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"for the discovery of Giant Magnetoresistance"
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is clear; the magnetization always stays aligned parallel to the EA and magne-
tization reversal takes place via domain-wall motion only. In Figure 8(d) for 
the Fe-Cr-Fe film, we have an MR effect due to both the anisotropic effect 
(negative values) and antiparallel alignment (positive values). The zero level 
of this plot is defined by R=R||.

At the time of the discovery of GMR, it was well known that leading com-
puter companies planned to develop AMR so it could be used for read heads 
in hard disk drives (HDDs). The comparison between AMR and the new ef-
fect (later, the term GMR was widely accepted) encouraged us to file a patent 
for using GMR in HDD. 
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Figure 9. GMR effect (a) in a multilayer and (b) double layer of Fe interspaced by Cr. In 
(b) the AMR effect of a 250-Å-thick film of Fe is also shown for comparison.

In Figure 9 [9], we can see a comparison of the measurements using a multi-
layer as in Orsay and a double layer as in Jülich. The value for the multilayer 
of around 80% obtained in Orsay, which led to the term “giant” appears to 
have been surpassed by far by the TMR value of 500% for systems with MgO 
barriers. However, one has to be careful. There seems to be an important 
difference between dealing with insulators, semiconductors and metals. The 
magnetic semiconductor EuS, for example, changes its resistivity below its 
Curie point by many orders of magnitude. If we restrict the discussion to 
purely metallic systems, which has also some important implications for ap-
plications, the term “giant” is still justified.

 The value 1.5% for the double layer displayed in Figure 9 (b) is even 
smaller but still large compared to the AMR effect of Fe (trace at the bot-
tom). In Figure 8, the effect was measured using various configurations of 
external field relative to the axis of the crystal anisotropy to make sure that it 
really is due to the relative orientation of the magnetizations. The low values 
of the GMR effect as seen in Figure 8 and Figure 9 (b) is not a result of minor 
sample quality but is typical for the chosen film thicknesses.

GMR can be observed in the current in plane (CIP) and current perpen-
dicular plane (CPP) geometry. The conventional geometry is CIP and is for 
most sensor applications (see below). The CPP configuration is expected to 
be of interest for future sensor designs.

As was already suggested in the first paper by Albert Fert and his group and 
later established by numerical evaluations of experiments [11], the micro-
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• Magnetoresistance

• MR: ~0.1 %

• GMR: 3~50 %

Peter A. GrünbergAlbert Fert
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order to measure the anisotropic magnetoresistance (AMR) effect for com-
parison. Laterally, the samples had the shape of a long strip with contacts at 
both ends.

Figure 8. (a) and (b) MOKE curves and BLS spectra in order to identify magnetic align-
ment as shown by arrows. (c) and (d): relative resistance change corresponding to align-
ment [8].

In Figures 8(a) and 8(b), we can see the MOKE hysteresis loops from the 
double layers with AF coupling for B0 along the EA and HA. The directions 
of the magnetization are indicated by the encircled pairs of arrows. This 
information is obtained from the MOKE intensities and the displayed LS 
spectra. As an example, let us discuss the hysteresis loop shown in Figure 8(a) 
in more detail. The field B0 is applied along the EA, which is the long axis 
of the strip. It is clear that for a large enough B0, the samples saturate in the 
field direction (parallel alignment). If we start with parallel alignment in the 
positive field direction and reduce B0 then at a certain, but still positive value 
of B0, the magnetization of one film reverses via domain-wall motion (point 
1). Hence, in small fields we have antiparallel alignment. In a negative field, 
at point 2, the other film also reverses, and we have saturation. Points 3 and 4 
mark the magnetization reversals when B0 is scanned back. 

Magnetoresistance (MR) traces are shown in Figure 8(c) and 8(d). Here, 
we have plotted the relative change of the resistivity (R —R )/R !as we scan 
through the hysteresis loop. R is the resistivity for saturation along the EA. 
In Figure 8(d), we also show the MR of the single Fe film, taken for B0 along 
the HA. Since for large B0, the magnetization is along [110] and for small B0, 
along [100], the maximum change of R seen in this trace displays the aniso-
tropic MR= (R -R||)/R|| of a 25-nm-thick Fe film. The value of - 0,13% is in 
reasonable agreement with the literature value of - 0,2%. For the single film 
and B0 along the EA, there was no measurable MR effect. The reason for this 

Grunberg, P., Nobel Lecture (2007)Grunberg et al., Phy. Rev. B. (1989)Fert et al., Phy. Rev. Lett. (1988)



•  The splitting between the energies of the “majority spin” [spin up] and “minority 
spin” [spin down] directions are in different states for opposite spin directions and 
exhibit different conduction properties. Introduced by Mott in 1936.
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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 
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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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Geometry of GMR

• CIP: In 1988. General GMR geometry. It has 
been used for HDD head. 

• CPP: In 1993. Sandwitching  magnetic 
multilayer between superconducting electrodes. 
GMR is higher than CIP because of spin 
accumulation effects at magnetic/non-magnetic 
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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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ij

jlil ljlililjhia }{ 1,,,1,v 1,
!

,  (14.3) 

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 

Chappert et al., Nature Mat. (2007)

Tsymbal and Pettifor, Academic Press (2001)
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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.

Applications of GMR: HDD Head

~ 1 Gbit/inch2 => ~15 Gbit/inch2 => ~100 Gbit/inch2

(~1992)                 (~ 2001)                  (~ 2003)

GMR Tunneling magnetoresistance (TMR)
Spin-Valve

Chappert et al., Nature Mat. (2007)



Spin-Valve Head

GMR head has the spin-valve mechanism. The top 
ferromagnetic layer is pinned by the attached AF layer. 
The bottom ferromagnetic layer is free to rotate by the 

applied magnetic field. 

Anti-ferromagnetic Exchange Layer
Pinned Ferromagnetic Layer
Conducting Spacer Layer
Free Layer

NS

Hitachi, Corp.



Tunneling Magnetoresistance (TMR)

• In 1994, first observed in RT

• Spin conservation

• High MR compared to GMR

above Tb.  Since the MTJ is heated by current in a unique bit cell transistor, the selectivity 

problem of the first generation is gone. And since the relative stability of the MTJ when hot (i.e. 

above Tb) versus cold (i.e. below Tb) can be effectively engineered by the materials selection 

applied in the MTJ, the stability versus scaling obstacle of the first generation MRAM technology 

vanishes.  Because the Blocking Temperature can also be engineered to be close to the normal 

operating temperature range of the chip (in contrast, for example, to the very high temperatures 

required in phase-change memory), the job of heating and cooling the MTJ in the bit cell can be 

accomplished with small currents in just a few nanoseconds.  TAS can be used with field line 

writing, as in the first generation MRAM, or with Spin Torque in the longer run. 

 

Spin Torque MRAM operation introduces a very significant paradigm change in the writing process. 

Spin Torque depends on a recently discovered effect in which the magnetization of nano-elements 

is flipped back and forth by an electrical current (no applied magnetic field, no ‘x’ or ‘y’ metal 

field line) provided that such current is heavily ‘spin polarized’. This ‘spin polarization’ is 

achieved by passing the current through a thin magnetic layer (polarizer) that is added to the 

MTJ, out of which only one type of spin flows. The polarized current interacts with the other 

layers of the MTJ in such a way as to affect the stored magnetization, therein allowing writing in 

one direction or the other depending on the current polarity.  When idling (i.e. holding data), the 

bit cell MTJ has no electrical current moving through it. During reading, a low current moves 

through it. When writing, a much higher (spin polarized) current moves through the MTJ. 

 

 
 

The challenge facing the near-term deployment of Spin Torque is that the best-case, state-of-the-

art write current densities are still almost an order of magnitude too high for building practical 

memories. These current densities are defined by the basic material properties and physics of the 

MTJ, and will be reduced only with significant development and innovation.  It is important to 

note that when TAS is used in combination with Spin Torque, it provides the same benefits of 

robust stability with practical write currents as when used with field-induced writing. 

 

 
 

The Emergence of Practical MRAM 

Barry Hoberman 
Crocus Technologies 
 
The Nobel Prize for physics in 2007 was awarded to the discoverers of something called Giant 
Magneto-Resistance, or GMR for short. GMR, together with its cousin TMR (Tunnel Magneto-
Resistance), is an effect that occurs in ultra-thin (i.e. a few nanometers) multi-layers of magnetic 
materials separated by a metallic (for GMR) or insulating (for TMR) film. This new effect utilizes 
the familiar electrical charge on electrons as well as the not-so-familiar ‘spin’, and combines 
them to create a new class of electrical devices, frequently categorized as ‘spintronics’.  The 
economic impact of GMR since its fundamental discovery in Europe in the late 1980's has been 
huge, as it is now widely used in hard disk drive read/write heads and automotive position 
sensors. TMR today stands poised to potentially reshape the semiconductor memory market as 
well.  
 
Semiconductor engineers have been hunting for a way to deploy TMR in high-density memory, 
leading to the emergence of MRAM, or magnetic RAM. Many established chip companies have been 
involved in this research and development, but to date there has been only limited success. While 
disk drive heads use only a single TMR element, called an MTJ (for magnetic tunnel junction), 
MRAM memories require the use of millions of MTJ's in a regular array structure (i.e. typically one 
MTJ for each bit of stored data).  This is one of the challenges that makes MRAM harder  
to implement than disk drive heads.  
 
 

 
 
MRAM offers some very special benefits, and has motivated more than a decade's effort in the 
laboratory. It holds the promise of non-volatility, infinite endurance, high-speed reading and 
writing, random access to data, and low cost - a combination of characteristics not offered by any 
of today’s popular memory types: DRAM, Flash, and SRAM. With MRAM, whole new approaches to 

Crocus Technologies Inc.



MRAM (Magnetic Random Access Memory)

• Non-volatility, infinite endurance 
and fast random access (down to 5 
ns read/write time)

• MgO based MTJ (Magnetic Tunnel 
Junction) using TMR (Tunnel 
Magnetoresistance) effect

• TMR ratios up to 1800% at low T, 
500% at RT 
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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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Summary

• Technologies depending on GMR brought huge impact on 
the mass data storage.

• GMR, Spin-Valve and TMR led to increase areal recording 
density by three orders of magnitude within 10 years.

• MRAM is potential candidate for becoming the ‘universal 
memory’

 
 
 
Even more exciting for MRAM is the prospect of providing system architects with a new set of 
semantics for memory design. The combination of non-volatility, infinite endurance, high-speed 
read/write, and low-cost open a new door for system architects.  The likely applications are in 
storage, mobile communications, networking, automotive, and high-performance computation. 
Some tantalizing application prospects are instant-on PC's and smart-phones, much faster 
communication systems, and power-fault-proof configurations of network backbones. 
 
Finally, the holy grail of MRAM research is the ultimate replacement of DRAM. The Spin Torque 
technologies in the laboratory today provide a path to bit cells in the 10 f2 range. As MRAMs 
approach this bit cell density, applications that use DRAM will look to MRAM as a higher 
functionality, cost-effective alternative to conventional DRAM. Helping to spur this possible 
transition are concerns in the DRAM industry that the storage capacitor technologies used in so 
many previous generations of DRAM will start running into serious scaling problems below 45nm. 
These advanced MRAM technologies threaten a serious shift in the roughly $50 billion in yearly 
DRAM revenue. 
 
In summary, SOC’s may be possible in the near term, with embedded MRAM that enables both non-
volatile capability and an SRAM replacement that is three to four times denser than current 6-
transistor memory technology, with only modest changes to the underlying CMOS processes.  At a 
reasonable level of maturity, MRAM will become a cost effective alternative to DRAM. It thus has 
the potential to displace tens of billions of dollars of DRAM business, while at the same time 
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