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Introduction

Since the discovery of giant magnetoresistance (GMR) in magnetic multilayer systems (like
Fe/Cr or Co/Cu) [1, 2] several experimental and theoretical studies have been carried
out to elucidate the microscopic origin of the phenomenon. Here, ab initio calculations of

the electronic structure and of the electron scattering are of great interest.

The GMR effect occurs when successive ferromagnetic layers exhibit anti-parallel magne-
tization. The application of an external magnetic field brings the magnetization of the
ferromagnetic layers into alignment and causes a decrease of resistivity (Fig. 1) for both

current-in-plane (CIP) and current-perpendicular-to-plane (CPP) geometries (see Fig. 2).
Most theories [4, 12, 10, 9, 22, 11] try to explain the GMR by spin-dependent scattering

at interfaces or bulk defects but neglect the electronic structure of the multilayer system.

Attempts to include the electronic structure have been made by several authors [16, 3, 21,
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Figure 1: Giant magnetoresistance. The resistivity is maximum when the magnetic mo-
ments of successive ferromagnetic layers are antiparallel. It drops off as the applied field
aligns the magnetic moments Hg, denoted by the right and left diagrams for positive and
negative fields, respectively.
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Figure 2: Geometrical arrangements of current density j, electrical field E and magnetic
field H in CIP and CPP measurement of GMR.

23]. All calculations predict a strong influence of the electronic structure of the multilayer
on the GMR.

The GMR in magnetic multilayers is defined as

O.P

GMR = —— —1, (1)

O-AP

where o and ¢4F are the conductivities of the multilayer for parallel and anti-parallel
alignment of successive ferromagnetic layer magnetization, respectively. Experimentally,
one can be sure that parallel alignment is achieved, in view of the marked transition from

strong to weak magnetic field dependence of the conductivity at the saturation field (see
Fig. 1).
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Electronic structure of the multilayer

Our considerations focus on (100) oriented Fe,,Cr,, layer sequences (m monolayers of Fe
followed by n monolayers of Cr), where the F'e layers are intrinsically ferromagnetic and
the Cr layers are intrinsically antiferromagnetic. Ab initio electronic structure calcula-
tions have been performed using spin-density functional theory for initially parallel and

antiparallel spin configurations of subsequent Fe layers [23].

Starting from the bandstructure E} of the situation, that we have just addressed, potential
scattering causes transitions from a state k into a state &’ of the multilayer system. The
scattering can be caused by impurity atoms in the ferromagnetic or in the nonmagnetic
spacer layer. The scattering is described by spin-dependent relaxation times 77 which
are different for majority and minority electrons depending on the type of scatterer. The
spin anisotropy ratio 8 = 71 /7 is a direct measure. 3 < 1 means strong scattering of the

majority electrons and for # > 1 the minority electrons are strongly scattered.

Transport theory

Transport is described within the quasiclassical theory solving the Boltzmann equation
in relaxation time approximation. Consequently, the conductivity tensor becomes

57 = 17 Y 6(EY — Ex) v vy. (2)
k

The integration is performed over the Fermi surface of the parallel configuration of the

layered system. Summation of the two currents yields the total conductivity

o =61 + 6t (3)
In the anti-parallel configuration the electronic states are spin degenerate, and the con-

ductivity becomes
6t =214 Y 0(BLT — Ep) vit Vit (4)
k

Assuming that the layered system is grown in the z direction, CIP corresponds to the
xx or yy component of the conductivity tensor and CPP to the zz component in Egs.
2 and 4. 747, the relaxation time in the anti-parallel configuration, can be obtained by
summation of the scattering operators. For equal concentration of defects in adjacent
ferromagnetic layers, the relaxation time is then given by

1

1
ar =5

1 1

g‘*‘g)- (5)
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Figure 3: Calculated CIP-GMR for FesCr, versus Cr layer thickness n = 1,13. The
results assuming Cr defects in the Fe layers are indicated by squares (6 = 0.11). Stars
mark the results for spin-independent relaxation times § = 1 and triangles for 8 = G-
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Figure 4: Calculated CPP-GMR for Fe3Cr, versus Cr layer thickness n = 1,13. The
results assuming Cr defects in the Fe layers are indicated by squares (§ = 0.11). Stars
mark the results for spin-independent relaxation times # = 1 and triangles for 8 = G-

Results

The simplest situation occurs, when all the scattering centers are localized in the antifer-

romagnetic Cr layers (for example Fe impurities).
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In this case the lifetimes 77 for both spin directions must be equal since the spin up
wavefunction amplitudes of one half of the Cr atoms is equal to the spin down wave-
function amplitudes of the other half. This corresponds to § = 1. Eq. 5 now implies

74P = 17 = 7+, Hence the lifetime completely disappears from the GMR expression

Eo- Zk 5(E13 - EF) Ugu Ugu
2 Zk 5(E]’C4P — EF)’U]CI‘:‘P ’l)kﬁp

GMR = -1 (6)
Here, the GMR is fully determined by the Fermi surface and Fermi velocities as functions
of the magnetization configuration. Hence it is a pure bandstructure effect. The obtained
GMR values are about 200% in CIP and 700% in CPP (stars in Fig. 3 and 4), which is
in agreement with the experimentally obtained maximum CIP-GMR (220%) for ultrathin
Fe layers [20].

Simplifying Eq. 6 for further discussion of the origin of GMR leads to

N°(E o2
amp = 2 NA F)U“Q ~1 (7)
Nap(Er) vif

with the density of states of the superlattice for parallel alignment
Np(Ep) =) N°(Ep)=)_> 0(E; — Er) (8)
o ok

and for anti-parallel alignment

k

v, and v,‘fP are Fermi surface averages of the Cartesian components of the velocity for
parallel

§(E¢ — Ep)vg 2

UZ _ Zk) ( k ~ F) k” (10)

>k 0(Ef — Er)
and anti-parallel alignment

S(EAP _ E UAPQ

g Xk 0(ER" — Er)

The densities of states in the parallel and anti-parallel configuration (Fig. 5) are of the
same order and they oscillate in phase with the Cr layer thickness, that is, they do not
account for the 200% CIP-GMR and 700% in CPP-GMR (Fig. 3 and 4). Obviously,
GMR is originated by the differences in the Fermi velocities in the parallel and anti-

parallel configurations (Fig. 6).

The spin dependence of the relaxation time (8 # 1) due to scattering centers in the

ferromagnetic layers (Cr impurities in Fe layers, for example) leads to modifications.

63



DOS at Fermi level

120.0

100.0

80.0

60.0

40.0

20.0

0.0

Cr Thickness (ML)

Figure 5: Np(EFr) (squares) and Nap(Er) (times) of FesCr, superlattices versus Cr

layer thickness in arbitrary units. The spin-projected densities of states of Np(EFr) are
marked as follows: NT(Er) (diamonds) and N¥(E) (triangles) [13].
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Figure 6: Fermi surface averages of the velocity components. Open symbols indicate

v, and full symbols v,. Diamonds mark the velocity of majority electrons, triangles

the velocity of minority electrons and squares the velocity in the anti-parallel aligned
configuration [13].
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GMR is now to be calculated via Eq. 1, 2 and 4. Under the assumption that the extension
of the impurity is small compared to the layer thickness, the scattering properties are
described by the spin-dependent relaxation times calculated for the Cr impurities in Fe
[14, 15]. For this case f = 0.11, that is, the majority electrons are scattered strongly at
a Cr defect and the minority electrons are just weakly scattered as they pass the defect.

The results assuming Cr defects located in the Fe layers lead to a GMR of about 600%
in CIP (squares in Fig. 3) and 2500% in CPP (squares in Fig. 4) which is larger than
the experimental results [8, 6, 18, 7]. The anisotropy ( obtained in [14, 15] for a variety
of defects scatter from 0.1 to 10. Therefore, GMR is discussed as a function of 3 in
relaxation time approximation. If only one type of scatterer is included, GMR becomes

a minimum for

2
| k0B — Er) vi,
Tt > 6(Ef — Er) U/Iz
That is, GMR can be enhanced or reduced by spin-dependent impurity scattering. The

Brmin = (12)

results for § = (3, are shown in Fig. 3 and 4 (triangles).

Finally, we discuss the combination of alternating F'e layers with Cr defects (3 = 0.11)
and with Cu defects (3 = 3.68). For the sake of simplicity, equal concentration is assumed.

The relaxation times are in parallel configuration

—=3(=+ =), (13)

TO 2 18, Téu

and in anti-parallel configuration

Di + Dy D; Ds
% =(— + =), (14)
T Tcr Tou
and D+ D D DY
+ D _
% = ( —j + Ti )s (15)
T Tor Tcu

respectively where the superscripts +, — correspond to majority and minority electrons.
D} and D, is the local spin-dependent density of states in a ferromagnetic layer where
spin-o electrons are majority or minority electrons, respectively. In the considered con-
figuration the factors have been set to unity. The conductivity in the anti-parallel state
including both defects is given by

4P = (T + %) Z(S(E,fp — Er) v,‘?P v,fP. (16)
k

The results are shown in Fig. 7. The main message from this calculation is that the
GMR can be reduced drastically or even change sign, if scatterers with different spin

anisotropy are combined. (If they would be located in the same layer they would merely
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Figure 7: Calculated GMR for Fe3sCr, with Cr and C'u defects in adjacent F'e layers in
CIP (closed squares) and CPP (open squares). For n > 10 the inverse GMR is obtained.

act as an effective scattering potential.) One should note that in Fig. 7 the inverse
effect occurs in CIP but not in CPP. Experimentally, the inverse effect was obtained
for Fe/Cr/Fe/Cu/Fe/Cu multilayers [5], as well as in Fe;_,V,/Au/Co multilayers [19],
both in CIP geometry.

Generally, it should be noted that CPP-GMR for comparable scattering is always larger
than CIP by a factor of about 4 in agreement with experimental results [7]. This factor
stems from the difference of the Fermi velocity components in plane and perpendicular to
the plane, and it finds its natural explanation in the fact that the carriers with large mo-

mentum components in direction of the current are more influenced by the superstructure
in CPP.

Moreover, GMR (Fig. 3, 4, 7) shows characteristic variations with layer thicknesses. On

Fig. 7 these variations are reminiscent of experimentally found oscillations [17].

Summary

In conclusion, we have shown that GMR, under the assumption of a coherent multilayer
system and a spin-independent impurity scattering, is determined by the changes of the
electronic structure as a function of the magnetization direction. Spin-dependent impurity
scattering can enhance or reduce the effect. The combination of impurities with different

spin anisotropy can in particular cause the inverse GMR.
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