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The discovery of giant magnetoresistance (GMR) has been a huge impact on our life, especially for mass data
storage devices. Initial experiments conducted by Gruberg and Fert are explained. Basic physics of the GMR
effect can be explained by the two-current model, which the conduction of a current is consist of two different
spin electrons. Details of GMR applications, such as hard-disk read-heads and magnetic memory chips are
presented.

Introduction

In our every day life, it’s inseparable to live without dig-
ital data. The discovery of giant magnetoresistance (GMR)
in 1988 by two french and german scientists, Albert Fert[1]
and Peter Grunberg[3] has been dramatically improving our
way to live. GMR’s application to the read head of hard discs
greatly contributed to the fast rise in the density of stored in-
formation and led to the extension of the hard disk technology
to consumer’s electronics. For instance, since the introduction
of GMR-type sensors as reading elements, in around 1997,
storage capacities have increased approximately 100 times.
[7] Besides in terms of further technological advances, the
development of spintronics revealed many other phenomena
related to the control and manipulation of spin currents. Thus
basically GMR of the magnetic multilayers opened the way to
an efficient control of the motion of the electrons by acting on
their spin through the orientation of a magnetization.

Family of magnetoresistance

Generally, GMR should be distinguished from other mag-
netoresistance effects, such as regular bulk magnetoresistance
(MR) and anisotropic magnetoresistance (AMR) which are
also exhibited in layered systems. Lorentz force on the elec-
trons due to the external magnetic field changes the electrons
path, and this is an origin of ordinary magnetoresistance. Or-
dinary magnetoresistance exhibits only small changes in the
resistance compared to GMR (less than 1% in fields of the
order of 1 Tesla)[12] and does not saturate at the saturation
magnetic field. AMR originates from the spin-orbit interac-
tion and causes the resistance to depend on the relative orien-
tations of the magnetization and the electric current.

In addition to ordinary, anisotropic and giant magnetoresis-
tance, there also exists “colossal” magnetoresistance (CMR)
which was found in doped manganite perovskites such as La3-
xCaxMnO3[5, 11]. The CMR effect can be extremely large
resulting in a resistance change of a few orders in magni-
tude. CMR originates from a metal-insulator transition in the
low temperature near the Curie temperature the vicinity of the
Curie temperature and requires magnetic fields of the order of
several Tesla. The latter property makes the applicability of
CMR materials fairly limited. On the other hand, tunneling
magnetoresistance aroused considerable interest recently due

to possible applications in the magnetic sensor and storage
industry. Tunneling magnetoresistance (TMR) is observed
in magnetic tunnel junctions[9][8], in which ferromagnetic
metallic layers are separated by a thin insulating spacer layer.
Similar to GMR, TMR is determined by the relative orienta-
tion of the magnetic moments of the ferromagnetic layers. Al-
though both these phenomena may have similar applications,
they are very distinct from the point of view of the physics
involved. GMR is observed in magnetic metallic multilayer
structures and therefore the physics of GMR is related to spin-
dependent electronic transport in complex metal systems. On
the other hand, TMR is observed in layered systems where
magnetic metallic layers are separated by an insulating spacer
layer and is a consequence of spin-polarized tunneling[12].

Experiment & Discovery

Giant magnetoresistance was discovered in 1988 by the
group of Albert Fert on Fe/Cr magnetic multilayer[1, 6] and
the group of Peter Grünberg on Fe/Cr/Fe trilayers[3, 7]. In
both cases the samples were grown using MBE and had [001]
orientation of the layers. Specifically, in order to have more
experimental possibilities available, Grunberg et al. used sam-
ples grown epitaxially on (110) oriented GaAs. The film plane
was parallel to a (110) atomic plane and had an easy (EA)
and a hard (HA) axis. For the thickness d of the individual
Fe films, they chose d =12 nm. The Cr thickness was d0 =1
nm, so that the Fe layers were coupled antiferromagnetically
providing an antiparallel alignment of their magnetizations at
zero applied magnetic field. As a reference sample, they also
made a single Fe film with thickness d=25 nm in 100 order to
measure the anisotropic magnetoresistance (AMR) effect for
comparison. Laterally, the samples had the shape of a long
strip with contacts at both ends. From Fig. 2, they have an
MR effect both due to the anisotropic effect (negative values)
and antiparallel alignment (positive values).
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Figure 1: The multilayer of ferrogmagnetic (Iron) and non-magnetic
(Chromium) metals with antiparallel alignment of the magnetiza-
tions. [3]

As the applied field is increased, the magnetic moments
of the ferromagnetic layers progressively rotate towards the
field, leading to a decrease in the resistance of the multilayer.
At saturation the magnetizations end up in a configuration of
parallel alignment with the lowest value of the resistance. Fig.
3 shows the variation in the resistance of the Fe/Cr multi-
layer. The highest magnitude of GMR in these experiments
was found of 79% at T = 4.2 K. The GMR effect was as-
cribed to the spin-dependent transmission of the conduction
electrons between the Fe and Cr layers.

Figure 2: Magnetoresistance from Fe double layers with antiferro-
magnetic coupling, and also the anisotropic MR effect of a only Fe
film. [3, 7]

Figure 3: Magnetoresistance of three Fe/Cr superlattices at 4.2 K. [1]

Theory

Sir Nevil Mott proposed a two-current model for the de-
scription of the electrical resistivity of magnetic alloys[10].
This model is based on the fact that the resistivity is due to
electron scattering. In magnetic materials, this is dependent
on spin orientation. Due to the quantum mechanical spatial
quantization, this orientation is only parallel or antiparallel
with respect to the local magnetization. As spin flip processes
occur seldom, each of the two orientations defines a current.
With this picture, one expects that there would be a strong
resistivity change if one could manage to change the direc-
tion of the local magnetization within the mean free path of
the electrons or on an even shorter scale. In a case where the
scattering rates are different, there is a better chance that the
total scattering rate is increased. As mean free paths are of
the order of 10 nm, the 1 nm thickness by which the magnetic
layers are separated in the coupled structures perfectly fulfills
this condition.

Let’s consider the magnetic multilayer, which is made of
cobalt and copper (Fig. 4). The cobalt ferromagnetic layers
(FM) are separated by copper nonmagnetic (NM) spacer lay-
ers. Due to antiferromagnetic interlayer exchange coupling
they are aligned antiparallel at zero magnetic field as is indi-
cated by the blue and red arrows. Under the external magnetic
field, at the saturation field the magnetic moments are aligned
parallel (the blue arrows).

Using Mott’s arguments it is straightforward to explain
GMR in magnetic multilayers. We consider the two-current
model that a current is consist of each spin-up (blue arrow)
and spin-down (red arrow) electrons movement, and a sample
is made of combinations of ferromagnetic and non-magnetic
metals layers simultaneously as is shown in Fig. 4, and as-
sume that the scattering is strong for electrons with spin an-
tiparallel to the magnetization direction, and is weak for elec-
trons with spin parallel to the magnetization direction. This
is supposed to reflect the asymmetry in the density of states
at the Fermi level, in accordance with Mott’s second argu-
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Figure 4: Left: antiferromagnetic alignment, Right: parallel
alignment

ment. For the antiparallel-aligned multilayer, left figure in
Fig. 4, both the up-spin and down-spin electrons are scat-
tered strongly within one of the ferromagnetic layers, because
within the one of the layers the spin is antiparallel to the mag-
netization direction. Thus, in this case the total resistivity of
the multilayer is high. For the parallelaligned magnetic lay-
ers, right one in Fig. 4, the up-spin electrons pass through the
structure almost without scattering, because their spin is par-
allel to the magnetization of the layers. On the other hand, the
down-spin electrons are scattered strongly within both ferro-
magnetic layers, because their spin is antiparallel to the mag-
netization of the layers. Since conduction occurs in parallel
for the two spin channels, the total resistivity of the multilayer
is determined mainly by the highly-conductive up-spin elec-
trons and appears to be low.
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These models provided new conceptual insights into the phenomenon and have extended our 
fundamental understanding of GMR.  

Reviews on GMR have been published by Fert and Bruno,19 Levy20 and Dieny21 covering the 
field upto 1994. Other reviews by Gijs and Bauer,22 Ansermet,23 Bass and Pratt,24 Fert and Piraux25 
and Gijs26 are devoted specifically to the CPP GMR. Very recently two review papers by Coehoorn27 
and by Barthelemy et al.28 have appeared. The first one highlights the theoretical and experimental 
results, which are of particular interest for applications of spin valves in read heads. The second one 
discusses the nature of GMR by accenting the importance of CPP geometry and gives a full list of 
experimental papers.  

The present review is devoted to the physics of giant magnetoresistance. We emphasize the role 
of the spin-polarized electronic band structure, which is crucial for understanding GMR. In section II, 
the origin of GMR is explained and a simple resistor model is introduced. In section III, we overview 
the experimental data on CIP GMR in magnetic multilayers and spin valves and discuss the 
dependence of GMR on composition, layer thickness, roughness, impurities, outer boundaries and 
temperature. The theoretical formulations of GMR within free-electron and simple tight-binding 
models are reviewed in section IV both from the semiclassical and quantum mechanical viewpoints. 
Multiband models for GMR are reviewed in section V. Starting from the ballistic regime of 
conduction, we discuss both the semiclassical and quantum mechanical approaches to GMR within 
the diffusive limit. The mechanisms, which are responsible for GMR, are discussed and the 
interpretation of selected experimental results is presented. A separate section VI is devoted to CPP 
GMR, which has recently attracted much attention due to new experimental and theoretical results. In 
conclusion, we indicate directions for future work on GMR. 

 

II.  ORIGIN OF GMR 
 
GMR can be qualitatively understood using the Mott model, which was introduced as early as 

1936 to explain the sudden increase in resistivity of ferromagnetic metals as they are heated above the 
Curie temperature.29 There are two main points proposed by Mott. First, the electrical conductivity in 
metals can be described in terms of two largely independent conducting channels, corresponding to 
the up-spin and down-spin electrons, which are distinguished according to the projection of their 
spins along the quantization axis. The probability of spin-flip scattering processes in metals is 
normally small as compared to the probability of the scattering processes in which the spin is 
conserved. This means that the up-spin and down-spin electrons do not mix over long distances and, 
therefore, the electrical conduction occurs in parallel for the two spin channels. Second, in 
ferromagnetic metals the scattering rates of the up-spin and down-spin electrons are quite different, 
whatever the nature of the scattering centers is. According to Mott, the electric current is primarily 
carried by electrons from the valence sp bands due to their low effective mass and high mobility. The 
d bands play an important role in providing final states for the scattering of the sp electrons. In 
ferromagnets the d bands are exchange-split, so that the density of states is not the same for the up-
spin and down-spin electrons at the Fermi energy. The probability of scattering into these states is 
proportional to their density, so that the scattering rates are spin-dependent, i.e. are different for the 
two conduction channels. Although, as we will see below, this picture is too simplified in a view of 
the strong hybridization between the sp and d states, it forms a useful basis for a qualitative 
understanding of the spin-dependent conduction in transition metals. 

Using Mott’s arguments it is straightforward to explain GMR in magnetic multilayers. We 
consider collinear magnetic configurations, as is shown in Fig.4, and assume that the scattering is 
strong for electrons with spin antiparallel to the magnetization direction, and is weak for electrons 
with spin parallel to the magnetization direction. This is supposed to reflect the asymmetry in the 
density of states at the Fermi level, in accordance with Mott’s second argument. For the parallel-
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aligned magnetic layers (the top panel in Fig.4a), the up-spin electrons pass through the structure 
almost without scattering, because their spin is parallel to the magnetization of the layers. On the 
contrary, the down-spin electrons are scattered strongly within both ferromagnetic layers, because 
their spin is antiparallel to the magnetization of the layers. Since conduction occurs in parallel for the 
two spin channels, the total resistivity of the multilayer is determined mainly by the highly-conductive 
up-spin electrons and appears to be low. For the antiparallel-aligned multilayer (the top panel in 
Fig.4b), both the up-spin and down-spin electrons are scattered strongly within one of the 
ferromagnetic layers, because within the one of the layers the spin is antiparallel to the magnetization 
direction. Therefore, in this case the total resistivity of the multilayer is high.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The same arguments can be used for understanding GMR in granular materials. In the absence of 

a magnetic field, the magnetic moments of the ferromagnetic granules are randomly-oriented. This 
implies that both up- and down-spin electrons are scattered strongly by the granules, the magnetic 
moments of which are close to antiparallel. The resistance in this case is large. When a saturating 
magnetic field is applied, the magnetic moments are aligned and the resistance is low, like in the case 
of the parallel-aligned multilayer.  

Therefore, as was originally suggested by Baibich et al.,1 spin-dependent scattering is the primary 
origin of GMR. An understanding of the microscopic mechanisms, which cause spin-dependent 
scattering in magnetic systems, is one of the most important questions, which this review attempts to 
answer. In addition, we will see that there are other mechanisms distinct from spin-dependent 

Fig.4 Schematic illustration of electron transport in a multilayer for parallel (a) and antiparallel 
(b) magnetizations of the successive ferromagnetic layers. The magnetization directions are 
indicated by the arrows. The solid lines are individual electron trajectories within the two 
spin channels. It is assumed that the mean free path is much longer than the layer 
thicknesses and the net electric current flows in the plane of the layers. Bottom panels show 
the resistor network within the two-current series resistor model. For the parallel-aligned 
multilayer (a), the up-spin electrons pass through the structure almost without scattering, 
whereas the down-spin electrons are scattered strongly within both ferromagnetic layers. 
Since conduction occurs in parallel for the two spin channels, the total resistivity of the 
multilayer is low. For the antiparallel-aligned multilayer (b), both the up-spin and down-
spin electrons are scattered strongly within one of the ferromagnetic layers, and the total 
resistivity of the multilayer is high.  
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Figure 5: Schematic illustration of electron transport in a multilayer
for parallel (a) and antiparallel (b) magnetizations of the successive
ferromagnetic layers. The magnetization directions are indicated by
the arrows. The solid lines are individual electron pathes with the
two spin channels. Bottom panels show the resistor network within
the two-current series resistor model[12].
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I.   INTRODUCTION 
 

Giant magnetoresistance (GMR) is one of the most fascinating discoveries in thin-film 
magnetism, which combines both tremendous technological potential and deep fundamental physics. 
Within a decade of GMR being discovered in 1988 commercial devices based on this phenomenon, 
such as hard-disk read-heads, magnetic field sensors and magnetic memory chips, had become 
available in the market. These achievements would not have been possible without a detailed 
understanding of the physics of GMR, which requires a quantum-mechanical insight into the 
electronic spin-dependent transport in magnetic structures.   

The discovery of GMR was to a great extent due to the significant progress in thin-film 
deposition techniques, which made it possible to fabricate layers of various materials with nearly a 
monolayer precision. Thin films of a nanometer thickness can nowadays be routinely fabricated using 
molecular beam epitaxy (MBE), sputtering and electrodeposition. By stacking such thin films in 
multilayers one can create layered systems with properties, which are totally distinct from those of the 
constitutive bulk materials. Metallic magnetic multilayers, which consist of several ferromagnetic 
layers separated by non-magnetic layers, are very attractive as they exhibit a broad variety of unique 
electronic, magnetic, and transport properties.  

Like other magnetoresistive effects, GMR is the change in electrical resistance in response to an 
applied magnetic field. It was discovered that the application of a magnetic field to a Fe/Cr multilayer 
resulted in a significant reduction of the electrical resistance of the multilayer.1 This effect was found 
to be much larger than either ordinary or anisotropic magnetoresistance and was, therefore, called 
“giant magnetoresistance” or GMR. A similar, though diminished effect was simultaneously 
discovered in Fe/Cr/Fe trilayers.2 As was shown later, high magnetoresistance values can also be 
obtained in other magnetic multilayers, such as Co/Cu. The change in the resistance of the multilayer 
arises when the applied field aligns the magnetic moments of the successive ferromagnetic layers, as 
is illustrated schematically in Fig.1. In the absence of the magnetic field the magnetizations of the 
ferromagnetic layers are antiparallel. Applying the magnetic field, which aligns the magnetic 
moments and saturates the magnetization of the multilayer, leads to a drop in the electrical resistance 
of the multilayer.  

In order to observe GMR one has to provide an opportunity to reorient the magnetic moments of 
the ferromagnetic layers relative to one another. In magnetic multilayers this can be achieved due to 
the effect of antiferromagnetic interlayer coupling,3 which is a particular case of interlayer exchange 
coupling. The interlayer exchange coupling is mediated by the itinerant electrons in the metallic 
spacer layer and is an analogue of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between 
localized magnetic moments in a non-magnetic host metal. The interlayer exchange coupling 
oscillates between ferromagnetic and antiferromagnetic as a function of the thickness of the non-
magnetic layer.4 By choosing an appropriate thickness of the non-magnetic layer it is, therefore, 
possible to create an antiparallel configuration of the ferromagnetic layers and then reorient (align) the 
moments by an applied magnetic field.   

The presence of an antiferromagnetic interlayer coupling is not, however, a necessary condition 
for GMR to occur. Antiparallel alignment can also be obtained by introducing different coercivities of 
the successive ferromagnetic layers.5-7 In this case the magnetic moments of the soft and hard 
magnetic layers switch at different values of the applied magnetic field providing a field range in 
which they are antiparallel and the resistance is higher. Another way to change the alignment of the 
magnetizations is to use a spin valve.8 In the spin valve the magnetization of one ferromagnetic layer 
is pinned by the exchange coupling with an adjacent antiferromagnetic layer, whereas the 
magnetization of the other ferromagnetic layer is free to rotate with the applied magnetic field. 
Although the measured values of GMR are higher in magnetic multilayers, spin valves are more 
attractive from the point of view of applications, because only small magnetic fields need to be 
applied to change the resistance. Magnetic granular solids represent another system, which displays 

 3 

the GMR effect.9 In these materials ferromagnetic precipitates are embedded in a non-magnetic host 
metal film. The randomly-oriented magnetic moments of the precipitates can be aligned by the 
applied magnetic field which results in a resistance drop. The various types of systems in which GMR 
is observed are shown in Fig.2. 

  

 
 
 
 
 
 
 
 

 
GMR is distinguished from both ordinary magnetoresistance and anisotropic magnetoresistance 

(AMR) which are also present in layered and granular magnetic systems. Ordinary magnetoresistance 
arises from the effect of the Lorentz force on the electron trajectories due to the applied magnetic 
field. In contrast to GMR, it does not saturate at the saturation magnetic field and is usually small in 
metals (less than 1% in fields of the order of 1 Tesla). AMR originates from the spin-orbit interaction 
and causes the resistance to depend on the relative orientations of the magnetization and the electric 
current. The magnetic field range in which the AMR effect occurs is governed by the field needed to 
change the direction of the magnetic moment. For example, permalloy (Ni80Fe20) films, which are 
presently employed in sensor applications, exhibit the AMR effect of 1-2%, the resistance change 
taking place in a field range of a few Gauss.10 Contrary to anisotropic magnetoresistance, GMR arises 

Fig.1 Schematic representation of the GMR effect. (a): Change in the resistance of the magnetic 
multilayer as a function of applied magnetic field. (b): The magnetization configurations 
(indicated by the arrows) of the multilayer (trilayer) at various magnetic fields: the 
magnetizations are aligned antiparallel at zero field; the magnetizations are aligned parallel 
when the external magnetic field H is larger than the saturation field HS. (c): The 
magnetization curve for the multilayer. 
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Figure 6: Schematic of the GMR effect. (a): Change in the resis-
tance of the magnetic multilayer as a function of applied magnetic
field. (b): The magnetization configurations of the multilayer: the
magnetizations are aligned antiparallel at zero field; the magnetiza-
tions are aligned parallel when the external magnetic field H is larger
than the saturation field HS. (c): The magnetization curve for the
multilayer. [12]

There are generally two different geometry of GMR, i.e.
current perpendicular to plane (CPP)-MR[2] and the more
usual current in plane (CIP)-MR.[1, 3] CIP geometry is cur-
rently used for the industrial applications of GMR. CPP ge-
ometry is much more difficult. This is due to the very small
thickness of the multilayer and consequently the very low CPP
resistance, which is not easy to detect. [12]
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Nevertheless, this method has become a powerful tool for studying GMR, especially within the CPP 
geometry (see section VI). Below we outline the basic ideas of this approach.     

 The geometry of the system, which is normally considered for calculating the conductance 
within the recursive technique, is shown schematically in Fig.24. The sample under consideration, 
e.g., a magnetic multilayer, is placed between two semiinfinite leads. The sample can be, in general, 
disordered but the leads are assumed to be perfect. We note that although the system, which is shown 
in Fig.24, represents an infinite wire, periodic boundary conditions can, if required, be imposed in the 
transverse direction to built an infinite multilayer. It is assumed that at infinity the leads are connected 
to reservoirs, which are at thermodynamic equilibrium. The electric current in the system is driven by 
a small electrochemical potential difference between the reservoirs. Such a formulation of the 
problem is typical for the Landauer approach to the electronic transport in mesoscopic systems.122 It 
has been proved that the Landauer formalism can be derived directly from the Kubo formalism,140 the 
latter being an efficient method for calculating the conductance within the recursive technique.139   

 

 
 
 
 
 
 
Within the above formulation the conductance rather than the conductivity (13.10) is the subject 

of interest. The Kubo formula (13.10) for the zero-temperature conductance ! per spin can be 
rewritten for the case of a simple cubic lattice with lattice constant a as 
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Here v is the projection of the velocity operator to the direction of current (the z direction in Fig.24) 
and )( FEG  is the Green’s function of the total coupled system, which includes the right and the left 
electrodes and the sample, at the Fermi energy EF. The Kubo formula (14.2) can be evaluated by 
“cutting” the system in the transverse direction (i.e. in the xy plane in Fig.24) and calculating the 
matrix elements of the Green’s function and the velocity operator between the atomic planes l and 
l+1. Due to the current conservation condition the result for the conductance is independent of l and 
the latter can be chosen arbitrarily. The velocity operator can be represented as 
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where li,  is the atomic orbital of atom i in plane l and hil,jl+1 are hopping matrix elements between 
planes l and l+1. Normally it is convenient to take l being the last atomic plane of the sample L so that 
L+1 is the first layer of the right lead. The matrix elements of the Green’s function of the total system 

(a)     CIP geometry (b)     CPP geometry

z
x

y

CurrentLeads Sample (multilayer)

Fig.24 Geometry for the CIP (a) and CPP (b) GMR calculation within the tight-binding recursion 
method. A sample (a magnetic multilayer) is placed between semiinfinite perfect leads. The 
electric current flows in the z direction.    
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at planes L, L+1 and between them can be evaluated using the recursion technique as described 
below.  

First, one finds the matrix elements of the surface Green’s function for the detached semi-infinite 
leads. A simple algebraic expression can be derived within the single-band tight-binding model and a 
simple-cubic geometry.141 In a general case, the surface Green’s function can be expressed in terms of 
the Green’s function for the bulk metal,142 the latter being calculated in momentum space using 
standard techniques. Then, the sample is grown by adding atomic layers with impurity atoms 
distributed randomly, layer by layer, onto the left lead. At every step the Green’s function matrix 
elements between atomic sites in the last added layer are calculated by solving numerically the Dyson 
equation: 

1
1,,111 )( $
++++ $= lllllll hghHg . (14.4) 

Here gl is the Green’s function of the left semiinfinite lead with added l layers ( Ll %%0 ) of the 
sample (before adding the layer l+1), gl+1 is the Green’s function of the left semiinfinite lead with 
added l+1 layers of the sample (after adding the layer l+1), Hl+1 is the Hamiltonian of the added layer 
l+1, hl,l+1 is the hopping (bonding) between atoms in the new layer l+1 and atoms in the previous layer 
l. Once the sample has been fully-grown, the last layer is bonded to the right lead in order to obtain 
the Green’s function )( FEG of the full system, which enters the expression for the conductance 
(14.2). We note that this method gives an exact solution for the given model and geometry and 
describes the conductance for a particular disorder/impurity configuration. The configurational 
averaging should be performed numerically by generating a number of random disorder/impurity 
configurations.  

Asano et al.143 implemented this approach for studying GMR in a Fe/Cr magnetic multilayer 
within the CIP and CPP geometries. They used a single-band s-valent tight-binding model within a 
simple cubic geometry with (001) orientation of atomic planes and constant hopping h between 
nearest-neighbors (so that hil,jl+1=h!ij in equation (14.3)). They introduced a Stoner exchange splitting 
2J of the spin bands in Fe, so the on-site atomic energies of the majority- and minority-spin electrons 
were equal E Fe=EFe"J and E Fe=EFe+J respectively. They assumed that Cr was non-magnetic with 
on-site atomic energy chosen to be equal to the minority on-site atomic energies of Fe, i.e. ECr=E Fe. 
Due to this the minority-spin electrons do not experience a potential step (or roughness potential) for 
the parallel alignment of the magnetizations. Using this model Asano et al. studied the effect of 
interface roughness and bulk disorder on CIP and CPP GMR. The interface roughness was introduced 
through substitutional randomness at the interfacial layers. This implied that in the Fe layer, each 
atom adjacent to the Cr layer was replaced by the Cr atom with a probability c. Similarly, in the Cr 
layer each atom adjacent to a Fe layer was replaced by the Fe atom with the same probability c. The 
bulk disorder was modeled by a random variation of the on-site atomic energies of the Fe and Cr 
atoms with a uniform distribution of width #, which was assumed to be spin-independent and was 
allowed to vary in the calculations. The resulting conductance was averaged over 100 random 
configurations of roughness or disorder.  

As is evident from Fig.25a, the magnitude of CPP GMR is much larger than the magnitude of 
CIP GMR and they behave differently as a function of the interface roughness, the measure of which 
is the intermixing concentration c of the two monolayers forming the interface. Not unexpectedly, 
within the model considered the interface roughness has a beneficial effect on CIP GMR, because it is 
the only mechanism of spin-dependent scattering and, therefore, CIP GMR increases with c (the full 
squares in Fig.25a). The presence of steps in the electronic potential at the interfaces has little 
influence on CIP GMR, which is found to be close to zero in the absence of roughness. On the 
contrary, a sizeable CPP GMR is found in the absence of any roughness, the latter only weakly 
reducing GMR (the open circles in Fig.25a). This is the result of the spin-dependent potential of the 
multilayer, which effects differently the number of electrons contributing to the conduction for the 
parallel and antiparallel configurations (see also section 15). Figure 25b shows the magnitude of 

Figure 7: Geometry for the CIP (a) and CPP (b) GMR. A sample
(a magnetic multilayer) is placed between semiinfinite perfect leads.
The electric current flows in the z direction. [12]

Current and Futher Applications

The discovery of GMR has heavily contributed in HDD’s
read heads technology. Anisotropic magnetoresistance
(AMR) read heads had been used for a long time, however the
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amplitude of magnetoresistance is weak (up to a few percent
variation on changing the relative orientation of magnetization
and current). AMR read heads was approaching its sensitivity
limit with the reduction of the head and the bits dimension.
Nevertheless, the introduction of the spin-valve based (GMR)
read head by IBM in 1997 immediately increased growth rate
for storage areal density up to 100 percent per year (Fig. 8)[4].
In more details, the spin-valve sensor is just a trilayer film in
which one layer has its magnetization pinned along on ori-
entation. The rotation of the free layer magnetization then
control the flow of electrons by giant magnetoresistance ef-
fect. The standard spin valve shows about 5~6 % magnetore-
sistance. Therefore, the sequential introduction of the magne-
toresistance and spin-valve head, by providing a sensitive and
scalable read technique, contributed to increase the raw HDD
areal recording density by three order of magnitude around 10
years.
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Co impurities or decrease to 0.3 with Cr doping4. Another important 
length scale is the spin-conserving dri! length projected along one 
direction, called the spin di"usion length Lsf (sf denotes spin #ip). It is 
generally much larger than the mean free path5.

GIANT MAGNETORESISTANCE AND THE SPIN-VALVE HEAD

$e founding step of spin electronics, which triggered the discovery 
of the giant magnetoresistance6,7, was actually to build magnetic 
multilayers with individual thicknesses comparable to the mean 
free paths, so that evidence could be seen for spin-dependent 
electron transport. $e principle is schematized in Fig. 2 for the 
simplest case of a triple-layer %lm of two identical ferromagnetic 
layers F1 and F2 sandwiching a non-magnetic metal spacer layer 
M, when the current circulates ‘in plane’ (cf. Fig. 2b). We assume 
λF

up >> λF
down, with λF

up > tF > λF
down, for the thickness tF of the magnetic 

layer and tM << λM for the thickness tM of the spacer layer. When the 
two magnetic layers are magnetized parallel (P), the spin-up electrons 
can travel through the sandwich nearly unscattered, providing a 
conductivity shortcut and a low resistance. On the contrary, in 
the antiparallel (AP) case, both spin-up and spin-down electrons 
undergo collisions in one F layer or the other, giving rise to a high 
resistance. $e relative magnetoresistance ΔR/R = (RAP – RP)/RP 
can reach 100% or more in multilayers with a high number of F/M 
periods. It was already 80% in the Fe/Cr multilayer of the original 
discovery6, hence the name of giant magnetoresistance (GMR). 
Elaborate theories must of course take into account other e"ects such 
as interfacial scattering and quantum con%nement of the electrons in 
the layers8,9.$e GMR is an outstanding example of how structuring 
materials at the nanoscale can bring to light fundamental e"ects 
that provide new functionalities. And indeed the amplitude of the 
GMR immediately triggered intense research, soon achieving the 
de%nition of the spin-valve sensor10–12. In its simplest form, the spin 
valve is just a trilayer %lm of the kind displayed in Fig. 2a in which 
one layer (for example, F2) has its magnetization pinned along one 
orientation. $e rotation of the free F1 layer magnetization then 
‘opens’ (in P con%guration) or ‘closes’ (in AP con%guration) the #ow 
of electrons, acting as a sort of valve.

$e standard spin valve shows magnetoresistance values of 
about 5–6%. More complex spin-valve stacks, with layer thicknesses 

controlled at the atomic scale and ultra-low surface roughness, are 
optimized to favour specular re#ection of electrons towards the active 
part so that the magnetoresistance reaches about 20%. Following 
the introduction in 1997 by IBM of the spin-valve sensor (Fig. 2b) 
to replace the AMR sensor in magnetoresistive HDD read heads, 
the growth rate for storage areal density immediately increased 
up to 100% per year. Together, the sequential introduction of the 
magnetoresistance and spin-valve head, by providing a sensitive 
and scalable read technique, contributed to increase the raw HDD 
areal recording density by three orders of magnitude (from ~0.1 to 
~100 Gbit in–2) between 1991 and 2003. $is jump forward opened 
the way both to smaller HDD form factors (down to 0.85-inch disk 
diameter) for mobile appliances such as ultra-light laptops or portable 
multimedia players, and to unprecedented drive capacities (up to a 
remarkable 1 terabyte) for video recording or backup. HDDs are 
now replacing tape in at least the %rst tiers of data archival strategies, 
for which they provide faster random access and higher data rates. 
However, the areal density growth rate started to slow down a!er 
2003, when other problems joined the now limiting spin-valve head.

Attempts were also made to develop solid-state magnetic 
storage. Provided that the free layer magnetization of the spin 
valve is constrained to take only the two opposite orientations of 
an easy magnetization axis, arrays of patterned spin-valve elements 
can be used to store binary information with resistive read-out. 
Spin-valve solid-state memories were indeed developed13. But the 
planar geometry of the spin-valve sensor intrinsically limits the 
integration into high-density nanoelectronics, and the low metallic 
resistance and ΔR/R value around 10% are not well adapted to 
CMOS electronics. For read heads also, the ‘current in plane’ spin-
valve geometry is a limitation to the downscaling. First, it is easy 
to see that the integration of the planar element of Fig. 2b between 
the magnetic shields of the read head of Fig. 1 strongly limits the 
minimum dimension of the read gap between the P1 and P2 poles, 
a crucial requirement for reducing the bit length: indeed, two thick 
insulating layers are needed on either part of the sensor. $e ‘current 
perpendicular to plane’ (CPP) geometry of Fig. 2c is much better for 
this purpose, as the spin-valve sensor can be directly connected to 
the magnetic shields. $is con%guration is also more favourable for 
reducing the track width.

Simple geometrical arguments based on the average electron 
propagation direction also lead us to expect higher magnetoresistance 
values for a spin valve in the CPP con%guration. $e fundamental 
study of CPP GMR was indeed extremely productive in terms 
of the new concepts of spin injection and spin accumulation14. 
$e basic principle is displayed in Fig. 3. Again we assume that 
τup >> τdown in the ferromagnetic metal. So when a current #ows 
from a ferromagnetic layer (F) to a non-magnetic layer (N), away 
from the interface the current densities jup and jdown must be very 
di"erent on the ferromagnetic side, and equal on the non-magnetic 
side. $e necessary adjustment requires that, in the area near the 
interfaces, more electrons from the spin-up channel #ip their spins. 
$is occurs through an ‘accumulation’ of spin-up electrons, that is, 
a splitting of the EFup and EFdown Fermi energies, which induces spin-
#ips and adjusts the incoming and outgoing spin #uxes. $e spin-
accumulation decays exponentially on each side of the interface 
on the scale of the respective spin di"usion lengths LF

sf and LN
sf. In 

this spin accumulation zone, the spin polarization of the current 
decreases progressively going from the magnetic conductor to the 
non-magnetic one, so that a spin-polarized current is ‘injected’ 
into the non-magnetic metal up to a distance that can reach a 
few hundreds of nanometres, well beyond the ballistic range. $is 
concept has been extended to more complex interfaces between 
metals and semiconductors15 (Fig. 3c). Likewise, the concept applies 
when an interfacial resistance such as a Shottky or insulating barrier 
exists16. $e spin-injection e"ect has also been demonstrated for 
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Figure 1 Magnetoresistive head for hard-disk recording. Schematic structure of the 
magnetoresistive head introduced by IBM for its hard disk drives in 1991. A magnetic 
sensor based on anisotropic magnetoresistance (left) is added to the inductive 
‘ring-type’ head (right) still used for writing. The distances P1–P1´ and P1–P2 between 
the pole pieces of the magnetic shields S1 and S2 define respectively the ‘write’ and 
‘read’ gaps, on which depends the minimum length B of the magnetic domains. W is 
the track width and t is the thickness of the recording medium. Note that in today’s 
hard disk recording, W and B are of the order of 100 nm and 30 nm respectively, but 
with a different arrangement of head and domains in ‘perpendicular recording’1.

Figure 8: Magnetoresistance head for hard-disk recording.
Schematic structure of the magnetoresistive head introduced by

IBM in 1991. [4]

GMR has motivated people to develop solid state magnetic
storage. The free layer magnetization of the spin valve is con-
strained to take only the two opposite orientation of an easy
magnetization axis, arrays of patterned spin-valve elements
can be sued to store binary information with resistive read-
out. By replacing the non-magnetic metallic spacer layer of
the pin valve by a thin non-magnetic insulating layer, so cre-
ating a magnetic tunnel junction (MTJ). In this structure, the
electrons travel from one ferromagnetic layer to the other by a
tunnel effect, which conserves the spin. Since the discovery of
TMJ in 1994, a research of developing magnetic random ac-
cess memories (MRAM) has started. The principle of MRAM
is shown in Fig. 9. The binary information 0 and 1 is recorded

on the two opposite orientations of the magnetization of the
free layer along its easy magnetization axis. The MTJs are
connected to the crossing points of two perpendicular arrays
of parallel conducting lines. For writing, current pulses are
sent through one line of each array, and only at the crossing
point of these lines is the resulting magnetic field high enough
to orient the magnetization of the free layer. For reading the
resistance between the two lines connecting the addressed cell
is measured.
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of HDD storage such as mechanical tracking, slow access time (hardly 
reduced in several decades and still a few milliseconds) and energy 
consumption. !e future markets of HDD, in particular through the 
competition with Flash storage, will depend on how such problems 
are solved. For instance, HDD currently maintains an areal density 
growth rate of roughly 40%, in line with Moore’s law de"ning the 
minimum cell size of Flash. But meanwhile multi-level Flash cells have 
been introduced (2 bits per cell), and huge e#orts have succeeded in 
reducing their cost.

In MRAM the writing problem was immediately worse than 
in HDD, as the conducting lines have much smaller dimensions, 
with a strong limitation in current density around 107 A cm–2 due 
to electromigration. Also, it is not possible in a very large-scale 
integration circuit to include an optimized ‘ring-like’ ferromagnetic 
circuit to ‘channel’ the magnetic induction to the magnetic media. A 
magnetic channelling was developed for MRAM53, but the e#ect is 
limited (to a factor of about two) and requires costly fabrication steps. 
Finally, when approaching the downscaling limits the unavoidable 
distribution of writing parameters, coupled to the large stray "elds 
in such densely packed arrays, leads to spreading program errors. 
Freescale researchers elegantly solved this reliability problem by 

replacing the standard ferromagnetic free layer with a SAF layer, 
written using a spin-$op process33,51,54, and this opened the way to 
the "rst MRAM product. But this is at the expense of higher writing 
currents (around 10 mA), and clearly limits the achievable densities 
and the downscaling. As for HDD, one solution could be heat-
assisted recording (TAS-RAM)43,55. It was also proposed that writing 
could be assisted by microwave excitation at the ferromagnetic 
resonance frequency of the free layer56–58, a technique that could 
also be useful for hard disks. But such promising techniques do not 
completely suppress the need for a magnetic "eld.

SPIN TRANSFER — A NEW ROUTE FOR WRITING MAGNETIC INFORMATION

!e hoped for breakthrough for spin storage was provided by 
the prediction59,60 in 1996 that the magnetization orientation of a 
free magnetic layer could be controlled by direct transfer of spin 
angular momentum from a spin-polarized current. In 2000, the 
"rst experimental demonstration that a Co/Cu/Co CPP spin-valve 
nanopillar can be reversibly switched by this ‘spin-transfer e#ect’ 
between its low (parallel) and high (antiparallel) magnetoresistance 
states was presented61. !e concept of spin transfer actually dates 
back to the 1970s, with the prediction62 and observations63 of 
domain-wall dragging by currents. Spin-transfer e#ects had 
also been predicted64 for MTJs as early as 1989. Somehow, those 
predictions did not immediately trigger the intense research work 
that followed the 1996 and 2000 publications, possibly because the 
required fabrication technologies were not mature enough.

!e principle of ‘spin-transfer torque’ (STT) writing in 
nanopillars is shown schematically in Fig. 6a for the usual case of 
3d ferromagnetic metals (for example Co) in a spin-valve structure 
with a non-magnetic metal spacer (for example Cu). Let us consider 
a ‘thick’ ferromagnetic layer F1, whereas the ferromagnetic layer 
F2 and the spacer M are ‘thin’ (compared with the length scales of 
spin-polarized transport65). F1 and F2 are initially magnetized along 
di#erent directions. A current of s electrons $owing from F1 to F2 
will acquire through F1, acting as a spin polarizer, an average spin 
polarization approximately along the magnetization of F1. When the 
electrons reach F2, the s–d exchange interaction quickly aligns the 
average spin moment along the magnetization of F2. In the process, 
the s electrons have lost a transverse spin angular momentum, 
which, because of the total angular momentum conservation law, is 
‘transferred’ to the magnetization of F2. !is results in a torque tending 
to align F2 magnetization towards the spin moment of the incoming 
electrons, and thus towards the magnetization of F1. Because the loss 
of transverse spin momentum happens over a very short distance 
(around 1 nm), the torque is an interfacial e#ect, more e%cient on 
a thin layer. But a more important result is that the amplitude of the 
torque per unit area is proportional to the injected current density, so 
that the writing current decreases proportionally to the cross-sectional 
area of the structure. With today’s advances in nanotechnologies and 
the easy access to sizes below 100 nm, this represents an important 
advantage of spin transfer over "eld-induced writing.

A realistic treatment of the e#ect65 includes both quantum 
e#ects at the interfaces (spin-dependent transmission of Bloch 
states) and di#usive transport theory (spin-accumulation e#ects), 
and the dynamical behaviour can be studied through a modi"ed 
Landau–Lifshitz–Gilbert equation describing the damped precession 
of magnetization in the presence of STT and thermal excitations65,66. 
!e principle of STT writing of a MRAM cell is shown in Fig. 6b. 
Electrons $owing from the thick ‘polarizing’ layer to the thin free 
layer favour a parallel orientation of the magnetizations: if the 
initial state is antiparallel, then beyond a threshold current density 
jC+ the free layer will switch. When the electrons $ow from the 
free to the polarizing layer, it can be shown that the e#ective spin 
moment injected in the free layer is opposed to the magnetization of 

Figure 5 Magnetic random access memory. a, Principle of MRAM, in the basic 
cross-point architecture. The binary information 0 and 1 is recorded on the two 
opposite orientations of the magnetization of the free layer of magnetic tunnel 
junctions (MTJ), which are connected to the crossing points of two perpendicular 
arrays of parallel conducting lines. For writing, current pulses are sent through 
one line of each array, and only at the crossing point of these lines is the resulting 
magnetic field high enough to orient the magnetization of the free layer. For 
reading, the resistance between the two lines connecting the addressed cell 
is measured. b, To remove the unwanted current paths around the direct one 
through the MTJ cell addressed for reading, the usual MRAM cell architecture has 
one transistor per cell added, resulting in more complex 1T/1MTJ cell architecture 
such as the one represented here. c, Photograph of the first MRAM product, a 
4-Mbit stand-alone memory commercialized by Freescale in 2006. Reprinted with 
permission from ref. 33.
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Figure 9: Magnetic random access memory. Principle of MRAM, in
the basic cross-point architecture. The binary information 0 and 1 is
recorded on the two opposite orientations of the magnetization of the
free layer of magnetic tunnel junctions (MTJ). [4]

Conclusion

Since the discovery of giant magnetoresistance (GMR),
people has been studied a fundamental physics behinds the
phenomenon and applications of using the effect. The GMR
has been a huge impact on our life, especially for mass data
storage devices. GMR’s application to the read head of hard
discs greatly contributed to the fast rise in the density of stored
information and led to the extension of the hard disk tech-
nology to consumer’s electronics. Besides in terms of fur-
ther technological advances, the development of spintronics
revealed many other phenomena related to the control and ma-
nipulation of spin currents. Thus basically GMR of the mag-
netic multilayers opened the way to an efficient control of the
motion of the electrons by acting on their spin through the
orientation of a magnetization.
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