH rev
5622 Oe.

The values of the transition fieldHT1 found by GMR and
AGFM measurements are in good agreement, and the s
subsisting discrepancy can be attributed to the sensitivit
the detection method.

Now we shall delve deeper into the origin of the observ
irreversibility. Since no effective anisotropy is present in o
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systems, we expect that the irreversibility in the GMR a
M (H0) signals, in the present structure, can be attributed
domain-phase transformation process. The domain confi
ration develops when leaving the parallel state at saturat
Ideally, the magnetization inside each Co layer would star
rotate uniformly and reach the perfect AF alignment at z
field, with both magnetizations perpendicular to the origin
saturation field@seem1 and m2 in Figure 2~a!#. The poly-
crystalline character of our Co layers originates in the am
phous nature of the SiO2 substrate. As a consequence, the
is no macroscopic anisotropy and no unique sense of
rotation of the magnetization in a given layer is impose
Therefore, half of the moments inside the crystallites w
rotate clockwise and half will rotate counterclockwise in
specific layer. This results in the formation of magnetic d
main structures. Inhomogeneities may add to the thermal
tivation and facilitate the local rotation of the moments. F
example, stepwise variations in the spacer thickness prod
inhomogeneities in the coupling distribution so that the ro
tion starts at different fields at different positions. This hi
ders a rotation in unison of the layer’s magnetization. Up
reducingH0, the moments inside the areas presenting
strongest coupling should rotate first. Upon reducing furt
H0, the magnetization inside the areas with weaker AF c
pling also rotate. Here, the sense of the rotation may be

FIG. 4. The~a! magnetoresistance and~b! magnetization minor
loops with positive values ofH rev for the AAF Co~1.2 nm!/Cu~0.83
nm!/Co~1.2 nm! sandwich. Each of the minor loops is superpos
for comparison on the major loop. The inset details in each case
irreversibility due to domain-phase transformations at the fieldHT1 .
In ~a! the vertical scale is common to all curves, shifted by 1%
clarity. In ~b! both vertical and horizontal scales are commo
shifted by 0.5 and 1 kOe respectively, for clarity.
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posed by neighboring regions in which the sense of the
tation is already established. Finally, more and m
moments rotate and domain walls with Ne´el-type of structure
are created when domains with different sense of rotation
the magnetization in a given Co layer meet.

We will now return to the domain conversion process.
long as the wall angles are small enough, the configura
with a high density of domains remains stable and the w
angles can vary in a reversible fashion. This is the case o
fully reversible minor loops of Figs. 4~a! and 4~b!. Upon
reducingH0 below a certain threshold value, the presence
domain walls becomes unfavorable. As a consequence,
mains will annihilate and cause the separation of the
scending and ascending field branches in Figs. 4~a! and 4~b!.
A further reduction ofH0 makes more and more domain
vanish. Finally, the return path of the minor loop reaches
highest branch of the major GMR curve~or the lowest
branch of the magnetization curve!. This branch is character
ized by a low density of domains.

B. Negative reversal fieldH rev

At zero field after positive saturation, we arrive at a sim
lar state with low density of walls. However, the magnetiz
tion in the adjacent layers are opposite now. Let us now lo
at the transformations arising from the antiparallel state
considering the minor loops withH rev taking negative val-
ues. Figure 5~a! presents the GMR signal of the AAF me
sured along five such loops. The minor loops withH rev .
21.910 kOe are fully reversible. The irreversibility is visib
at H rev521.910 kOe and becomes more pronounced
H rev522.010 kOe andH rev522.211 kOe. The same phe
nomenon is reflected in the five magnetization minor loo
of Fig. 5~b!, with the same value of the threshold field,HT2 .

Upon increasing the applied field in the negative direct
from the AF state, the magnetization inside the large
mains is forced to rotate to reach the parallel alignment.
long as no regions have reached this state, no new dom
are formed upon a subsequent reduction of the field to z
because the sense of the rotation to the antiparallel alignm
is already defined. The magnetic phase with low dom
density is maintained and it is possible to move in a reve
ible way along the upper branch of the GMR curve~or along
the lowest branch of the magnetization curve!. However, as
soon as areas with the weakest AF coupling are satura
domains are likely to be created again upon reducing
strength of the field due to the freedom in the sense of
rotation, as discussed in Sec. V A for the descending fi
flank. For largerH rev absolute values, more and more regio
are ferromagnetically aligned, according to the interla
coupling distribution, so that more and more domains
created at the return path.

VI. CONCLUSION

We have studied the domain-phase transformations oc
ring in AF coupled sandwiches. Buffer stacks containing
Cr/Fe bilayer are very well suited for depositing high-qual
samples with~111! texture of the sputtered Co-Cu layers.
method was presented that allows us to judge the comp
ness of the AF coupling in sandwiches by the height of
jump in the GMR response that occurs upon switching
-
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soft magnetic layer. It is possible to obtain Co/Cu/Co sa
wiches at the first maximum in the coupling oscillation wit
out detectable remanence by use of an adequate buffe
verified by stack containing asymmetrical AAF. The residu
remanence is possibly related to the presence of dom
walls at zero field. Domains are created upon reducing
field from the saturated state, due to the freedom in the se
of the magnetization’s rotation. The irreversibilities observ
in GMR and magnetization curves are attributed to doma
phase conversion. In cases with zero remanence, the an
lation is complete.
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FIG. 5. The~a! magnetoresistance and~b! magnetization minor
loops with negative values ofH rev for the AAF Co~1.2 nm!/Cu~0.83
nm!/Co~1.2 nm! sandwich. Each of the minor loops is superpos
for comparison on the major loop. The inset details in each case
irreversibility due to domain-phase transformations occurring at
field HT2 . In ~a! the vertical scale is common to all curves, shifte
by 1% for clarity. In ~b! both vertical and horizontal scales a
common, shifted by 0.5 and 1 kOe respectively, for clarity.
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