e

ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.“cr.

Journal of Magnetism and Magnetic Materials 272-276 (2004) 1128-1129

M Journal of

M Tiieriais

www.elsevier.com/locate/jmmm

Long range electron spin polarization in the Ag layer of a
Fe/Ag film

H. Luetkens®®*, J. Korecki®®, E. Morenzoni®, T. Prokscha®, A. Suter®, M. Birke?,
N. Garifianov®, R. Khasanov®™', T. Slezak®, F.J. Litterst®

& Institut fiir Metallphysik und Nukleare Festkorperphysik, TU Braunschweig, Braunschweig D-38106, Germany
® Paul Scherrer Institut, Labor fiir Myonspin-Spektroskopie, Villigen PSI CH-5232, Switzerland
€ Faculty of Physics and Nuclear Techniques, Academy of Mining and Metallurgy, Krakow PL-30-059, Poland
4 Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Krakéw PL-30-059, Poland
¢ Kazan Physical-Technical Institute, Kazan 420029, Russian Federation
t\Physik Institut der Universitit Ziirich, Ziirich CH-8057, Switzerland

Abstract

The depth dependence of the induced electron spin polarization below the magnetic interface of an epitaxial 4 nm
Fe/300 nm Ag(0 0 1) bilayer has been investigated by means of low energy muon spin rotation (LE-uSR, Appl. Magn.
Reson. 13(1997) 219). The mean stopping depth of the muons in the Ag layer can be tuned between 10 and 110 nm. A
long range spin polarization is deduced from the uSR data. These measurements complement earlier investigations on a
4 nm Fe/20 nm Ag/4 nm Fe(0 0 1) trilayer (Phys. Rev. Lett. 91 (2003) 017204).
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1. Introduction

The oscillating interlayer exchange coupling (IEC) [1]
observed for ferromagnetic films separated by a non-
magnetic metallic spacer can be well described by
Ruderman—Kittel-Kasuya—Yosida (RKKY) [2] and
quantum well (QW) [3,4] models. While the first model
is adopted from the indirect coupling mechanism of
magnetic impurities in metals, the second has its origin
in a spin-dependent confinement of conduction electrons
within the spacer. The oscillation periods of the IEC are
determined by extremal spanning vectors connecting
parallel regions of the spacer’s Fermi surface. In the Fe/
Ag system, for example, two oscillation periods are
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found belonging to electron states from the neck and
from the belly of the Ag Fermi surface [5]. Both models
imply the existence of a spatially oscillating electron spin
polarization M (x) within the spacer. While the IEC can
be investigated by experimental methods that probe the
ferromagnetic layers, it is more difficult to get access to
information on the spatially dependence of M(x).
Recently, an oscillating M(x) was observed in the Ag
layer of a high quality 4 nm Fe/20 nm Ag/4 nm Fe
epitaxial trilayer by LE-uSR [6]. The oscillation period
was found to be consistent with the one from the belly
states. However, the observed M(x) exhibited a much
longer range than expected from measurements of the
IEC and simple RKKY type models. Here, we report on
a complementary LE-uSR [7] study on a 4 nm
Fe/300 nm Ag(0 0 1) bilayer. To examine M(x) at
different depths x below the magnetic interface, the
muons were implanted with various kinetic energies (3—
30 keV). Typical transverse field LE-uSR data are

0304-8853/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.jmmm.2003.12.628



H. Luetkens et al. | Journal of Magnetism and Magnetic Materials 272-276 (2004) 1128—1129 1129

Polarization P(t) (%)

0 1 2 3 4
Time t (us)

Fig. 1. Time-dependent muon ensemble polarization for muon
implantation energies of 3,15, and 30 keV with a mean
implantation depth of 9,48, and 107 nm beneath the Fe/Ag
interface, respectively. The spectra were taken with an external
field Bext = 9.2 mT at 20 K.

shown in Fig. 1. The damping 4 of the uSR signal is due
to the distribution of hyperfine fields sensed by the muon
ensemble. The relatively strong damping indicates large
and spatially varying fields B(x) even for the highest
muon energy of 30 keV with a mean implantation depth
of 113 nm. In Fig. 2, the measured A is compared to
model calculations using B(x)oc M(x) with

M(x) = Mg Y Cix " sinQux/A; + §)). (1)

weighted with the energy dependent muon stopping
distribution n(x, E). The fit is not sensitive to the detailed
shape of M(x) due to the large width of n(x,E)
compared to the oscillation periods. Therefore, the fit
has been performed by using literature values for Ay
and ¢y, only [2]. Nevertheless, our data show
unambiguously the existence of rather large positive
and negative hyperfine fields at depths of the order of
100 nm in the Ag layer beneath the magnetic interface.
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Fig. 2. Muon-spin depolarization rates /, obtained at different
applied fields (Bexe = 0-21 mT), as a function of the muon

implantation energy E together with the model calculation
described in the text.

Within the model used, the data are best described by an
oscillating long range electron spin polarization
M(x)ocx~ %4V This is in contradiction to the x>
dependence predicted by simple RKKY models. A
possible explanation of this slow decay of M(x) may
be found in theories that include the confinement of
electrons in the spacer. Semi-analytical calculations for
the Co/Cu system [8] reveal deviations from the usual
x~2 behavior for confined electron states. This mechan-
ism might also be relevant for the Fe/Ag system, since
the belly states are fully confined in Ag [9].
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