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Oscillations of magnetoresistance and interlayer exchange coupling vs.
both non-magnetic spacer and cap-layer thicknesses are studied within the
framework of the s—d model. The studies are carried out by means of the
Kubo formula and a Green function recursion technique. Transport cal-
culations concern multilayers (sandwiched between two semi-infinite ideal
lead wires) oriented either parallel or perpendicular to the current direc-
tion. The considered structures for the above mentioned two basic geome-
tries, are cubic grains identical in: (i) size, (ii) number of sublayers, and
(iii) thicknesses of particular sublayers, which makes it possible to com-
pare, in a direct and reliable way, the corresponding magnetoresistances.
The current-in-plane magnetoresistance is found to be usually lower than
the current-perpendicular-to-plane one, but both of them show oscillatory
behaviours mutually correlated, and related to the Fermi surface callipers.
Moreover, the current-perpendicular-to-plane giant magnetoresistance for
structures in a form of infinite in layer-plane trilayers capped with an extra
bilayer (ferromagnet/paramagnet) is also discussed.

PACS numbers: 75.70.-i, 75.70.Ρa, 73.23.Ad

1. IntroductiOn

Transport properties of magnetic multilayers have been intensively stud-
ied for a decade now. The interest is motivated by potential (and already par-
tially realized) practical applications based first of all on the giant magnetore-
sistance (GMR) phenomenon [1-3]. The most common geometries in which the
GMR is usually measured and calculated are CIP (current-in-plane) and CPP
(current-perpendicular-to-plane), although the intermediate case CAP (current-at
an angle-to-plane) is also tractable. In this paper we shall concentrate on CIP-
and CPP-GMR in order to elucidate the nature of these phenomena and their
relation to interlayer exchange coupling (IEC). Unlike other authors, we construct
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our structures in a form of cubic grains and compare CIP and CPP results for
samples with the same sizes and thicknesses of particular sublayers. Moreover, we
carry out our considerations not only for varying spacer thicknesses but for varying
cap-layer thicknesses, too.

The aim of the present paper is to compute the GMR, within the ballistic
regime, for the two above-mentioned geometries, by means of an exactly solvable
s—d model with sublayer-, orbital- and spin-dependent on-site potentials. This
approach, free from hardly controllable factors (like structural imperfections or
thermal excitations) makes it possible to treat CIP and CPP on exactly equal
footing.

2. MOdel and formalism

A "semi-realistic" s—d model we adopt, has proved to work quite well in
dealing with magnetoconductance problems in Cu/Co multilagers (refer [4] for
more details, including parameters: t s = —1, td = —0.2 and Vsd = 1, i.e. hopping
integrals and hybridization). In the present study however a real-space representa-
tion is used and finite cubic magnetic layered structures are sandwiched between
semi-infinite ideal lead wires (LW) made of the same metal as the paramagnetic
spacer (i.e. with the same parameters, including Vsd)•

In linear response theory, the conductance Γσ , i.e. the contribution of elec-
trons with spin σ to the dc-conductance reads

where 0 and 1 stand for indices of any neighbouring monolayers normal to the
current direction, T is the diagonal hopping matrix, Ĝ denotes the imaginary part
of the Green function and the trace Tr[... ] is performed over both the orbitals s, d
as well as the lattice-sites within the given plane. Finally, the GMR is given by
GMR = (Γ ↑↑↑? + Γ↓↑↑)/(Γ↑↑↓1+ Γ↓↑↓) — 1, where the superscript fir (r f.) denotes the
parallel (antiparallel) alignment of magnetic sublayers.

In addition to the transport phenomena we are interested in the mutual
correlations between the GMR and the interlayer exchange coupling (J). The J
has been determined from the configuration- and spin-dependent grand thermody-
namic potentials (cf. [4]). The results we present below have been obtained for the
following spacer (S), ferromagnet (F) and cap-layer (C) on-site potentials: q = 0
andεdi↑=-1for iε S and Fε ,= -1for i E S, ε4 =-0.2for i Ε F, and
4σ = —0.2 for i E C (all normalized to |ts |), and Fermi energy EF = 0.

3. Discussion

The main results of the present paper are presented in Figs. 1 and 2. All the
depicted curves have oscillatory character with short and long periods. The periods
of the IEC may be asymptotically estimated, from energy spectra, either for thick
spacer limit or for thickcap-layer limit. For the parameters under consideration,
the so estimated periods are 2.8 and 8.2 in the former case (varying n s ) and 3.4
and 6.8 in the latter case (varying n cap ). As can be seen from the figures the
GMR ' curves show also two types of periods and it depends on the geometry
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(CIP or CPP) and the varying layer (S or C) whether the dominant period is
long or short. Incidently the periods which appear in Figs. 1 and 2 are roughly
consistent with the asymptotic ones mentioned above. Besides it is noteworthy
that in the GMR vs. n, case the CPP curve lies always higher than the CIP curve
in concordance with other papers (e.g. [5-7]). The GMR vs. n cap case has not been
studied so far, to our knowledge, the interesting finding about it is that then the
CIP and CPP curves are no longer very distant from each other and, first of all,
that for specific n cap-thicknesses (dependent also on n,) the GMR can be brought
to negative values corresponding to the so-called inverse GMR [8, 9].

Fig. 1. GMR for the trilayer n cap /n f /n s /n f with ncaρ = 0, n f = 3, vs. spacer thickness
I!, (n3). The CPP-GMR is much larger than the CIP-GMR, the former reveals predom-

inantly short-period oscillations whereas the latter has got a quite pronounced long
period oscillation component. The dotted curve represents interlayer exchange coupling
(right hand side scale). All the thicknesses are expressed in the number of monolayers.
Fig. 2. As in Fig. 1 but vs. cap-layer thickness and n, = 2. This time the long-range
oscillations dominate for the CPP case, whereas the short-range ones — for the CIP
case.

We present also results for the CPP geometry with a bit more complex
structure of the form F1/S1/F2/S2/F3 (infinite in layer-plane dimensions), i.e. a
spin-valve with the F1/F2 antiferromagnetic exchange coupling stronger than that
of F2/F3. Formally this structure may be regarded as the trilayer capped with
C = F1/S1 bilayer [10]. It is easily seen from Fig. 3 that IEC (between F2 and F3 )
and GMR remain correlated again.

In conclusion, it has been shown that the GMR exhibits oscillatory behaviour
with quasiperiods determined by the Fermi energy callipers. Within the ballistic
regime, the GMR reveals clearly multiperiodic behaviour but weights of particu-
lar periods are different, so some periods may be quite pronounced whereas others
— substantially suppressed. For instance, according to the present model, the
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Fig. 3. GMR and IEC for the F1/S1/F2/S2/F3 spin-valve with the thicknesses equal
to 8, 5, and 3 for magnetic sublayers and 3 for the first spacer (Si).

long period of the GMR is clearly visible both for the CIP geometry with varying
spacer-thickness as well as for the CPP geometry with varying cap-layer-thickness,
whereas the short period dominates in the alternative cases (CIP-GMR vs. ncap
and CPP-GMR vs. n 3 ). The correlation between CPP-GMR and interlayer ex-
change coupling is still strong in case of the spin-valve structure.
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