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Magnetic reflectometry experiments have been performed in the
X-ray range at the L,; edges of rhodium. What makes these
experiments original is the insertion of a very compact double-
bounce reflectometer upstream of the monochromator. This
configuration makes full use of the high polarization rate of the
helical undulator source. This advantage is reflected in the high
quality of the data obtained after only a few accumulations. It is
also shown that, by properly selecting the angle of incidence, one
may obtain experimental differential X-ray reflectivity spectra
dominated either by the dispersion or the absorption terms.
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1. Introduction

X-ray magnetic circular dichroism (XMCD) studies at the L or M
absorption edges have become of much interest since it was
realized that they allow the evaluation of the relative contribu-
tions of the orbital and spin moments at the absorbing centre in
ferro(i)magnetic materials (Thole et al., 1992; Carra et al., 1993;
Stohr & Nakajima, 1997). Particularly exciting is the case of the
(3d, nd) transition-metal alloys which exhibit giant magneto-
resistances (Baibich er al., 1988; Bisnasch et al, 1989). Until
recently (Harp et al., 1995; Kobayashi et al., 1996; Vogel et al.,
1997), experimental difficulties hampered XMCD studies at the
L, 5 edges of 4d elements: in the energy range of interest (i.e. 2.4—
3.5keV), the exit beam of an Si or Ge (111) double-crystal
monochromator has a poor circular polarization rate since the
Bragg angle approaches 45° (Malgrange et al., 1991). In the
present paper, we propose a strategy that consists of inserting the
sample before the monochromator in order to take full benefit of
the high circular polarization rate of the source. At low energy,
transmission experiments are, however, to be avoided since ultra-
thin samples are difficult to prepare and would not survive very
long in a very intense undulator beam because of their very poor
heat transfer. On the other hand, with a sample excited with a
polychromatic beam, it does not make sense to measure the total
electron yield (TEY) or the X-ray fluorescence yield (FY). We
found it more attractive to perform differential X-ray reflecto-
metry on what we call hereafter ‘magnetic mirrors’. Our interest
in this option was stimulated by recent reports by Kao et al.
(1994) and Lambrecht et al. (1997) who observed large differ-
ences in the reflectivity of circularly polarized soft X-rays on
flipping the orientation of the magnetization. The major differ-
ences between the former experiments and our own experiments
are the following: (i) we do not use a monochromatic beam; (ii)
we do not perform our experiments in the soft X-ray range but at
photon energies greater than 2.4 keV. The present paper reviews
all instrumentation problems associated with our specific

© 1998 International Union of Crystallography
Printed in Great Britain — all rights reserved

experimental configuration. We will illustrate the performance of
the technique with test experiments carried out at the L, 5 edges
of rhodium using a ‘magnetic mirror’ consisting of a silicon wafer
coated with a thin film of Fes;Rhz; magnetic alloy.

2. Experimental
2.1. Beamline configuration

The reflectivity experiments described below were carried out
at ESRF beamline ID12A, which is a windowless fully UHV
beamline. A detailed layout of the beamline has been reported
elsewhere (Goulon er al, 1996, 1998). The helical undulator
Helios-1I (Elleaume, 1994) is well suited for investigations of the
L edges of 4d transition metals: at low energies (24 < E <
3.5 keV), the undulator can be tuned at the first harmonic, which
is quite intense and exhibits circular polarization rates in excess
of 97% (Goulon et al., 1996). The double-bounce reflectometer
was installed in the ‘white beam experimental station’ (see Fig. 1
in Goulon et al., 1998). The incident beam was collimated using
water-cooled secondary slits located before the reflectometer and
closed down to 400 (V) x 250 (H) pm. Indeed, the beam had to
be strongly collimated horizontally because (i) the reflectometer
deflects the beam in the horizontal plane; (ii) its angular accep-
tance is limited by the short lengths of the magnetic mirrors,
which do not exceed 20 mm. We did not make use of a four-
mirror (4-M) device even though it would have been preferable
to pre-filter the high-energy radiation in order to minimize the
heat load on the magnetic mirrors. The monochromator was
equipped with a pair of Si (111) crystals cooled to 133 K and
diffracting the X-ray beam in the vertical plane. Neither the 4-M

)

Figure 1

(a) Schematic layout (top view) of the double-bounce reflectometer.
Mirror M, is coated with an active magnetic layer encompassed in a soft-
iron magnetic circuit (3) magnetized by a coil (4). Mirror M; is not
magnetic but is used to minimize the heat load and filter out harmonics.
(b) Photograph of the entire mechanics.
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device nor the magnetic reflectometer, which both deflect the
beam in the horizontal plane, can spoil the measured energy
resolution of the monochromator (0.44 eV), which is very close to
the theoretical limit. The contamination of the spectra with high
orders is already very low since the reflectometer plays the role of
an extremely efficient harmonic filter because our measurements
are performed very close to the critical angle of incidence. A
multianode photodiode currently used as beam position monitor
(BPM-2) was used as detector. Its spatial resolution is &5 pm. By
monitoring the beam displacement in the horizontal plane while
rotating each magnetic mirror individually, we were able to
correct the angle of incidence for small angular offsets. A
mechanical chopper located upstream of the magnetic reflect-
ometer produces a square wave modulation of the X-ray beam at
68 Hz with two practical advantages: (i) the heat load on the
reflectometer is reduced by a factor of 2; (ii) the modulation
signal can be fed into the reference input of a digital lock-in
(VDL) (Gauthier et al., 1995).

2.2. Mechanical design of the reflectometer

The ‘white beam station’ is equipped with a UHV-compatible
stainless-steel chamber that can be rotated around the beam axis
(Goulon et al., 1996) and is mounted on a standard experimental
table with remotely controlled horizontal and vertical translations
(T, T,). The small volume of the chamber required us to design a
very compact reflectometer (Fig. 1). The two mirrors have
independent mechanics and are mounted on two symmetric ports
of the vacuum chamber. The CF100 flanges could be used as
reference planes since they were carefully remachined after
welding in order to be sure of the geometry of the chamber. Each
mirror has two independent degrees of freedom: (i) a horizontal
translation (7, T,,) perpendicular to the beam direction can be
generated by a motorized translation table (Schneeberger AG)
with a resolution of 2 um; (ii) an accurate rotation of the mirror
around its vertical symmetry axis (A0, = £30 prad) is produced
by a flexure hinge actuated by a motorized micrometer screw
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Figure 2

XMR spectra recorded at the rhodium L, 5 edges for various incidences
with either 6 > 6, or 6 < 6. Note the changes of the lineshapes.

(Physik-Instrumente) with a resolution better than 20 prad. Since
all motors and the two translation tables were kept outside the
vacuum chamber, rods and UHV bellows were needed.
Heidenhain MT12 sensors assess the reproducibility of the
rotations.

A copper coil magnetizes a soft-iron circuit which encompasses
the magnetic reflective layer of mirror M,. The magnetization is
parallel to the beam direction and it is possible to flip its orien-
tation at ca 1 Hz (Fig. 1a). With a current of 2 A, a magnetic field
of the order of 0.1 T was measured with a Hall probe. A cooling
system is available in order to evacuate the heat load due to the
absorption losses and to the power dissipated in the coil. Indeed,
it is essential to keep the sample below its Curie temperature. A
cryogenic system is available, which consists of a liquid-nitrogen-
cooled copper block with flexible copper braids connected to the
magnetic circuit and to the mirror support. Even though the
cooling efficiency of this system is limited, we had no difficulty in
keeping the temperature of the mirrors below 260 K while flip-
ping the magnetic field at a frequency of 1 Hz.

2.3. Magnetic mirrors

Each mirror was made of a thick silicon wafer cut to the
appropriate shape (L = 25mm, W = 8 mm, 7 = 7 mm). The
microroughness of the bare surface was 2 A rms. The first
mirror, M;, was coated with a cobalt layer (ca 1000 A thick) and
the second one, M,, with a thin film of Fes;Rh;; magnetic alloy
(also ca 1000 A thick). Both mirrors were capped with a 20 A
thin aluminium layer in order to prevent any surface oxidation.
Magneto-optical Kerr-effect measurements on mirror M,
confirmed that saturation was reached with a magnetic field Hg,,
= 500 Oe with a coercive field H.yere = 120 Oe.

2.4. Normalization of reflectivity spectra

A major difficulty arises from the lack of a suitable detector
I,” to normalize the beam intensity fluctuations. Two different
methods were considered to renormalize reflectivity spectra:

(a) At high grazing incidence (<8 mrad), it is possible to
slightly mistune the parallelism of the double-mirror reflect-
ometer in order to split the incident beam into (i) a reflected
beam, plus (ii) a non-reflected (i.e. transmitted) beam, which
reach the BPM at different positions. It then becomes possible to
normalize the intensity of the reflected beam with respect to the
total intensity. This improved the signal-to-noise ratio of our
Refl-EXAFS spectra considerably.

(b) Unfortunately, the latter technique becomes impracticable
for large angles of incidence as the transmitted beam is cut. For
differential reflectivity experiments, it is most convenient to
normalize the difference signal with respect to the sum, ie. to
measure directly a quantity proportional to the magnetic asym-
metry ratio with a noise level of a few 10™* in a single scan. Note
that the polarization-averaged edge spectrum can be measured
independently with another experimental configuration
exploiting the monochromatic beam.

3. Results

We have reproduced in Fig. 2 a series of differential X-ray
magnetic reflectivity (XMR) spectra recorded at room tempera-
ture at the L, 3 edges of rhodium for several angles of incidence.
We kept the helicity of the X-ray photons fixed and reversed the
direction of the magnetization four times for each data point of
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Comparative display of the Kramers—Kronig (KK) transform of the L,-
edge XMR spectrum recorded at 18.5 mrad grazing incidence, together
with the L,-edge XMR spectrum recorded at 10 mrad grazing incidence
and the XMCD spectrum recorded on the same sample at the same edge
using the conventional FY detection scheme. Note that all spectra can be
satisfactorily superimposed as predicted by our analysis.

an energy scan. Fig. 2 shows the asymmetry ratio averaged over
four consecutive scans. We checked that inverted spectra were
obtained on switching the undulator to the opposite photon
helicity. Note that the asymmetry ratio has the opposite sign at
the L, and L; edges, in full agreement with the XMCD sum rules.
As already noted by Kao et al. (1994), there are large changes in
the intensity of the signal and in the measured lineshapes when
the angle of incidence is modified. What adds considerable
involvement to the analysis of magnetic reflectivity experiments
is the fact that the reflectivity depends on both the real (§) and
the imaginary part (8) of the complex refractive index. For
simplicity, one may first forget about the contribution of magnetic
diffuse scattering by the surface and start with the Nevot-Croce
model of reflectivity for a single optical interface that can be
characterized by a small microroughness s (Nevot & Croce,
1980). It can be shown that, at the critical angle of incidence (6.),
the asymmetry ratio induced by the magnetic ordering can be
written as (Neumann et al., 1998)

AR/R = (ARy/Ry) + (ADyc/Dyc). @
where Ry refers to the Fresnel reflectivity

AR /Ry = [2Y) /(A + Y)lnul(/V) +21 = &) ()

and Dy refers to the Nevot—Croce correction for rough surfaces,
ADyc/Dyc = (2?)1/2]‘%(7293[(7711/1?) — &yl (3)

where Y = /8 <« 8§ = §(1 + ny) and B = B+ Cy)-

From equations (2) and (3) it can be seen that, at the critical
angle of incidence, the XMR spectra are dominated by the
dispersive part ny(E), even for rather rough surfaces. In other
words, XMR spectra recorded at the critical angle of incidence
should be more or less equivalent to Faraday rotation spectra
(Siddons er al., 1990; Kortright et al., 1995). Some more involved
calculations (Neumann ez al., 1998) would lead to the opposite
conclusion when the angle of incidence is much smaller than the
critical angle. To illustrate this prediction we have calculated the
odd-parity Kramers—Kronig transform of the XMR spectrum
recorded at 18.5 mrad, i.e. very near the expected critical angle
(14.4 mrad): if our theory is correct, the Kramers—Kronig-trans-
formed spectrum should reproduce the lineshape of an XMCD
spectrum. This is precisely confirmed by Fig. 3, which also shows
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that the XMR spectrum recorded at 10 mrad incidence is
unambiguously dominated by the XMCD lineshape.

4. Conclusions

High-quality differential XMR spectra have been recorded at the
L,; edges of rhodium. The most attractive advantage of our
configuration is that it takes full benefit of the high polarization
rate of the source. It is also shown that, by properly selecting the
angle of incidence, one may obtain experimental X-MR spectra
dominated either by dispersion or absorption terms. A natural
extension of these experiments would concern the investigation
of buried interfaces of magnetic multilayers: more information
might be extracted from the Bragg diffraction peaks associated
with the magnetic superlattice as pioneered by Tonnerre et al
(1995).

We are grateful to J.-F. Bouteille for his advice regarding the
design of the magnetic circuit and to Yves Souche (CNRS,
Grenoble) for magneto-optical Kerr-effect measurements. We are
also indebted to Gerry Harp and his group from Ohio University
for the preparation of the Feg;Rh;; magnetic alloy.
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