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Abstract

An analytical quantum-statistical theory of giant magnetoresistance (GMR) in magnetic sandwiches for current
in-plane geometry (CIP) is developed taking into account quantization of electron motion perpendicular to plane
direction and spin-dependent reflection and scattering of conduction electrons at interfaces. We adopted free electron
model described by four parameters: mean free paths in the bulk and scattering amplitudes (coherent potentials) at
interfaces for spin-up and spin-down electrons. The conductivities and GMR were calculated using Kubo formalism and
Green functions technique in mixed real-space-mometum representation. Well-defined oscillations of CIP GMR with
respect to thicknesses of the various layers due to the electron reflection on spin-dependent potential barriers at interfaces
are predicted. The relative role of spin-dependent bulk and interfacial scattering and the influence of potential barriers at
the interfaces on CIP GMR are investigated. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 75.50.C; 72.15.C; 75.50.R
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1. Introduction

The discovery of giant magnetoresistance (GMR) in Fe/Cr multilayers [1,2] and observation of this effect
in many structures (multilayers or sandwiches F/P/F, where F and P indicate ferromagnetic layer and
non-magnetic spacer, respectively) [ 3] triggered a large number of studies on GMR. It is widely agreed that
the underlying mechanism of GMR is a coherent interplay of spin-dependent scattering of conduction
electrons occurring at interfaces or in the bulk of the successive magnetic layers and electron reflection
from spin-dependent potential barriers between layers. In earlier papers [4,5] it was considered that
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spin-dependent potential barriers are due to the exchange splitting of the electron bands in the bulk of the
magnetic layers and no attention was paid to the reflection of electrons from narrow spin-dependent
potential barriers existing only within the interface. In this paper we present a quantum-statistical theory of
GMR for current in-plane (CIP) geometry. We consider a sandwich structure consisting of two ferromagnetic
films separated by a metallic paramagnetic spacer with interfaces on the inner boundaries and infinite
potential barriers on the outer boundaries. The interfaces are characterized by complex coherent potentials.
Their real parts are responsible for the reflection of electrons from the interface whereas their imaginary parts
describe the scattering of electrons on the interfaces. For calculation of the conductivity of the system, we
used Kubo formalism and Green’s functions method. For the adopted model we found the exact solution of
the Dyson equation for the Green’s function. Therefore, we took into account all effects due to the
interference of electron waves reflected from the outer and inner (interface) boundaries.

2. Model

We consider the case of a sandwich (F; a/P b/F, ¢) consisting of two ferromagnetic layers F; and
F, separated by a non-magnetic spacer P (a, b, ¢ indicate the thicknesses of the respective layers). Within each
layer, the electrons are described as a free electron gas subjected to scattering potentials located both in the
bulk of the ferromagnetic layers and at the inner interfaces. No spin-flip scattering is taken into account. The
electric current flows in the plane of the sample and the electron motion is constrained by infinite potential
walls at the outer boundaries of the sandwich. The Kubo formula for CIP two-point conductivity a(z, z') may
be written as follows [6]
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where G = Gl(z, z') and G*i = G*!(z, z') are retarded and advanced Green’s functions of the electron system,
u indicates electron spin index 7(|), v, and x the velocity operator and the electron’s momentum in the
X Y-plane of the film, respectively, a, is the lattice constant, N the number of sites in the plane and z the
direction perpendicular to the film’s plane. Expression (1) is exact if one knows the exact Green’s functions,
but later we will use the expressions for the Green’s functions averaged over the distribution of impurities in
each XY monolayer. In this approach each individual layer (i) is characterized by its own coherent potential
21, For ferromagnetic layer X; depends on the electron’s spin 1(|). Further, we absorb spin index in the
index i. The coherent potential is the solution of the equation [7]
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where we consider every layer i as an alloy A, B; _,, with random distribution of atoms type A(B) on the
lattice sites. ¢® are the on-site matrix elements of the potential of A(B) atoms, (1/N)Y .G,(z, z) is the diagonal
on-site matrix element of the Green’s function of the considered system. In the following, we consider only
s-electrons with the same Fermi momentum. Consequently, for every layer, in the first approximation, we
may take this latter matrix element as coinciding with its value in the corresponding bulk material.
Moreover, we absorb the real part of the coherent potential into the value of the Fermi energy and take into
account explicitely only its imaginary part Im X, whose three values Im X' = X% Im X' = X% and
Im X, = X% are taken as the parameters of bulk scattering of spin 1(]) electrons in ferro- and paramagnetic
layers (2] = 2 }, = X%). Further, we introduce the spin-dependent coherent potentials Re X' —iIm X' = X,
and Re ' —iIm X' = X, on the interfaces located at z = a and z = a + b, where the real parts characterize
the potential barriers at interfaces. As an example, for spin { electrons and antiparallel orientation of
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magnetizations in ferromagnetic layers, the Green’s functions G(z, z') (we omit spin index 1) are the solutions
of the equation

G(z,7) = Gz, ') + G°=z, )2 ,G(a, Z') + Gz, a + b)2,G(a + b, Z'), ()

where G°(z, ') is the solution of the equation
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(X%z)=2% for 0<z<a,XN(z)=2% for a<z<a+b and XN(z) =24 for a+b<z<a+b+c) with
boundary conditions G°(z’' + ¢, z') = G%(z — &, Z') and
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when ¢ = 0. Also, G%(z, z') = 0 at outer boundaries (for z,z =0 or a + b + ¢), G%a + ¢, 2) = G%a — ¢, 2)),
G%a+b+e2)=G% + b — ¢ z) and corresponding equalities for derivatives at inner boundaries. It is
not worthwhile writing down here all solutions of Eq. (3). One can find them in Ref. [4]. As an example, in the
region 0 < z, z’ < a Green’s function can be written as
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where k; = ¢; + id; = \/k# — k* — 23%(z) = \/k# — K* + 12kg/I(2), |; the elastic mean free path in the ith layer
and ko = \/k# — x*. It should be mentioned that we adopted (2may/h*) = 1 and kg as the Fermi momentum.
The solution of Eq. (2) is

G(z, ) = Gz, 2') + 4,G%z, a)G%a, Z') + BG°(z, a)G°a + b, )

+ AbGO(Za a—+ b)GO(a + b7 Zl) + BGO(Za a+ b)GO(aa Z/)a (4)
where
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To proceed further we have to insert expressions (4) and (5) into (1) and calculate the two-point
conductivity a(z, z’) for spin-up and spin-down electrons for both parallel and antiparallel alignment of the
magnetizations in the ferromagnetic layers. The current density at point z is given by

j(z) = fo(z, z")E(z") dZ/, (6)
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where E(z') is the electrical field at point z’ assumed to lie along the x-axis. In the CIP geometry, the measured
conductivity is given by

1 D (D
g =— f J dz dz'a(z, 2'), (7)
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where D = a + b + ¢ is the total thickness of the sample. The final expression of this conductivity has been
calculated analytically; its expression is given in the appendix. The expression of the magnetoresistance is
obtained from the calculation of the conductivity in both parallel and antiparallel configurations of the
magnetizations in successive ferromagnetic layers. In the next section, we use this analytical expression to
investigate the relative role of spin-dependent scattering at interfaces and in the bulk of the ferromagnetic
layers and the influence of potential barriers at interfaces on the GMR amplitude.

3. Results and discussion
3.1. Oscillations of GMR with thicknesses of the layers

As it follows from the expressions given in the appendix, the conductivity and GMR of multilayers oscillate
as the thicknesses of the layers are varied. These oscillations due to the quantization of the z-component of
the conduction electrons’ momentum are caused by electron reflection on interfacial spin-dependent
potential barriers. In Fig. 1, we plotted GMR effect for sandwich F 5 A/P b/F 5 A versus thickness of spacer
b (b is varying from 3 to 20 A) for different values of scattering parameters at the interfaces. The parameter
24D = kgao/2, 2, indicates mean free path due to the scattering of spin down (up) electrons on an interface.
The upper curve (curve 1) corresponds to the case where interfaces are absent. These weak observed
oscillations are due to only the reflection of conduction electrons on outer boundaries [4,5]. In the cases of
curves 2 and 4, respectively, weak and large spin-dependent potential steps are introduced at the interfaces
between the magnetic and non-magnetic materials. These steps induce partial reflections of the electrons on
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Fig. 1. CIP GMR of sandwich F 5 A/P b /Q\/F 5 A versus thickness b of paramagnetic spacer. The parameters are: [;/l; = 120 A/24 A;
ILb=250A;kp=1A"Ya,=3A;Re2"=0,Re2* =0, =il = oo —curve ; Re 2" = 0.0, Re 2! =0.1, ] = A} = o0 —curve 2;
ReX'=0.1,ReX' =1, =200, =10 —curve 3; Re X' =0.1, Re Z' =1, ] = 2} = o0 — curve 4.
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Fig. 2. CIP GMR of sandwich F a A/P 5 A/F 5 A versus thickness a of ferromagnetic layer. The parameters are: [;/l; = 120 A/24 A;
ILb=250A;kp=1A"Ya,=3A;ReX"=0,Re2* =0, =il = oo —curve ; Re 2" = 0.0, Re Z' =0.1, ] = A} = o0 —curve 2;
ReX'=0.1,Re Xt =1,1] =200, =10 —curve 3; Re X" =0.1, Re Z* =1, Al = 1} = o0 — curve 4.

inner interfaces, leading to more pronounced GMR oscillations with period m/kg. However, the GMR
amplitude tends to decrease as the height of the interfacial potential step increases. This is a general feature
when the spin-dependent scattering in the bulk of the magnetic layers is large as in the present case. This
decrease results from partial reflection of electrons on interfacial potential barriers resulting in weaker
influence of the relative orientation of the magnetizations in the two ferromagnetic layers on the conductivity.
Furthermore, curve 3 shows that including spin-dependent scattering at interfaces with scattering asymmetry
(A — 2Y/2¢ of the same sign than the bulk scattering asymmetry (I; — I3)/I5 leads to an increase in GMR
amplitude with simultaneous decrease in the amplitude of oscillations. In the present case, the interfacial
spin-dependent scattering reinforces the overall scattering contrast between the two species of electrons. This
is not always the case. If the scattering asymmetry is opposite to the bulk one or if the electrons which have
a long mean free path in the bulk of the ferromagnetic layers are strongly scattered at the interface (for
instance, 2] =20 A, 2! =4 A), then the overall scattering contrast decreases, leading to a lower GMR
amplitude than without interfacial scattering. Similar effects are observed in Fig. 2, where we plotted the
dependence of GMR effect on the thickness of the ferromagnetic layer a for the same parameters as in Fig. 1.
However, in this case, the presence of spin-dependent potential barriers at the interfaces leads to oscillations
of a more complicated type, resulting from the mixing of two different periods, n/kr and 2m/kg. These two
periods originate from the interference of reflected electron waves, respectively, after having traversed one or
two ferromagnetic layers. Here we have to mention that the dependence of conductivity on the thickness may
be approximated by the single damping wave only in the case of homogeneous thin films. In the case under
consideration this oscillatory behaviour has a more complicated form due to interference of electron waves
reflected from all (outer and inner) boundaries.

3.2. The relative importance of interfacial and bulk scattering

In this section we consider the problem of relative importance of spin-dependent scattering occurring in
the bulk and at the interfaces. To clarify this problem, we examine the GMR behaviour when scattering
amplitude at the interfaces is changing. In Figs. 3-6 one can see the dependences of GMR versus A! for fixed
ratio p, = [/l and several values of p, = Al/A!. Let us consider these dependences in detail.
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Fig. 3. CIP GMR of sandwich F 20 A/P 10 A/F 20 A versus min mean free path /¢ at interfaces (A} varying from 3 upto 753 A). The
parameters are: [;/l; = 120 A/24 A; [, = 250 A; kg = 1 A" Y a9 = 3 A; A1/2¢4 = 20 — curve 1; A1/A¢ = 10 — curve 2; Al /At =7 — curve 3;
M/Ad =5 —curve 4; Al /Al =3 — curve 5.
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Fig. 4. CIP GMR of sandwich F 5 A/P 5 A/F 5 A versus min mean free path A} at interfaces (¢ varying from 3 upto 753 A). The
parameters are: [1/l; = 120 A/24 A; 1, = 250 A; kp = 1 A~ Y a9 = 3 A; Al/2¢ =20 — curve 1; Al /Af = 10 — curve 2; Al/A¢ =7 — curve 3;
M/Ad =5~ curve 4; Al /Al =3 — curve 5.

Fig. 3 corresponds to the case of a sandwich of the composition F 20 A/P 10 A/F 20 A. The thickness of
the ferromagnetic layer is here comparable to the shortest of the two mean free paths associated with spin-up
and spin-down electrons (in the present case, this shortest mean free path is A4 = I5). As 1} decreases from
infinity down to a few nanometers (which means that the interfacial scattering rate increases), the GMR
amplitude almost does not vary. Since the thickness of the ferromagnetic layer is comparable or larger than
4, even without interfacial scattering, the spin-down electrons are scattered in the ferromagnetic layers
whereas the spin-up electrons are not. The bulk spin-dependent scattering already ensures a great overall
scattering contrast between the two species of electrons, thus leading to a large GMR amplitude. As the
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Fig. 5. CIP GMR of sandwich F 20 A/P 10 A/F 20 A versus min mean free path 2! at interfaces (A¢ varying from 3 upto 753 A). The
parameters are: [;/l; =97 A/47T A; [, =250 A; kp = 1 A7 Y ap = 3 A; A1/A4 =20 — curve 1; AJ/A¢ = 10 — curve 2; A1/2¢ =7 — curve 3;
M/ad =5~ curve 4; Al /A =3 — curve 5.

interfacial spin-dependent scattering increases, this additional scattering of spin-down electrons does not
increase the GMR significantly because these electrons were already scattered in the bulk of the layers.
However, if the interfacial scattering rate keeps on increasing (1 — 0), the GMR drops significantly for
2l < AL, ie. for 2} < Al/ps because the spin-up electrons which were not initially scattered in the ferromag-
netic layers are now scattered at the F/P interfaces. This scattering of the spin-up electrons reduces the
overall scattering contrast between the two species of electrons.

The situation is somewhat different in Fig. 4 which corresponds to thinner layers: F 5 /OX/P 5 A/F 5A.In
this case, the ferromagnetic layers are thinner than A}, so that in the absence of interfacial scattering, the
spin-down electrons are relatively weakly scattered in the ferromagnetic layers. If a strongly spin-dependent
interfacial scattering is then introduced (curve 1 of Fig. 4), as A} decreases from infinity, the first effect is to
reinforce the scattering of the spin-down electrons, thus enhancing the overall scattering contrast and
therefore the GMR. This is true to a certain value corresponding to 4! < A} below which the spin-up
electrons become also strongly scattered, thus reducing the scattering contrast. On the contrary, if the
interfacial scattering is weakly spin-dependent (curve 5 of Fig. 4), the increase in the scattering of spin-down
electrons occurs approximately at the same rate as the increase in the scattering of spin-up electrons. There is
therefore no gain in overall scattering contrast and therefore the GMR monotonically decreases as
2} decreases.

Figs. 5 and 6 show the same comparison for two different sets of thicknesses in the case of a weaker
spin-dependent scattering in the bulk of the ferromagnetic layers (A}/A} = 97 A/47 A instead of 120 A /24 A
in Figs. 3 and 4). In Fig. 5 and especially in Fig. 6, the spin-down electrons are weakly scattered in the bulk of
the ferromagnetic layers. The additional interfacial scattering of these electrons then leads to a significant
increase in the overall scattering contrast between the two species of electrons and therefore to a large
enhancement in the GMR amplitude.

In conclusion, the interfacial spin-dependent scattering gives a significant contribution to the GMR when
the scattering contrast in the bulk of the ferromagnetic layers is low either because the spin-scattering
asymmetry A}/A$ is close to unity or because the ferromagnetic layers are much thinner than the shortest of
the two mean free paths 4} or /{. Recently, Zhang and Levy [8] have shown that the spin dependence of
scattering from correlated pairs at interfaces is enhanced compared to scattering in the bulk. At the same time
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Fig. 6. CIP GMR of sandwich F 5 A/P 5 A/F 5 A versus min mean free path A¢ at interfaces (A¢ varying from 3 upto 753 A). The
parameters are: [/l =97 A /4T A; 1, =250 A; ke =1 A~ ag =3 A; A1/A¢ = 20 — curve 1; Al/A¢ = 10 — curve 2; A]/i¢ =7 — curve 3;
M/ad =5~ curve 4; Al /A =3 — curve 5.

it follows from the above discussion that the scattering at interfaces gives essential contribution to GMR
compared to one in the bulk only if the spin-dependent ratio at interfaces p, is much larger than p,. This
situation corresponds to the correlation between the ratios of the spin-dependent scattering in the bulk and
at interface obtained by Zhang and Levy (see Ref. [8] and Fig. 2 therein).

Lastly, we will try to explain the existence of a maximum in dependences of GMR on A} discussed above
(Figs. 3—6) from another point of view. In our previous work [9] we have shown that the coherent potential
Y2 of an isolated interface is renormalized to X§5, = X1 ,)/(1 + X 2)/kg). This renormalization has a clean
physical interpretation: electron scattering on interface influences the total CIP conductivity and the
contribution of the interface scattering to resistivity reaches the maximum for perfectly ‘diffuse’ scattering. In
this regime an electron forgets its momentum history after scattering on the length ~ kg ', and this length
cannot be shorter for any value of the initial scattering potential X, ,,. The ratio of renormalized interfacial
coherent potentials for up- and down-spin electrons tends to unity with increasing of interfacial scattering.
So the behaviour of GMR can be explained as follows: for large A, p&™ = (A1(1 + ao/2)/(i(1 + ao/i}))

~ ps > Py So increasing the interfacial scattering gives additional contribution to total GMR, but for small

Js, poT decreases and it may become smaller than p,, therefore the additional interfacial scattering is less
asymmetric in the direction of spin so that the GMR begins to decrease. In the case under consideration with
two interfaces, this renormalization has a more complicated character due to mutual influence of interfaces
scattering (see Eq. (4) and the appendix). Barnas and Bruynseraede [5] investigated the influence of
interfacial scattering on CIP GMR and they obtained for p, > p, a monotonic increase of GMR with the
amplitude of interface roughness. But they consider the interfacial scattering only in Born approximation, so
they missed the effect of renormalization discussed above.
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Appendix

In this appendix, an analytical expression for the conductivity of a sandwich (F a/P b/F c¢) with infinite
potential walls on outer boundaries and with interfaces on inner boundaries is given. Using and transforming
expressions (5) the following was obtained that

s (1/ko)Z [den — G°%a + b, a + b)X,]
“ " [den — G%a, @)X ][den — G%a + b, a + b)2,] — Z125(G%a, a + b))*’
_ (1/k0)2122G0(aa a+b)
" [den — G%a, )% ][den — G%(a + b, a + b)2,] — 2,2,(G%a, a + b))*’

o (1/ko)Z,[den — G%a, a)Z,]
7 [den — G%a, a)2,1[den — G%(a + b, a + b)X,] — 2:2,(G%a, a + b))’

where
den = 1 — e2iksag2ikzbg2iksc
1 o ,
GO(a’ a) = _(1 _ GZIkZbGZIklﬂ)(l _ 621k3a)’
2ik,
[ ; :
Go(a’ a—+ b) — _elkzb(l _ ezlkja)(l _ eZIle‘)’

2ik,
1 . . .
GO(a + b, a+ b) — E(l _ e21k3u621k2b)(1 _ 621k1C).
0

Further, we introduce next terms
l[A ( 21k b 21klc) + 2Belk b(l _ eZikszZikm)(l _ eZikm) + Abelikzb(l _ CZik'C)z:l,
Up=1—1i[A,1 — e2ikab Zlle)(l o eZlk3a) + Beik b(l _ eZlk3a)(1 _ eZlklc)]
U, = i[A4e"(1 — &™) 4 B(1 — e?#1e)(1 — e?ikbe2ikice)])
Uy = 2% 1 i[A,(1 — e?*%)2 — 2 Beikbe?ikaa(] — g2ikat)(] — g2ikic) . g, e2ikbedikaa(] _ g2ikic)2]
U}%b = e2ikic 4 i[A,(1 — ezile)z _ 2Beiklb62ik1C(1 . eZiksa)(l _ ezik,c) + Aanikzbe4ik,C(1 _ eZik;u)Z],
U}?b — i[AanikzbeZik10(1 _ eZik3a)2 _ Beikzb(l _ eZiksa)(l _ e2ik,C)(1 + eZik3ue2ik2b62ik1c)
=+ AbeZikzbeZikau(l _ eZiklc)Z:l,
=1 —i[4,(1 — g2ik b621k3a)(1 21k,c) + Beikzb(l o eZikﬂ)(l _ eziklc)]’
ch — i[Aaelkzb( 21k3ﬂ) + B(l 21k3a)(1 _ eZik3anikzb)]’
U. =i[4, (1— e2ikab 21k,a)2 + 2Beik: b(l - eZik;bGZikﬂ)(l o eZik;u) + AaGZikzb(l o 62“‘“”)2],
Up=1—i[A,(1 — e2ik be2lklc)(1 o 621k3a) + Beikzb(l o eZik3a)(1 o eZik,C)
+ A (1 21k b621k,a)(1 _ e2ik1c) + Be—ikzb(l _ eZikzbe2ik3a)(1 _ eZikszZiklc)],

Terml — 1 + Uau621k3a + [Uaae21k3a]* _ e*4d3aef4d2bef4d1c _ U;kae*4d3a621kzbe21k1c

Uaa[e - 4d3a621k2b621klc:| *’



154 A. Vedyayev et al. | Journal of Magnetism and Magnetic Materials 184 (1998) 145—154

Termz — 1 + Ui;’b + [Ul?b]* _ e*4d3ae*4dzbe*4d1c _ [Ugb]*eZihanikzbeZiklc _ Ugb[eZikweZikzbeZiklc]*’
Term3 — 1 + UCCCZik,c + [U“eZiklc:l* _ ef4d3aef4d2bef4dlc _ U;xccefmi,ceZikzheZikw
_ Ucc[e_4dlC32ik2b32ik3a]*,
Term4 — (1 _ e—2d3a){|1 + Uaaelik3a|2(1 _ e—2d3a) + |Uaa + GZikszZik|C|2(1 _ e—2d3a) _ 2(1 + UaaGZik3a
+ [U eZik3a]*) —2|U |Ze*4d3a(1 _ 62’13“)} _2(1 _ eZd3a){e*4d3ae*4dzbe*4dlc + U* e*4d3a62ik2b62ik1c
aa aa aa
+ Uaa[e74d3a62ik2b32iklc]*},
Terms = (1 — e DU + [URPT — e — 21 + U}, + [UR]%) — 2UsR(1 — &)
_ 2(1 _ eZdzb){e*4d3ae*4d2be*4d1c + [Ugb]*GZiksaCZiklbeZiklc + Ugb[GZikSRGZikszZiklc:l*},
Term6 — (1 _ e*2d¢){|1 + UCCeZiklcl2(1 _ e*Zd,C) + |Ucc + eZikzbeZik3a|2(1 _ e72d1C) _ 2(1 + UCCeZik,c
4 [UcceZile]*) _ 2|UCC|26—4-1110(1 _ eZd1C)} _ 2(1 _ eZdIC){e—4d3ae—4d2be—4d1c
+ U;kce—4dlc62ik2be2ik3a + Ucc[e—4d,ceZik2b62ik3a]*},
Term7 — (1 o e*Zde)(l o e*4d3a){|Uab + eZik3aeik2bl7ab|2 + |Uabeik2b62iklc + Uab|2}:
— (1 _ e—2d2b)(1 _ e—4d10){|ch + €2iklc€ik2bUhc|2 + |cheik2b62ik3a + ch|2}’

Termy = (1 — e~ *M)(1 — e™* )| Uyl *e™ ",

Termg

Finally, we obtained the expression for antiparallel conductivity for spin-up electrons

3C 1 ! ) [ [
ohe = — — ——— | xdx{dkpa—Term, + 4kpb—Term, + 4kpc—Termy + I3 Term,
16 D |den|” |, C3 Cy cq

+ l% Terms + l% Term6 + 212[3 Term7 + lelzTermg + 21113 Termg}.
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