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Abstract

Metallic multilayered structures comprising alternating ferromagnetic and non-ferromagnetic lay­
ers exhibit enhanced magnetoresistance values compared with the magnetoresistance of the in­
dividual magnetic layers. The largest changes in resistance are found in sputter-deposited 110 
oriented crystalline Co/Cu multilayers in which the Co layers are doped with small amounts of 
Fe. Values of giant magnetoresistance (GMR) of ~110% at room temperature and ~220% at 
4.2 K are found. The origin of the magnetoresistance relates to spin-dependent scattering at 
the interfaces between the Co and Cu layers. These very large MR values make GMR materi­
als attractive for a variety of applications for which magnetic field sensors are required. Simple 
exchange-biased sandwich structures {spin-valve sandwiches) are described which exhibit large 
changes in resistance in very small fields.

1 Introduction

In recent years there has been a great deal of interest in the magnetic and trans­
port properties of metallic multilayered thin film structures composed of thin 3d 
transition metal ferromagnetic layers separated by thin non-ferromagnetic spacer 
layers. These systems display unique properties, notably an oscillatory indirect ex­
change coupling of the ferromagnetic (FM) layers via the non-ferromagnetic spacer 
layers, and enhanced magnetoresistance. The latter has come to be called giant 
magnetoresistance (GMR). In this brief report the properties of these systems are 
reviewed with an emphasis on recent results in sputtered crystalline multilayers 
containing copper spacer layers.
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2 Giant magnetoresistance in polycrystalline 
Co/Cu multilayers

Typical 3d ferromagnetic metals or alloys display only small changes in their resis­
tance when subjected to magnetic fields at room temperature (McGuire and Potter, 
1975). Maximum magnetoresistance values of about 5-6% are found in Ni-Co and 
Ni-Fe alloys. In magnetic fields large enough to saturate the magnetic moment of 
such metals their resistance primarily depends on the orientation of their magnetic 
moment with regard to the direction of the sense current passing through the sam­
ple. Thus they display an anisotropic magnetoresistance (AMR) such that their 
resistance can be written as p = p0 + Apcos2 6, where 6 is the angle between the 
magnetic moment of the sample and the direction of the current (McGuire and 
Potter, 1975; Rossiter, 1987). The resistance is typically higher when the magnetic 
moment of the sample is aligned orthogonal to the sense current. In magnetic fields 
not large enough to saturate the magnetization of the metal the resistance depends 
on the detailed magnetic domain structure. In thin ferromagnetic films the mag­
nitude of the AMR effect becomes even smaller as the thickness of the FM layer is 
decreased because scattering of the conduction electrons from the outer boundaries 
of the film increases the resistance of the film. These scattering processes do not 
give rise to AMR.

The same AMR phenomenon is displayed by thin ferromagnetic layers in metal­
lic multilayers but the magnitude of the effect is further reduced. By contrast 
certain magnetic multilayers, containing very thin ferromagnetic layers can display 
very large or giant changes in resistance with magnetic field of a different origin 
(Parkin, 1994; Fert and Bruno, 1994; Parkin, 1995; Levy, 1994). The largest GMR 
effects have been found in multilayers, prepared by sputter deposition, composed of 
alternating thin Co and thin Cu layers. In such polycrystalline Co/Cu multilayers 
GMR effects as large as 70-80% at room temperature have been reported (Parkin 
et al., 1991b). An example is shown in Fig. 1.

The origin of the giant magnetoresistive effect is quite different from that of 
AMR. GMR is found in multilayered and other inhomogeneous magnetic structures 
in which the magnetic layers [or other entities such as magnetic granules in magnetic 
granular metals (Chien, 1995)] are oriented non-parallel to one another for some 
range of magnetic field, and, such that, with application of a sufficiently large 
magnetic field, the magnetic moments of the layers (or entities) become oriented 
parallel to one another. It is the change in the magnetic configuration which affects 
the scattering of the conduction electrons propagating between the magnetic layers 
or entities and which thereby gives rise to GMR. In Co/Cu multilayers, for certain 
thicknesses of Cu, the moments of the Co layers are arranged antiparallel to one
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Figure 1. Resistance versus in-plane magnetic field curve for a polycrystalline Co/Cu 
multilayer exhibiting nearly 70% change in resistance at room temperature (Parkin 
et al, 1991b). The measurement geometry is shown in the top left corner. A 
schematic diagram of the Co/Cu layer is shown for large negative, zero and large 
positive fields.

another in small fields because of an antiferromagnetic (AF) coupling of the Co 
layers mediated via the Cu spacer layers. When a magnetic field is applied, large 
enough to overcome the AF interlayer coupling, the Co moments become aligned 
parallel to each other and to the applied field. This is shown schematically in 
Fig. 1.

Polycrystalline Co/Cu multilayers are usually (111) textured for thin Co and 
Cu layers, although the texture changes to (100) for thick Cu layers (Parkin et 
al., 1993), or when the multilayer is grown on thick Cu buffer layers (Lenczowski 
et al., 1994). Polycrystalline multilayers usually display little in-plane magnetic 
anisotropy. Consequently the resistance of such multilayers typically varies con­
tinuously with magnetic field independent of the orientation of the magnetic field 
in the plane of the sample (Parkin et al., 1990, 1991b,c). For strongly antifer­
romagnetically coupled multilayers, as the magnetic field is increased, the angle 
between neighbouring magnetic layers, ~180° in small fields, smoothly decreases 
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until at magnetic fields large enough to overcome the antiferromagnetic interlayer 
exchange coupling the magnetic moments become aligned parallel to the magnetic 
field and to each other. When multilayers are crystalline and have significant mag­
netic anisotropy the dependence of resistance on magnetic field is more interesting 
and can display quite unusual behaviour as discussed in Sect. 3.

As shown in Fig. 2 the magnitude of the giant magnetoresistance effect oscillates 
as a function of copper thickness. The oscillation in saturation magnetoresistance

Figure 2. Room temperature saturation magnetoresistance versus Cu spacer layer 
thickness for a series of Co/Cu multilayers (Parkin et al, 1991a). The magnetic state 
of the multilayers are shown schematically for various Cu spacer layer thicknesses 
(only two Co layers are shown).

is related to an oscillation in the interlayer coupling between antiferromagnetic 
(AF) coupling and ferromagnetic (F) coupling as the Cu spacer thickness is varied. 
This is shown schematically in Fig. 2. Similar oscillations in magnetoresistance and 
interlayer coupling were first observed in Fe/Cr and Co/Ru multilayers (Parkin et 
al., 1990).

The coupling via Cu, Cr, Ru and other transition and noble metals is long- 
range and of the RKKY type. In polycrystalline Co/Cu multilayers the oscillation 
period is ~10 Å. The first observation of oscillatory interlayer coupling in transition 
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metal multilayers was in Fe/Cr and Co/Ru sputtered polycrystalline multilayers 
(Parkin, 1994). Subsequently it was shown that oscillatory interlayer coupling is 
exhibited by nearly all of the 3d, 4d, and 5d non-ferromagnetic transition and noble 
metals (Parkin, 1991). Later oscillatory coupling was observed in single-crystalline 
Fe/Cr and Co/Cu films grown by evaporation techniques in ultra-high vacuum 
chambers (Pierce et al., 1994; Johnson et al., 1992). For (100) Fe/Cr and (100) 
Co/Cu the interlayer exchange coupling oscillates with Cr and Cu spacer layers 
with two superposed oscillation periods, one long and one short (Unguris et al., 
1991; Weber et al., 1995). For Fe/Cr the short period corresponds remarkably to 
just 2 monolayers of Cr (Unguris et al., 1991; Rührig et al., 1991). The magnitude 
of the oscillation periods for noble metal spacer layers can be well accounted for by 
examination of the Fermi surfaces of the noble metals. The oscillation periods are 
related to wave-vectors which span or nest the Fermi surface (Bruno and Chappert, 
1992; Mathon et al., 1995).

3 Giant magnetoresistance in [110] crystalline 
Co/Cu and Co-Fe/Cu multilayers

3.1 Structure

There has been a great deal of work in the past few years to optimize the magnitude 
of the magnetoresistance in magnetic multilayers but especially Co/Cu and related 
systems because Co/Cu exhibits the largest GMR effects at room temperature. 
The magnitude of the GMR is increased with increasing number of Co/Cu bilayers 
and for very thin Co and Cu layers (the Cu thickness has to be one which gives rise 
to well defined anti-parallel orientation of the Co layers). Figure 3 shows a plot 
of resistance versus magnetic field for a Co-Fe/Cu multilayer displaying by far the 
highest GMR yet found. The film displays a value of room temperature magnetore­
sistance (MR) of £±R/RS ~ 110%, where Rs is the saturation resistance in large 
fields. At 4.2K the MR is even higher AR/RS ~ 220%. The Co-Fe/Cu sample in 
Fig. 3 is composed of 120 bilayers of [9.5Å CogsFes/ 8.5Å Cu] grown by seeded 
epitaxy (Farrow et al., 1993; Harp and Parkin, 1994, 1996) on a MgO(llO) single 
crystal substrate. Seed layers of 6Å Fe/ 45Å Pt are first deposited at ~450 °C. 
The CogsFeg/Cu multilayer is grown after cooling the substrate to ~40 °C to re­
duce interdiffusion of the metal layers. Specular x-ray diffraction and cross-section 
transmission electron microscopy (XTEM) characterization of the structure of the 
multilayer show that the Fe/Pt seed layers and the multilayer grow highly oriented 
with respect to the substrate crystallographic axes. By using (100) oriented MgO 
and (0001) AI2O3 substrates, (100) and (111) oriented fee Co/Cu and Co-Fe/Cu
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Figure 3. Resistance versus field curves at (b) 4.2 K and (a) 290 K of a mag­
netic multilayer of the form MgO(llO)/ 6Å Fe/ 45Å Pt/ 9.5Å Cu/ [9.5Å CogsFes/ 
8.5Å Cu] 120/ 12Å Pt. Curves are shown for the magnetic field applied in the plane 
of the film parallel and perpendicular to [100]. The current is applied along the [100] 
direction.

multilayers can be grown. Identical (100), (110) and (111) Co(Fe)/Cu multilayered 
structures can be prepared by simultaneous deposition onto these various MgO and 
sapphire substrates (Smith et al., 1997).

The structure of representative Co/Cu multilayers (grown without Fe seed lay­
ers) was characterized in detail with specular and off-specular x-ray scattering 
measurements using wiggler beam line VII-2 at the Stanford Synchrotron Radia­
tion Laboratory (Smith et al., 1997). The weak scattering contrast between Co 
and Cu was enhanced by utilizing the Co scattering factor resonant modification 
obtained for 7692 eV photons close to the 7709 eV Co K absorption edge. Modeling 
of low angle specular scattering data, using an optical recursion formulation of the 
reflectivity (Parratt, 1954; Toney and Thompson, 1990), revealed that the Co/Cu 
interfaces had a typical root mean square width of ~4.5 Å where the averaging is 
over the spectrometer in-plane coherence length (~5000 Å). Peaks in the slightly 
off-specular diffuse scattering at the multilayer periodicity demonstrate that sig­
nificant long wavelength interfacial roughness is conformally replicated throughout 
the multilayer (Sinha et al., 1991; Lurio et al., 1992).

The epitaxy, mosaicity and structural coherence of various Co/Cu films was 
explored by large-angle Bragg scattering. Figure 4 shows azimuthal x-ray scans 
(rotation about the multilayer normal) through off-specular Bragg peaks for three 
Co/Cu multilayers, which demonstrate both the symmetry of the films and the 
excellent in-plane orientational order with respect to the substrate crystallographic 
axes. Whilst orientationally ordered, the films are not strictly epitaxial as the
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Figure 4. Azimuthal scans through off-specular Bragg peaks: six-fold symmetric 
(twinned three-fold) [111] peaks from a Co[10Å]/Cu[9Å] (111) oriented film, four­
fold symmetric [202] peaks from a Co[20Å]/Cu[20Å] (100) oriented film, and two-fold 
symmetric [200] peaks from a Co[10Å]/Cu[9Å] (110) oriented film. Successive scans 
are scaled by 10~5.

Co/Cu lattices are relaxed relative to that of the underlying seed film, although 
the largest observed Co/Cu in-plane strain relative to the bulk metals is < 0.2%. 
Note that when the very thin Fe seed layer is omitted, for growth on (100) and (110) 
MgO, the Pt seed layer, and consequently the multilayer, may grow with mixed 
orientations, and typically some (111) orientation is then obtained. Interestingly, 
the (111) phase grows oriented with respect to the substrate crystal axes. The 
Co/Cu films exhibit modest structural coherence lengths as summarized in Table 
I for four representative films. Although the data in Table I correspond to Co/Cu 
multilayers grown without Fe seed layers, of the films examined, only one grew 
with mixed orientation.

Figure 5(a) shows a high resolution XTEM image of a (100) Co/Cu multilayer 
grown on MgO(100) with an Fe/Pt seed layer. The sample was prepared for elec­
tron microscopy using standard procedures of mechanical polishing and dimpling, 
followed by Ar+ ion milling at 77 K. The microscopy was carried out using a JEM-
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Figure 5. (a) High-resolution cross-section transmission electron micrograph of a 
MgO(lOO)/ 5Å Fe/ 50Å Pt/[11Å Co/ 13Å Cu] j9/ 11Å Co/ 15Å Pt multilayer, (b) 
Low magnification electron micrograph showing cross-section of the same multilay­
ered structure as in Fig. 3(a) but deposited on a MgO(lOO) substrate. The image 
is deliberately defocussed to enhanced layer contrast. A section of the structure 
including, MgO substrate, Fe/Pt seed layer and a lower portion of the multilayer is 
shown.
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Table I. Structural characteristics of four representative multilayers. Only one sam­
ple displayed mixed orientation. Tabulated mosaics are multilayer normal (J_) or 
in-plane (||) Bragg peak rocking full widths at half maximum. Coherence lengths 
(£j_, £||) are resolution corrected Bragg peak inverse half widths at half maximum.

Substrate Orientation Mosaic j_ 
(Deg.) (A)

Mosaic Ji 
(Deg.)

«II

(A)
A12O3 (0001) 111 1.1 227 1.5 37

MgO (110) 110 1.4 61 1.2 47
MgO (100) 100 1.0 96 0.8 89
MgO (110) 100 2.2 41 1.6 42
MgO (110) 111 0.7 184 2.0 44

4000EX high-resolution electron microscope operated at 400 keV. The micrograph 
shows that the Pt seed layer and Co/Cu are epitaxially oriented with the MgO(lOO) 
substrate, and that the multilayer is of high crystalline quality with few defects. 
Under optimum imaging conditions the Co and Cu layers cannot be distinguished. 
However by deliberately defocussing the image the contrast between the Co and 
Cu layers is enhanced (Smith et al., 1994). Fig. 5(b) shows an XTEM of exactly 
the same multilayered structure as in Fig. 5(a) but grown, at the same time, on a 
MgO(llO) substrate. The low resolution image shows that the Co and Cu layers 
are well defined and essentially flat. High resolution microscopy of the same sample 
shows that the crystal perfection is not as great as for the (100) oriented multilayer 
but that there are a substantial number of stacking faults along the (111) planes.

3.2 Magnetic properties:
bilinear and biquadratic interlayer coupling

For crystalline multilayers with significant in-plane magnetic anisotropy the resis­
tance varies in a complicated manner with magnetic field as first observed in (100) 
Fe/Cr/Fe sandwiches (Binasch et al., 1989). The magnetic properties of (100) 
and (211) Fe/Cr multilayers, which exhibit a two-fold (uniaxial) and a four-fold 
magnetic anisotropy respectively, have been examined in great detail (Fullerton et 
al., 1993, 1995; Azevedo et al., 1996). The magnetic moment versus field hystere­
sis loops of multilayers with different crystalline symmetries (and thus possessing 
two-fold, four-fold or higher-order magnetic anisotropies) and both bilinear and 
biquadratic interlayer coupling of adjacent magnetic layers has been extensively 
modeled (Folkerts, 1991; Dieny et al., 1990; Fujiwara, 1995; Almeida and Mills, 
1995). The bilinear interlayer coupling varies as cos# where 0 is the angle between 
the magnetic moments of adjacent magnetic layers, and favours parallel or antipar- 

9
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allel alignment of the magnetic moments. By contrast, the biquadratic interlayer 
coupling varies as cos2 0, thereby favouring perpendicular orientation of neighbour­
ing magnetic moments. The bilinear coupling can be understood in terms of RKKY 
models but the biquadratic coupling strength (which similarly oscillates with spacer 
layer thickness) is too large to be accounted for within conventional models. A vari­
ety of models have been proposed to account for biquadratic coupling (Slonczewski, 
1995). These are generally based on competition between competing ferromagnetic 
and antiferromagnetic interlayer interactions resulting, for example, from variations 
in individual layer thicknesses on the atomic length scale. For Fe/Cr, as mentioned 
above, the interlayer coupling oscillates with a period of just 2 monolayers of Cr 
which means the sign of the coupling can change from F to AF when the thick­
ness of Cr is increased or decreased by just one atomic monolayer. Other models, 
propose a competing interaction between an RKKY AF coupling and a F coupling 
derived from pinholes or perhaps significant local thickness variations in the spacer 
layer which lead to F coupling (Fulghum and Camley, 1995). For Fe/Cr the spin 
density wave in the Cr layers themselves has been invoked in yet another model 
(Slonczewski, 1995).

The dependence of the magnetic moment with magnetic field of the (110) 
Co/Fe/Cu sample shown in Fig. 3 is exhibited in Fig. 6 for a field oriented in­
plane along (100). This sample exhibits a significant two-fold in-plane magnetic 
anisotropy as shown by the strong orientation dependence of the resistance versus 
in-plane magnetic field curves shown in Fig. 3. The field required to saturate the 
resistance is smallest when the field is applied parallel to (100) and largest when 
applied perpendicular to (100) along (Oil). The energy, Ei, of the ith magnetic 
layer in the multilayer per unit area can be written as

E = -| [^j’î+1cos^’i+1 + J’^cosø^-1] +Kusin2ö (1)

where is the angle between the zth magnetic moment and the two neighbour­
ing magnetic moments, and 0 is the angle between the applied magnetic field and 
the easy magnetic anisotropy axis. Ji and Ku are the bilinear interlayer exchange 
coupling, and the uniaxial magnetic anisotropy energies respectively. The relative 
strengths of these energies can be determined from the magnetic fields required 
to saturate the magnetization of the multilayer along the magnetic easy and hard 
axes. From Fig. 3 it is readily deduced that Ku is large and is about 1/3 the size 
of Jp

The data in Fig. 6 show that there are two distinct field regions of magnetization 
for the (110) CoFe/Cu multilayer. At low fields the moment of the multilayer 
is close to zero consistent with the magnetic moments of adjacent layers being 
coupled antiferromagnetically (Cebollada et al., 1989; Parkin et al., 1991a). The
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Figure 6. Magnetic moment versus field curves at (a) 300 K and (b) 5 K of a magnetic 
multilayer of the form MgO(llO)/ 6Å Fe/ 45Å Pt/ 9.5Å Cu/[9.5Å CogsFes/ 8.5Å 
Cu]i2o/ 12Å Pt for magnetic field applied in the plane of the film parallel to [100].

small residual moment may indicate that some small portion of the Co layers are 
coupled ferromagnetically, perhaps because of defects in the multilayer, or because 
of a small biquadratic interlayer coupling contribution. As the field is increased 
the moment of the multilayer increases slowly until at about 10 kOe the moment 
increases abruptly. The system undergoes a spin-flop transition at this field in 
which the moments reorient themselves from being aligned largely along (100) and 
antiparallel to one another to being aligned largely parallel to the applied field and 
each other (see sketch of magnetic configurations in Fig. 6). The sudden decrease 
in the angle between neighbouring moments results in a significant decrease in the 
resistance of the multilayer (see Fig. 3). For field oriented along the (110) in-plane 
axis, the magnetic hard axis, both the magnetization (not shown) and resistance 
(Fig. 3) vary monotonically with magnetic field. Similar results have been obtained 
for (211) Fe/Cr multilayers (Fullerton et al., 1993).

Figure 7 shows an unusual example of the magnetoresistance curve of a (110) 
MgO/ 9Å Fe/ 50Å Pt/ 10Å Cu/[8.5Å Co85Fei5/ 12Å Cu]4o multilayer. In this

9*
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Figure 7. Resistance curve of a (110) MgO/ 9Å Fe/ 50Å Pt/ 10Å Cu/[8.5Å 
CogsFeis/ 12Å Cu]4o multilayer for field applied along the easy and hard in-plane

case the resistance varies little when the magnetic field is applied along the easy 
axis (100) but when the field is applied along the hard axis the resistance, which 
is low in small fields, exhibits two peaks at fields of ~ ±4 kOe. This behaviour 
can only be accounted for by including a biquadratic interlayer exchange coupling 
contribution in addition to a ferromagnetic bilinear term and a uniaxial magnetic 
anisotropy (Pettit et al., 1997).

4 Giant magnetoresistance in sandwiches

The phenomena of giant magnetoresistance and oscillatory interlayer coupling have 
captured much attention, not only because they allow the basic transport and elec­
tronic properties of transition metals to be probed in a novel manner, but because it 
was immediately recognized that they may have useful properties for certain appli­
cations. In particular magnetoresistive materials can be used to measure magnetic 
fields. An important application is in magnetic recording disk drives in which in­
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formation is stored in the form of magnetic bits written in thin magnetic films 
deposited on circular platters or discs. Bits correspond to small longitudinally 
magnetized regions or, rather, transitions between regions magnetized in opposite 
directions. An important parameter describing the performance of a disk drive is 
the number of magnetic bits which can be stored in a given area. In modern disk 
drives areal densities are in excess of 1 Gbit/in2. In recent years the areal density 
has been increasing at a compound growth rate of approximately 60%/year (Gro­
chowski and Thompson, 1994). This is reflected in decreased magnetic bit sizes 
which makes them increasingly difficult to read (as well as write). The most ad­
vanced magnetic recording read heads today use magnetoresistive technology based 
on the AMR effect in thin permalloy (NigiFeig) films (Ciureanu, 1992; Tsang et 
al., 1990). In order to achieve higher areal densities the thickness of the AMR 
sense film has to be decreased from approximately 150 Å at 1 Gbit/in2 to well 
below ~100 Å at densities of > 5 Gbit/in2. As mentioned previously the AMR 
effect is decreased in thin ferromagnetic films such that it is predicted that within 
the near future AMR metals will no longer provide sufficient signal for MR read 
head devices. Thus new materials are needed to allow ever greater areal densities 
in magnetic recording disk drives. Novel spin-valve sensors based on the GMR in 
magnetic sandwiches have been proposed (Dieny et al., 1991).

The spin-valve device is composed of two thin ferromagnetic layers separated 
by a thin Cu layer. The device relies on the exchange-biasing of one of the fer­
romagnetic layers to magnetically pin this layer. This effect, of ancient origin, is 
described schematically in Fig. 8. The magnetic hysteresis loop of a ferromagnetic 
layer is centered symmetrically about zero field. However certain combinations of 
thin ferromagnetic and antiferromagnetic layers display hysteresis loops which are 
displaced from zero field by an exchange bias field (Yelon, 1971). The origin of 
the effect is related to an interfacial exchange interaction between the AF and F 
layers and the fact that the magnetic lattice of the AF layer is essentially rigid, 
and little perturbed by even large external magnetic fields. Assuming the simplest 
possible AF structure of successive ferromagnetically ordered atomic layers whose 
moments alternate in direction from one layer to the next, one can readily appre­
ciate that the uncompensated magnetic moment in the outermost AF layer at the 
AF/F interface will give rise to a exchange field which the F layer is subjected to. 
A long standing puzzle is why any exchange bias field is observed at all since one 
supposes that the interface between the F and AF layers is rough on an atomic 
scale (Malozemoff, 1988). As shown in Fig. 8, if the interface consists of atomic 
terraces whose length is less than the exchange length in the F metal there will be 
no net exchange anisotropy field. Note that similarly, if the AF layer is composed of 
randomly oriented magnetic domains, then this alone would quench the exchange 
bias field. In order to establish an exchange bias field the AF layer is usually de-
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Figure 8. Schematic depiction of exchange biasing of a ferromagnetic layer by an 
antiferromagnetic layer on cooling through the blocking temperature of the AF layer.

posited on a magnetized F layer such that the interfacial exchange anisotropy leads 
to a preponderance of domains in the AF layer contributing to a net exchange bias 
field. Alternatively by heating the F/AF combination above the so-called blocking 
temperature of the AF layer where the AF spin system is no longer rigid, and 
subsequently cooling the bilayer couple in a magnetic field, an exchange bias field 
can be established in the direction of the applied field (see Fig. 9). This is a useful 
method to orient the exchange bias field in different directions in different magnetic 
layers in more complicated magnetic structures. By using AF layers with differ­
ent blocking temperatures different, F layers can thereby be exchange biased in 
different directions. This is useful for engineering magnetic structures for various 
applications. A variety of models have been proposed to account for an exchange 
bias field even in the presence of rough interfaces (Malozemoff, 1988; Koon, 1997).

By combining an exchange biased ferromagnetic layer with a simple ferromag­
netic layer it is thereby possible to engineer the magnetic moments of the two 
layers to be either parallel or antiparallel to one another as a function of magnetic 
field without relying on interlayer exchange coupling. Examples of such spin-valve 
GMR sandwiches are shown in Fig. 10 (Parkin, 1993). In each case a thin Co 
or permalloy layer, pinned by exchange biasing to a thin MnFe antiferromagnetic 
layer, is separated from an unpinned or free thin Co or permalloy layer by Cu layers 
~20 Å thick. The interlayer coupling via the Cu layer is weak. As shown in Fig. 
10, well defined magnetic states of the sandwich are obtained in small positive and 
negative fields with the magnetic moments of the pinned and free layers parallel or 
anti-parallel to one another. This leads, via the GMR effect, to a step-wise change
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Figure 9. Schematic depiction of exchange biasing of a ferromagnetic layer by an 
antiferromagnetic layer.

in the resistance of the sandwich in small magnetic fields. The magnitude of the 
GMR effect in such sandwiches is very small, 3-7%, as compared with more than 
100% in the Co-Fe/Cu multilayer shown in Fig. 3. A great deal of the GMR effect 
has been sacrificed to engineer a structure useful for MR head applications. The 
magnitude of the GMR in the sandwich is reduced for various reasons, including 
that there are only two magnetic layers (Parkin, 1995), and that the Cu spacer 
layer and the magnetic layers themselves are relatively thick leading to increased 
dilution of the GMR effect (Parkin et al., 1993). By using additional magnetic lay­
ers such that the free FM layer has two pinned magnetic layers on either side of it, 
GMR values of more than 20% have been obtained at room temperature (Egelhoff 
et al., 1995).

The origin of the GMR effect has been much debated since its discovery a few 
years ago (Binasch et al., 1989; Baibich et al., 1988). Much discussion has re­
lated to the role of spin-dependent scattering of the conduction electrons at the 
interfaces between the F and spacer layers. Early models emphasized the role of 
spin-dependent scattering within the interior of the F layers (Camley and Barnas, 
1989; Levy, 1994) but subsequent work has revealed that the interfacial scattering
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Figure 10. Resistance versus field curves for three spin-valve GMR exchange-biased 
structures: Py/Cu/Py, Co/Cu/Co and a Py/Cu/Py sandwich with 3 Å Co interface 
layers. (Py=permalloy).

is the dominant contribution (Parkin, 1992, Parkin, 1993). This is clearly demon­
strated in Fig. 10 in which room temperature resistance versus field curves are 
shown for three spin-valve sandwiches. Fig. 10(a) shows data for Si/ 53Å Py/ 32Å 
Cu/ 22Å Py / 90Å FeMn/ 10Å Cu, where Py is permalloy (NigiFeig). The Py free 
layer in the Py/Cu/Py sandwich exhibits a very small switching field so that the 
structure is very sensitive to small fields. Data for a similar structure with the Py 
layers replaced by Co is shown in Fig. 10(b). The MR of the sandwich with Co 
layers is about twice as large as that of the Py/Cu/Py structure. However the Co 
free layer displays a significantly higher switching field than Py since Co has a much 
higher anisotropy. By simply dusting each of the Py/Cu interfaces in structure (a) 
with very thin layers of Co a structure with MR comparable to that of the Co/Cu 
structure but with low switching fields corresponding to the Py/Cu structure is 
obtained. Data for a sandwich with the same structure as in (a) but with 3 Å thick 
Co layers added at each Py /Cu interface is shown in Fig. 10 (c). Only 1-2 atomic 
layers of Co, just sufficient to completely cover the Py/Cu interface is required to 
obtain the enhanced GMR of the Co/Cu structure (see Fig. 11) (Parkin, 1993).

Finally another example of the dominant role of interface scattering in magnetic



MfM 45 Magnetotransport in Multilayered Structures 129

Figure 11. Saturation magnetoresistance versus thickness of Co and Fe layers in­
serted at the Ni/Cu interfaces in an exchange biased Ni/Cu/Ni spin valve GMR 
structure.

Interface layer thickness (t)

multilayers is shown in Fig. 11. The figure shows the results of dusting the Ni/Cu 
interfaces in Ni/Cu/Ni exchange biased sandwiches with Co and Fe. For Co inter­
face layers the MR systematically increases as the Co interface layer is thickened, 
increasing by about a factor of six for Co layers about 10 Å thick. By contrast 
the MR of Ni/Cu/Ni structures has a complicated dependence on the thickness 
of Fe interface layers. The MR initially increases with the insertion of 1-2 Å Fe, 
then decreases and finally increases with thicker Fe layers. The dependence of the 
MR on Fe thickness can be accounted for by changes in the crystal structure, and 
consequently the magnetic moment of the Fe layer. For very thin Fe layers the 
Fe takes up a tetragonally distorted fee phase which is ferromagnetic. For inter­
mediate Fe thicknesses the Fe takes up an undistorted fee phase which has no net 
magnetic moment and, finally, for thicker Fe layers, the Fe structure changes to a 
bcc phase which again is ferromagnetic. Details of the structure and magnetism of 
the Fe layers has been explored in related sputter-deposited crystalline (100) Ni/Fe 
superlattices (Kuch and Parkin, 1997).

5 Summary

Transition metal magnetic multilayers display fascinating properties. These include 
the indirect magnetic exchange coupling of thin 3d ferromagnetic layers of Co, 
Fe, Ni and their various alloys via intervening spacer layers of almost any of the 
non-ferromagnetic transition or noble metals. The indirect coupling is long-range 
and oscillates between ferro- and antiferromagnetic coupling as the spacer layer 
thickness is varied. Antiferromagnetically coupled multilayers display enhanced 
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magnetoresistance values. These giant magnetoresistance values have magnitudes 
of as much as ~110% and ~220% at room temperature and helium temperatures, 
respectively. The oscillatory interlayer coupling makes possible the spin engineering 
of magnetic multilayers with all sorts of possible magnetic structures (Parkin and 
Mauri, 1991). Simple sandwich structures composed of two ferromagnetic layers 
separated by thin Cu layers can be optimized, using interfacial dusting, to give 
large changes in resistance in very small magnetic fields. Such structures show 
great potential for magnetic recording read head sensors.
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