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ABSTRACT
The results of magnetic circular x-ray dichroism (MCXD) measurements and extended
x-ray absorption fine structure measurements (EXAFS) of the Fe K-edges of textured
Fe(110)/Pd(l 11) multilayers are reported. The EXAFS results indicates that the iron in the
system goes from bcc to a more densely packed system as the thickness of the iron layer is
decreased. The magnetic properties were measured by SQUID magnetometry from 5 - 350 K.
For all the samples, the saturation magnetization was significantly enhanced over the bulk values
indicating the interface Pd atoms are polarized by the Fe layer. The enhancement corresponds to a
moment of ~2.5\IB per interface Pd atom.
INTRODUCTION
Due to their unique magnetic properties Pd/transition metal systems have been of interest
for some time. In fact, reports that contact between Pd and Fe in dilute PdFe alloys produce large
magnetic polarization 'giant moments' date back to 1965 [1]. Recently, similar polarization
effects of Pd have been found for textured and epitaxial Fe/Pd multilayers [2-4]. Pd atoms at an
Fe/Pd interface are strongly polarized by the Fe atoms. This polarization is often observed by an
enhanced magnetic moments in the Fe/Pd multilayers and strong ferromagnetic interlayer coupling
for thin Pd layers. The magnetic properties of the Fe/Pd multilayer systems are strongly
dependent upon the structural characteristics of the samples. In most sputtered superlattices, the
layers typically grow normal to the densest planes resulting in textured Fe(l 10)/Pd(l 11)
superlattices. The in-plane lattice mismatch is 4.2% along the Fe <100> and 17% along the Fe
<110>. Epitaxial superlattices are typically Fe(001)/Pd(001) with a 4.2% in-plane lattice
mismatch. The polarization and interlayer coupling have been found to depend on a number of
structural properties including interfacial roughness and interdiffusion, and tetragonal distortions
ofthePd layers [2].
X-ray absorption near edge structure (XANES) and extended x-ray absorption fine
structure (EXAFS), are local probes and provide information about the electronic and structural
properties respectively of the different elements in the system. For further discussion of these
techniques see Hayes and Boyce or Heald [5].
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Magnetic circular x-ray dichroism (MCXD) is a probe of the local magnetic properties of
ferromagnetic or ferrimagentic materials. Since it is a local probe it provides a means of
discerning the magnetic contributions of each element (Fe and Pd) separately. The advantages of
magnetic x-ray absorption measurements are atom selectivity, the magnetic signal can be probed
independently for each chemical species in the sample, and that the measurement obeys the electric
dipole selection rules which determine the symmetry of the final state.
MCXD is the difference between the absorption of circularly polarized x-rays by a material
magnetized by a magnetic field applied respectively in the direction antiparallel and parallel to the
propagation vector of the x-ray beam. The MCXD signal is usually defined as the absorption
difference normalized to the total absorption, IMCXD = (p."-jx"")/(jx~ +^i ) where j i - (ji+) is the
absorption coefficient of the sample when the magnetic field is applied antiparallel (parallel) to the
propagation direction of an x-ray beam with right circular polarization.
The first MCXD measurements in the x-ray regime were carried out by van der Laan, et
al. with linearly polarized soft x-rays [6] and by G. Schutz et al. with circularly polarized hard
x-rays [7]. While magnetic dichroism signals deriving from localized electronic states, as in the
4f states for Mry v edges of rare earth elements, can be fully described using the atomic multiplet
formalism [8] the interpretation of the MCXD at the K-edge of transition metals, which probe the
conduction band magnetism, is not well understood [9].
The K-edge MCXD signal of transition metals is in general very weak (10"3) since it is
induced by the spin-orbit interaction in the 4p band. Nevertheless, K-edge x-ray absorption
spectroscopy presents some important advantages for the study of magnetic multilayers: (1) it
probes directly the conduction electrons which are expected to mediate the magnetic interaction;
(2) it avoids the limitation brought by soft x-rays whose sensitivity is restricted to a few layers
close to the surface.
The various shapes of the K-edge MCXD spectra may be qualitatively correlated with
weak (in the case of Fe) or strong ferromagnetic nature of the materiaL The MCXD spectrum of
pure iron exhibits a double peaked structure, with a positive and negative peak covering a total
energy range of about 17 eV around the absorption edge. Fe is a weak ferromagnetic material (its
Fermi level crosses both the majority and minority spin d-bands). It has been suggested that the
positive peak could be related to the dominant spin-up d-like density of states close to the Fermi
level, specific to Fe, while the negative peak observed at higher energies would be related to the
spin-down density of states. Multiple.scattering calculations [9] partly support this qualitative
correlation as they show that the positive peak observed in Fe K edge MCXD spectrum of pure Fe
is related to the d component of the photoelectron scattered by the spin-orbit of the neighboring
atoms.
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SAMPLE PREPARATION AND EXPERIMENT
A series of Fe/Pd multilayers were synthesized by dc magnetron sputtering onto ambient
temperature kapton substrates. An initial layer of 100A of Cr was deposited prior to the
deposition of the multilayer. The multilayers were of the form Cr (100A)/[Fe(x)/Pd(y)]3o where
x and y equal 20A, 20A; 20A, 10A; 20A, 4A; 10A, 20A; and 4A, 20A. The x-rays were
measured using Cu K a radiation. The magnetic properties were measured by SQUID
magnetometry from 5 - 350 K. EXAFS spectra at the Fe K-edge were measured in electron yield
mode at beamline D41 at LURE, using a Si (331) channel cut monochromator.
MCXD measurements were carried out on the energy dispersive x-ray absorption
beamline of the positron injected storage ring DCI at the French synchrotron radiation facility
LURE. The exceptionally long lifetime (« 100 hours) and good spatial stability of the source are
necessary for such low signal measurements. Right circularly polarized photons (polarization rate
approximately 80%) were selected by positioning a 1 mm wide slit 3 mrad below the synchrotron
orbit plane. The x-ray absorption spectra were measured using a Si (111) curved polychromator,
focused 80 cm away, in the gap between the poles of an electromagnet. Higher harmonics were
rejected by a zerodur mirror positioned before a photodiode array detector. The absorption
spectra were measured, in transmission geometry, in a magnetic field applied alternatively anti-

parallel (}l ) and parallel (pr) to the propagation direction of the x-ray beam. The magnetic field
direction was switched typically 500 times between the two positions and the total acquisition time
was about eight hours. For the most dilute sample, the total acquisition time was three days. For
multilayers, a glancing angle geometry was used to enhance the volume being probed. In this
geometry the magnetic field was approximately in the plane of the layers. The poles of the
electromagnet were kept farther apart and the magnetic field applied to the samples was 0.4T. In
all cases, die applied magnetic field was sufficient to obtain magnetic saturation.
The absorption spectra of the multilayers were measured at the Fe-K edge (7112 eV). The
difference spectra (jx - |i~) were normalized by division by a constant value, the absorption edge
step height The normalized difference spectrum will be referred to as the MCXD signaL In all of
the samples, the amplitude was on the order of 1-2 x 10"^. The origin of the energy scale was
chosen as the steepest point in the rising edge (7112 eV).
+

+

RESULTS AND DISCUSSION
All the samples were textured Fe(l 10)/Pd(l 11) as shown by the x-ray diffraction spectra
in Fig. 1. The fit to the multilayer peak intensities gives an average Fe and Pd lattice spacings of
2.07 A and 2.255A, respectively for the [Fe(20A)/Pd(20A)]30 samples [10]. These values are
expanded over the bulk materials (2.027 A and 2.246 A). Such expansions are commonly
observed in lattice-mismatched metallic superlattice and has been attributed to defects arising from
the interfaces.
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Figure 1. X-ray diffraction spectrum of an [Fe(20A)/Pd(20A]3p multilayer The fit to
the multilayer peak intensities gives an average Fe and Pd lattice spacings of 2.07A
and 2.255A respectively.
For all the samples, the saturation magnetization at low temperatures was significantly
enhanced over the value expected for bulk Fe indicating that the interface Pd atoms are polarized
by the Fe layer, as seen in Fig. 2. The enhancement, measured at 5 K, corresponds to a moment
of «2.5|J.B per interface Pd atom. This value is consistent with the work of Childress et al. [3] for
MBE grown Fe/Pd(001) superlattices, but much higher than that for MBE grown Fe/Pd(001)
bilayers or theoretical calculations [2]. This difference can be understood from roughness and/or
interdiffusion at the Fe/Pd interface which results in a larger number of Pd atoms in proximity
with Fe atoms. The polarized moment measured at 4.2K for fixed Fe thickness is nearly

independent of Pd thickness, indicating a majority of the polarized moment is localized at the
Fe/Pd interface. However, there is a systematic change in the temperature dependence of the
saturation magnetization with changes in both the Fe and Pd thicknesses. For fixed Fe thickness,
the saturation magnetization is more strongly temperature dependent for thicker Pd layers.
Similarly, for fixed Pd thickness (Fig. 2) the magnetization is more strongly temperature
dependent for thinner Fe thicknesses. However, for all samples die M-vs.-T data is well
represented by the T^-behavior expected for magnons in a 3-D ferromagnetic. This suggests
that the even for the Fe(4A)/Pd(20A) sample, the Fe layers are ferromagnetically coupled through
the Pd layers giving rise to the 3-D temperature behavior.
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Figure 2. SQUID magnetometry results for the saturation magnetization (Ms per cm
of Fe) vs. Temperature for Fe(x)/Pd(20A) multilayers. M$ for the multilayers is
enhanced over the bulk Fe value indicating that the interface Pd atoms are polarized
by the Fe layer. The solid lines are fits to the equation Ms(T) = Ms(0)[l-aT / ].
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The near edge of the x-ray absorption measurements for three of the multilayers with the
Pd layer held constant are shown in Fig. 3. The edge of an Fe foil which has the bulk bcc
(2.87A) structure is shown for comparison. The change in the shape of the edges indicate a
change in structure from bcc-Fe to, most likely, fee for the smallest Fe layers. The Fe K-edge
EXAFS, as shown in Fig. 4 (a) and (b), indicate that the Fe(20A)/Pd(y) multilayers are similar to
the EXAFS of the Fe foil, with the amplitude of the first peak decreasing with increasing Pd layer
thickness. For the Fe foil, the first peak is typically fit with a coordination number, CNi = 8, for
r i = 2. 48A and CN2=6 for r2 = 2.866A. For the second peak, CN3 = 12 and 13 = 4.05A. In
Fig. 4(a), the shape and position of the first two peaks for the multilayers follow that of the iron
foil, indicating the Fe in these systems behaves in a bulk-like manner. However, for
Fe(10A)/Pd(20A) as shown in Fig. 4(b), the first peak shows a slight shift whereas for
Fe(4A)/Pd(20A), the first peak splits into two, indicating a loss of the Fe bulk structure. This is
in agreement with the Fe K-edge XANES of these samples, in that the shape of the near edge
indicates a change in the Fe structure from bcc for thin Fe layers. A similar transition was
observed in Fe/Cu multilayers where the Fe transforms from bcc to fee at a critical thickness [11].
The structural change in the Fe layer may also result from formation of an ordered FePd
compound at the interface which can have an fee or fct structure.

Figure 3. The Fe K near edge x-ray absorption spectra for some multilayers
are compared with the Fe K-edge spectra of pure bcc Fe. (a) Fe foil,
(b) Fe(20A)/Pd(20A), (c) Fe(10A)/Pd(20A), and (d) Fe(4A)/Pd(20A).

Figure 4. The Fourier transforms (FT) of Fe K-edge EXAFS spectra of multilayers are
compared widi the Fe of the bulk Fe at the Fe K-edge ( 3 -* 13A~1). (a) Fe foil (
),
Fe(20A)/Pd(4A) (
), Fe(20A)/Pd(10A) ( — ) , and Fe(20A)/Pd(20A) ( ***** );
(b) Fe foil (
), Fe(10A)/Pd(20A) (
), and Fe(4A)/Pd(10A) (
)
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Figure 5. Fe K-edge MCXD spectra of Fe/Pd multilayers taken at room
temperature. The energy axis is scaled to the absorption edge positions and the
MCXD signals are normalized to the absorption edge step height The spectra have
been shifted vertically with respect to Fe(4A)/Pd(20A).
The room-temperature MCXD signals of the Fe K-edge (Fig. 5) in these samples are the
same shape and show an increase in amplitude as the Fe layer thickness increases. The
amplitudes of Fe(2fjA)/Pd(20A) and Fe(20A)/Pd(4A) are almost identical and smaller than that of
Fe foil. This suggests that the overall magnetic properties of Fe in the systems where Fe is held
constant and Pd is varied are similar to that of the bulk iron. For Fe/Co multilayer and alloy
systems Pizzini, et al., [12] note a change of shape and amplitude of the negative MCXD peak
and suggest that it may be correlated to the magnetic moment of the absorbing atom. However,
we see litde or no change in the shape of the negative peak as compared to die positive peak in the
Fe/Pd multilayer systems, indicating that the Pd is not contributing very much at room
temperature.
From the magnetometry results in Fig. 2, it can be noted mat at room temperature, die
saturation magnetization (M ) for the multilayers is relatively small compared to the low
temperature values and also that they are close to the Fe bulk M value. This suggests that the
enhanced Ms values of these systems might manifest themselves in the MCXD measurements
performed at low rather than room temperatures. In other words, we would be more likely to see
the Pd contribution to the Ms value at low temperatures, rather than at higher or room
temperatures.
In conclusion, the structural information from XAS measurements indicates that for
systems where the Pd is held constant and Fe is varied, the Fe layers become more densely
packed (less bcc like) as die Fe layer thickness is decreased. This suggests the formation of an
ordered FePd compound at the interface which can have an fee or fct structure.
At low temperatures, at the interface, Pd atoms are polarized by the Fe layer. The
enhancement at 5K corresponds to a moment of =2.5fiB per interface Pd atom. The polarized
moment measured at 4.2 K for fixed Fe thickness is nearly independent of Pd thickness,
indicating a majority of the polarized moment is localized at the Fe/Pd interface. The M-vs.-T data
is represented by T^-behavior expected for magnons in a 3-D ferromagnetic. From this, we
infer that the Fe layers are ferromagnetically coupled through the Pd layers giving rise to the 3-D
temperature behavior. For fixed Fe thickness the saturation magnetization is strongly temperature
dependent for tiiicker Pd layers as indicated in Figure 2. At room temperature, the SQUID and
the MCXD indicate that the Pd contribution to the M§ is small.
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