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Since the discovery of the giant magnetoresistance (GMR) in magnetic multilayers, several theoretical de-

scriptions have been used to determine the resistivity of such layered structures. The resistance for the 

current in direction of the planes of layers can easily be measured, and has been intensively studied theo-

retically. However, the investigation of the GMR for the current perpendicular to the planes (CPP) is 

slightly more difficult. Here, a microscopic formalism for the study of the CPP GMR is reported by mak-

ing use of the Kubo–Greenwood equation. Within this method perturbations of the interfaces like inter-

diffusion, alloy formation, or impurities can easily be included, which is of importance, because the dis-

cussion of the GMR is always related to the structure of the interfaces. The presentation of the Kubo–

Greenwood formalism for CPP transport is complemented by a brief discussion of some exemplary results. 
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1� Introduction 

The behavior of two ferromagnetic (FM) layers separated by a nonmagnetic (NM) material strongly 

depends on the magnetic configuration of the two magnets. Usually, the resistance of such a sandwiched 

system decreases if a magnetic field is applied and the magnetic moments of the two magnets are aligned  
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in parallel. This effect is known as giant magnetoresistance (GMR) and has intensively been studied 

during the last fifteen years [1–6]. The GMR is quite different from the natural magnetoresistance ef-

fect, i.e., the anisotropic magnetoresistance (AMR). The AMR is a small, relativistic effect, which can be 

observed in every ferromagnetic metal. It originates from the orbital momentum of the conduction elec-

trons and the Lorentz force, that results in a resistance, which depends on the relative orientation of mag-

netization and current [7, 8]. Usually, the resistance measured parallel to the magnetization direction is 

larger as compared to the resistance perpendicular to the magnetization direction of the film. The AMR 

effect has been used in read heads of hard disk drives [9]. Today the AMR has been mostly replaced by 

the GMR where the resistance differences depends on the relative orientation of the magnetic moments 

in the two FM layers. Accordingly, the GMR is no elemental effect. It occurs only in layered systems in 

which an external magnetic field can change the magnetic configuration of the FM layers, or, in other 

words, if the coupling between the layers is not too strong or even ferromagnetic. 

 The fact that the magnetic configuration in such materials can easily be switched by a magnetic field 

makes them interesting for technological applications. Today, the GMR is used in read heads of hard 

disk drives and for magnetic data storing – MRAM technology [10, 11]. It should be mentioned that for 

technical purposes sometimes systems with semi-conducting spacers are preferred, which means making 

use of the TMR effect [6]. 

 As mentioned above, the GMR occurs if a magnetic field forces the magnetic moments of neighbored 

FM layers in parallel, which changes the scattering of the conduction electrons [8]. The actual properties 

of electric transport depend on the composition of the multilayer, but they are also influenced by the 

preparation technique and temperature [12], because these parameters affect the structure of the 

interface, e.g., the occurrence of interdiffusion, alloy formation, and roughness. Although the GMR is 

determined by the relative orientation of the FM layers its size is also a function of the thickness of the 

NM layer. Closely related to these topics is the question of the interlayer exchange coupling in such 

systems, because it has been shown that AF coupling supports the occurence of spin-dependent transport 

and gives possibilities for practical applications [13]. Besides, the size of the GMR in a layered structure 

also depends on the experimental setup. The common way to measure a resistance in a multilayer is 

given by the current in plane (CIP) geometry, which is used in present GMR devices. However, future 

devices may demand a higher recording density or suitability for high frequency application [14]. Re-

lated to this is the idea of GMR devices with current perpendicular to the plane (CPP) geometry. The 

CPP GMR effect may be realized in devices for high density recording. However, there are still some 

technical problems concerning the appearence of superparamagnetism on the nanometer scale [15]. 

 Today, several preparation techniques exist which make use of the CPP GMR and related phenomena 

in magnetic multilayers, see Ref. [16, 17]. Nonetheless, there is still no real consense what the main 

cause of the GMR is: The connection between the electronic band-structure and the magnetic moments 

of the layers or the spin-dependence of the single-site scattering potentials [18]. Further questions con-

cern the constitution of the particular system: How does interdiffusion influence the size of the GMR and 

how are GMR and interlayer exchange coupling related? The calculational approaches used to investi-

gate the resistances range from the semi-classical Boltzmann theory [7] to quantum-mechanical descrip-

tions, like the Kubo–Greenwood equation [18–20]. Furthermore, the Landauer-Büttiker method has 

been established for ballistic CPP transport and the TMR effect in tunnel-junctions [21, 22]. The Lan-

dauer-Büttiker method describes transport properties on a mesoscopic scale, which means that the results 

depend on the size of the sample. Usually, the resistance is calculated far away from the FM/NM inter-

faces. Therefore, a description of effects near the interfaces is somewhat difficult to include. Recently, 

some progress concerning the handling of disorder within the Landauer approach has been achieved [23, 

24], where disorder is described by using large lateral super cells and the coherent potential approxima-

tion (CPA). However, interdiffusion and disorder can be described quite easily within the Kubo–

Greenwood approach. Alloy formation, impurities and other effects can be included in the calculation, 

which is important for the comparison with measurements and interpretation of experimental findings. A 

detailed description of the Kubo–Greenwood equation and its application to layered structures is pre-

sented in Section 3. Section 2 gives an overview of relevant experimental results and techniques. Finally, 
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some results concerning CPP transport in Fe/T/Fe with (T = Si, Cr, V) sandwiches is discussed in Sec-

tion 4 in order to demonstrate the advantages of this approach. 

 

2 CPP transport from the experimental point of view 

In this section some fundamental experimental results concerning the GMR effect are presented. The 

GMR effect can be measured between a FM and any disordered magnetic state of the multilayer. Usu-

ally, the GMR ratio is defined as the change of the resistance by a magnetic field H (FM solution) rela-

tive to the resistance of the zero field state, R0, 
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Today, some authors use the saturation state instead of the zero field state, because in this case the con-

tribution from spin disorder is minimized [8]. In theoretical calculations it is convenient to assume that 

the zero field state corresponds to a perfect AF arrangement of the magnetic moments of the leads, where 

effects of spin disorder are neglected. The GMR is then defined by the difference between the parallel 

(FM) and anti-parallel (AF) solution, whereby R0 is replaced by RFM: 
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 Here, the difference of the resistances is divided by the value for the anti-ferromagnetic configuration 
AF

R , which gives a bounded solution provided that AF FM
R R>  (so-called pessimistic version of the 

GMR). It is also common to use an unbounded solution dividing by FM
R  instead of by AF

R . 

 One typical (basic) experimental result for the GMR is shown in Fig. 1. The size of the GMR oscil-

lates with the thickness of the NM layer. Very distinct oscillations have been observed for Co/Cu multi-

layers by Mosca et al. (Fig. 1). It has been argued that these oscillations are related to the interlayer ex-

change coupling of the two leads [5]. Furthermore, the GMR of a multilayered structure depends on the 

number of bilayers, that is the repetition of the two components. In case of Fe/Cr, it has been observed 

that the size of the CPP GMR strongly increases with growing number of repetitions N, whereas the CIP 

GMR is not much affected by N [26]. 
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Fig. 1 Measured GMR of Co/Cu multilayers with varying thickness of the Cu layers, t. The oscillations 

can be related to the interlayer exchange coupling of the Co layers. Data are taken from [25]. 



phys. stat. sol. (b) 243, No. 11 (2006)  2635 

www.pss-b.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Review

Article

3 Electric transport within the Kubo–Greenwood formalism 

3.1 Kubo–Greenwood equation 

In order to determine the resistance of a layered system described in the previous section, we make use 

of Kubo’s method [19]. The Kubo formula describes the response of a quantum mechanical system to an 

external field, for instance the change of the electric current due to an electric field. Assuming a small 

perturbation gives a linear relation between the field and the current. This means the Hamiltonian of the 

original system is replaced by 

 
0

ˆ ˆ ˆ= + ,¢H H H  (3) 

where 
0

ˆH  is the Hamiltonian of the unperturbated system and ˆ

¢H  describes the perturbation. The pertur-

bation is caused by the periodic electric field 
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leading to 

 ˆ = -¢H pE  (5) 

with the electric dipole-moment p. The present choice of E ensures that the perturbation vanishes for 

t = - •  and 0δ Æ . In linear response theory the electric current at point ¢r  is related to the electric field 

at r  by the two-point conductivity tensor ( ) ,σ , ¢r r  

 3( ) d ( ) ( )r= , .¢ ¢ ¢Új r r r E rs  (6) 

In the case of static, homogeneous electric fields (i.e., in the zero frequency limit) the Kubo–Greenwood 

approach yields for the conductivity [19, 27, 28] 
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with ( )ω, ,¢r rP  being the current–current correlation function 
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Here, 〈 〉 denotes the expectation value over all states of the system at zero temperature and ˆ( )t,j r  is the 

quantum mechanical current operator 
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Finally, Eq. (8) leads to the Kubo–Greenwood equation for the electric conductivity 
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with µ  and ν  denoting the Cartesian indices x y z, , , and 
F
ε  being the Fermi energy [19, 27]. V  is the 

product of the number of atoms and the atomic volume. The elements of the current operator are given 

by 
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where m〉  is an eigenstate of the particular configuration and jµ  is the µ th component of the current 

operator. The expression in Eq. (9) only holds for NM metals. This problem can be overcome by intro-

ducing spin-dependent current densities, see for example Refs. [20, 29]. Charge rearrangement is auto-

matically taken into account by the self-consistent calculation of the electronic structure (this, however, 

is different from the charge accumulation effects arising from nonlinear, non-equilibrium current effects, 

which are not described by the linear response theory [30]). 

3.2 Application to layered structures 

The general expressions discussed in Section 3.1 can be simplified assuming a layered structure which 

provides two-dimensional translational symmetry. Suppose the layers grow along the z-axis and the 

fields in the (x– )y -plane are homogeneous, then Eq. (6) reduces to 

 ( ) d ( ) ( )z z z z zσ= , .¢ ¢ ¢Új E  (12) 

Usually transport measurements are carried out for current in the (x–y)-plane (CIP) or perpendicular to 

the plane (CPP) geometry. In the case of CIP geometry, the calculation of the in-plane component of the 

conductivity matrix σ �  is straightforward, because the electric field in z-direction is constant. This leads 

to 

 ( ) d ( )z E z z zσ �= , .¢ ¢Új  (13) 

Until now the current is a microscopic quantity. The measured current corresponds to the expectation 

value of the current divided by the system size, which is here the length of the system in growth direc-

tion, L, 

 ( ) d d ( )
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E
j z z z z z E

L
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The situation becomes more complex if we apply the electric field perpendicular to the planes. In this 

case the electric field in z-direction ( )E z  is no longer constant. However, it will be shown that the trans-

port in CPP geometry can be handled similarly to the CIP case assuming steady state conditions [8]. In 

order to discuss perpendicular transport, it is more convenient to use the inverse of Eq. (12), 

 ( ) d ( ) ( )E z z z z j zρ
^

= , .¢ ¢ ¢Ú  (15) 

In the steady state the electronic density is time-independent, 0tρ∂ /∂ = . Therefore, the continuity equa-

tion 

 0
j

t t z
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∂ ∂ ∂
j  (16) 

can only be fulfilled if the current is constant. In this case, Eq. (15) can be rewritten as 

 ( ) d ( )E z j z z zρ
^

= , .¢ ¢Ú  (17) 

The microscopic quantities in Eq. (17) can now be used to express the measured electric field, which is 

the average of ( )E z  divided by the system size L  
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j
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where 
CPP

ρ  corresponds to the measured resistivity. 
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