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X-ray magnetic circular dichroism (XMCD) is one of the most powerful tools for
investigating the magnetic properties of different types of materials that display
ferromagnetic behavior. Compared with other magnetic-sensitive techniques,
XMCD has the advantage of being element specific and is capable of separating
the spin and magnetic moment contributions associated with each element in the
sample. In samples involving, for example, buried atoms, clusters on surfaces or
at interfaces, ultrathin films, nanoparticles and nanostructures, three experi-
mental conditions must be present to perform state-of-the-art XMCD
measurements: high magnetic fields, low temperatures and an ultra-high-
vacuum environment. This paper describes a new apparatus that can be easily
installed at different X-ray and UV beamlines at the Brazilian Synchrotron
Light Laboratory (LNLS). The apparatus combines the three characteristics
described above and different methods to measure the absorption signal. It also
permits in situ sample preparation and transfer to another chamber for
measurement by conventional surface science techniques such as low-energy
electron diffraction (LEED), reflection high-energy electron diffraction
(RHEED), X-ray photoelectron spectroscopy (XPS) and X-ray photoelectron
diffraction (XPD). Examples are given of XMCD measurements performed
with this set-up on different materials.

© 2009 International Union of Crystallography
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1. Introduction

Materials science, particularly nanoscience, has received much
attention from basic and applied researchers owing to the
possibilities of engineering selected and unique chemical and
physical properties, conventionally related to the atomic or
nanometric dimensions of such materials. These new materials
have properties not found in conventional bulk phases, which
opens up several possibilities for technological applications.
Numerous examples can be found in the literature demon-
strating unique catalytic, optical, electronic and magnetic
properties found in clusters and nanoparticles (Besenbacher et
al., 1998; Chen & Goodman, 2006; Chang, 2007; Avouris et al.,
2007; Ge et al., 2007). It has been clearly shown that magnetic
behavior depends on the size, electronic and atomic structure
of nanoparticles, clusters and ultrathin films (Lau et al., 2002;
Dudzik et al., 1999; Rupp et al., 2008). For example, Lau et al.
(2002) demonstrated enhanced magnetic behavior and
angular to spin momentum contribution dependence on the
number of atoms in very small (only a few atoms) iron clusters.
Similarly, Dudzik et al. (1999) described the dependence of the

blocking temperature on Co cluster size, ranging from 300 to
12000 atoms. Another fascinating example was recently
presented by P. Vargas’ group, demonstrating the possibility of
designing magnetic nanostructures by inducing a structural
phase transition in ultrathin films of Fe/Cu(100) by using ion-
beam bombardment (Rupp et al., 2008); this has huge poten-
tial for applications in data-storage devices and spintronics.
Recently, a number of theoretical and experimental groups
have been studying the possibility of inducing ferromagnetic
behavior in non-ferromagnetic elements such as Au and Pd by
modifying their electronic and/or geometric structure. It might
be very useful to combine noble metal properties with
magnetism for a number of applications. Several theoretical
studies (Scherz et al., 2002; Hiiger & Osuch, 2003; Delin et al.,
2004; Alexandre et al.,2006) claim that it is possible to produce
ferromagnetic palladium just by changing the stacking of the
Pd layers from f.c.c. to h.c.p. or by expanding their lattice
parameter. From an experimental point of view, to demon-
strate and understand the physical mechanism involved in
such systems certainly would contribute to the understanding
of nanomagnetism, and might be important for future break-
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throughs in the area. Nevertheless, the topic is still contro-
versial and an open question, since, to the best of our
knowledge, there is not an incontestable published experi-
mental result demonstrating that the origin of the ferro-
magnetic signal derives from the Pd atoms in pure Pd particles,
nanowires or ultrathin films and not from contaminants, or is
induced by other magnetic materials or even from experi-
mental artifacts (de Siervo et al., 2007; Hiiger & Osuch, 2005;
Taniyama et al., 1997; Abraham et al., 2005). Therefore, it is
essential to identify carefully the contributions to the ferro-
magnetic signal using an element-specific technique.

X-ray magnetic circular dichroism (XMCD) has been
shown, over the last decades, to be an extremely powerful tool
for the study of magnetism in materials displaying ferro-
magnetic coupling (Abraham et al., 2005; Thole et al., 1992; Wu
etal.,1992; Wu & Freeman, 1994; Carra et al., 1993; Chen et al.,
1995; Vogel & Sacchi, 1996; Gambardella et al., 2003). The
XMCD signal can be understood, in simple terms, as the
difference between the photo-absorption cross sections for a
magnetized sample excited with left and right polarized light.
It is possible to show that the XMCD signal can be obtained in
an equivalent mode by fixing the polarization (left or right)
and inverting the applied magnetic field (parallel or anti-
parallel to the direction of the light propagation). The XMCD
signal is obtained from inner shell absorption edges through
electronic transitions between core states to unoccupied
valence states. In transition metals such as Fe, Ni and Co, the
largest contribution to the XMCD signal involves p — d
dipole transitions (L, electrons — unoccupied d valence
states). In the simplest view, we can interpret the XMCD
signal to be proportional to the difference in the spin-up and
spin-down occupation of the unoccupied d states in the
valence shell of the absorbing atoms, which acts like a spin-
polarized detector. This means that XMCD is able to probe
the local magnetic moment of a specific absorbing element. In
some cases it is also possible to determine the magnetic
behavior of different chemical states of the atoms, depending
on the element and the spectral resolution of the beamline.
However, it has been demonstrated that the complete theo-
retical description of the XMCD sum rules can be very
complicated. The one-electron picture is an oversimplification,
as it is necessary to take into account several aspects such as a
more realistic description of the electronic and atomic struc-
ture. This is especially true for systems with low dimension-
ality. However, compared with other techniques, XMCD is
able to provide valuable information that might lead to a
better understanding of the physical mechanisms behind the
magnet behavior of materials. One very remarkable result
obtained by XMCD that exemplifies the power of this tech-
nique was presented by Gambardella et al. (2003) who studied
the magnetic properties of the ultimate systems, isolated single
atoms at surfaces.

As mentioned earlier, for a class of new materials such as
buried atoms at interfaces, nanoparticles, clusters and ultra-
thin films, XMCD measurements are very appropriate for
magnetic characterization, but in most cases they need to be
performed under ultra-high-vacuum (UHV) conditions, with

high applied magnetic fields and low sample temperature. In
this paper, we describe in detail the apparatus that was built at
the Brazilian Synchrotron Light Laboratory (LNLS) and
present results obtained with this new set-up; we also put
forward suggestions for future improvements.

2. Experimental set-up

The experimental set-up consists of a very compact UHV
chamber with base pressure of about 5 x 107'" mbar after
bakeout, with the possibility of reducing the base pressure by
almost one order of magnitude during measurements at low
temperature (LT). All parts of the chamber are made of 316L
stainless steel. The upper part of the chamber supports a
manipulator, sample preparation and transfer mechanism, and
the pumping system that combines a turbo-molecular and a
sputter ion pump. The lower part is composed of a narrow
chamber that is fixed between the pole pieces of an electro-
magnet. The pole pieces are separated by a gap of 26 mm, with
22 mm of internal space in the chamber at this region. The
pole pieces have a central hole through which a 1" (1.27 cm)
tube joins the chamber to the beamline. The magnetic field is
concentrated in the sample region using the pole pieces
formed by an external structure of yoke and two cones of low-
carbon iron. The geometry of the cones, including the central
holes and the gap spacing, was optimized by simulations to
obtain an intense and homogeneous magnetic field in the
sample region. Fig. 1 shows the main parts of the XMCD set-
up, and Fig. 2 presents a simulation of the magnetic field
distribution and the measured magnetic field in the sample
region as a function of the current in the coils. The remanent
field at the sample region was 60 Oe after applying 17 kOe. We
expected that it would be linear and lower than 0.4% of the
maximum applied magnetic field. The temperature, water flow
and electrical current in the magnets are continuously
measured and interlocked to prevent overheating and to
stabilize the intensity of the magnetic field. In the standard
XMCD configuration, in samples with magnetic anisotropy
perpendicular to the surface, for example, circularly polarized
light propagates through the hole in the pole piece and
impinges on the sample perpendicularly to its surface. The
sample manipulator permits sample rotation to measure the
XMCD signal in other configurations, for example in samples
with magnetic anisotropy parallel to the surface.

The XMCD chamber can be easily installed in three
different UHV beamlines at the LNLS: SXS (soft X-ray
spectroscopy) beamline (1000-6000 eV) (Abbate et al., 1999),
SGM (spherical grating monochromator) beamline (250-
1000 eV) (de Castro et al., 2001) and TGM (toroidal grating
monochromator) beamline (12-300 eV) (Fonseca & Castro,
1998). In these beamlines, light with almost 70% circular
polarization is obtained by positioning the beamline slits out
of the plane of the electron storage ring. In this way of
producing circularly polarized light, the photon flux and
degree of polarization are correlated, limiting the optimization
of both. For the SGM beamline the photon flux for 65%
circular polarized light at the region of the Fe, Ni and Co L
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Figure 1

The UHV XMCD chamber installed at the SXS beamline. The lower
inset shows a detailed CAD drawing of the main chamber. The upper
inset shows the sample holder.

edges is about 1.4 x 10' photons s~' (100 mA)™" (0.1%
bandwidth) . The resolving power E/AE at this energy
region is better than 1500. In the near future, it will be possible
to use this set-up on the VUV EPU-undulator beamline (100-
1000 eV) combining high-resolution spectroscopy with fully
circular or linear polarized light (Reininger & Castro, 2005),
which will dramatically improve the quality of the experi-
ments. Fig. 1 shows the XMCD set-up installed at the SXS
beamline.

For sample cooling, two options have been constructed.
One uses simple liquid-nitrogen cooling, and with this set-up
it is possible to reach 120 K at the sample. Temperature is
measured using electrically insulated E-type (Cromel/
Constantan) thermocouples fixed to the sample holder. As the
sample holder is relatively small, it is possible to rotate the
sample relative to the magnetic field. For measurements in
the range ~8-450 K, a modified liquid He cryocooler from
Advanced Research Systems Inc. is used, but, owing to the
need for heat shielding, sample rotation is rather limited. In
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(a) A three-dimensional simulation of the magnetic field distribution and
temperature in the magnetic coils for an applied current of 50 A. (b)
Homogeneity of the magnetic field at the sample region (simulations and
measurements). (¢) Measured magnetic field as a function of the current.

this case the temperature is measured by a silicon diode,
model DT-670B-SD from LakeShore Cryotronics Inc.,
attached to the sample holder. The sample holder (inset in
Fig. 1) allows sample transfer and accommodates several
samples at the same time. It also allows the absorption signal
to be detected by two modes: TEY (total electron yield) or
transmission through the sample. For the TEY mode, the
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Table 1

Sum rules determination of the spin and orbital moment contributions for
Fe and Ni ultrathin films.

The number of 3d holes is obtained by theoretical calculations from Eriksson
et al. (1990) and has been used in this work and in the comparison with results
from Chen et al. (1995) and Vogel & Sacchi (1996).

This work Literature
Element g = (10—n35) g (1tp) my, (ig) ms (ug) my (Ug)
Fe 3.50 1.94 £ 0.17 0.083 £ 0.007 1.98% 0.086F
Ni 1.78 0.58 + 0.05 0.069 £+ 0.007 0.58% 0.060%

f Chen et al. (1995).  Vogel & Sacchi (1996).

absorption signal is detected by an electrometer limited to the
PA range by signal-to-noise considerations. To prevent elec-
trons from being reabsorbed, a 90% transmission gold mesh is
placed in front of the sample which can be polarized by a few
tens of volts, and this improves the signal-to-noise ratio. The
gold mesh is especially important in the regime of high
magnetic field. Detection in the transmission mode is espe-
cially interesting because it is naturally not affected by elec-
tron reabsorption effects or charging in insulating samples. In
this case, the transmitted photons are detected by a photo-
diode SX100 from IRD (International Radiation Detection
Inc.) with almost 100% of quantum efficiency. The signal is
normalized by the TEY measured from a gold mesh posi-
tioned at the chamber’s entrance in both cases. Two view-ports
sited on the sample surface positioned at the center of the
magnetic field are used for the fine positioning of the sample
and also permit surface magnetic optical Kerr effect
(SMOKE) measurements in the polar mode.

Up to now, two types of acquisition modes for XMCD have
been used. The first consists of measuring complete absorption
spectra with the magnetic field applied in one direction and
immediately after with the field inverted. We have realised
that, even after applying the normalization, a few differences
between the spectra can be detected when the measurements
take longer then 20 min. This effect is clearly related to the
beam lifetime in the ring, slow drifts in its orbit and difficulties
in precise positioning of the optical elements in the beamline.
The second mode consists of measuring the XMCD spectra
point by point, i.e. each photon energy in the spectra reversing
the applied magnetic field in a short time using the sequence
ABBABAAB, where A and B refer to the direction of the
magnetic field parallel and anti-parallel to the incoming X-ray
beam. The sequence is used to compensate for possible
asymmetric artifacts. The time necessary to reverse completely
the maximum magnetic field and stabilize it with the present
electronics is about 1.5 s. This mode is time consuming owing
to the dead time necessary to invert the magnetic field, but has
the advantage of completely avoiding the problems of
normalization. The second mode, as described here, is
normally used in those cases where a long accumulation time
is necessary to provide better statistics as, for example, in
diluted samples.

Compared with other set-ups for performing XMCD in a
UHYV environment (see Fonseca et al., 2007; Telling et al., 2006;
Aerenholz & Prestemon, 2005), our solution produces one of

the highest magnetic fields available without using super-
conducting electromagnetic coils (Raoux, 2006; Funk &
Friedrich, 2004). The possibility of producing an intense
field of around 20 kOe (2 T) is one of the necessary conditions
for studying materials with confined geometries (clusters,
nanoparticles, nanowires and ultrathin films). Different
detecting modes, fast inversion of the magnetic field and the
possibility of in situ sample preparation and transfer are other
advantages.

3. Results and discussion
3.1. XMCD from Ni and Fe L, 3 edges

To test this set-up, we performed measurements on Fe and
Ni films grown on Si(100) by DC sputtering. All films had a
thickness of 20 nm and were covered by 2 nm of amorphous
carbon to prevent oxidation. The film thickness was precisely
calibrated using a quartz balance and an Alpha Step perfil-
ometer. XMCD measurements were performed using the
SGM beamline and TEY detection mode. The gold mesh in
front of the sample was grounded, and the sample, at room
temperature, was positioned at 45° with respect to the direc-
tion of the incoming photons. The light was estimated to be
65 &£ 5% circularly polarized, and the base pressure was kept
in the 10~° mbar range in the experimental chamber. X-ray
absorption spectroscopy (XAS) spectra across the L, 3 edges
of Ni and Fe were measured several times with the magnetic
field of 10 kOe applied sequentially in opposite directions (7,
and /_). The difference in the respective spectra with 7, and 7_
results in the XMCD signal. Fig. 3 shows the XAS spectra and
the respective XMCD signals for Ni and Fe. Despite the low
photon flux for the polarized light [~1.4 x 10'° photons s
(100 mA)™" (0.1% bandwidth)™'], each complete XMCD
experiment was carried out in approximately 10-15 min. We
also performed measurements on CoPd, NiPd and FePd
nanoparticles encapsulated on carbon nanotubes (NPs/CNT)
(Roa et al., 2009) with reasonable signal/noise ratio for the
same acquisition time.

For these systems, it is well known that it is possible to apply
the so-called sum rules for XMCD (Wu & Freeman, 1994). For
each case in Fig. 3, the values for the integrals of the total
absorption signal through the L, and L3 edges expressed as r,
as well as the values for the integrals of the XMCD signal
related to each edge (¢ and p), are shown. These values are
associated with the magnetic spin contribution (Ls) and the
orbital magnetic contribution (L,) as described in the sum
rules in Chen et al. (1995). In Table 1 there is a comparison of
our results with values from the literature. Our determinations
of both the spin and orbital magnetic moments per atom are
in very good agreement with theoretical predictions and
experimental measurements from the literature for Fe and Ni
(Chen et al., 1995; Vogel & Sacchi, 1996).

3.2. XMCD from Pd/Fe multilayers

Before measurements of the induced magnetic properties in
the Pd L,; edges of systems such as nanoparticles (bimetallic
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XMCD measurements from L, ; edges of Ni and Fe films on Si(100) (see text for details).

Pd NPs/CNT, Pd nanoparticles capped with thiol) and stressed
Pd ultrathin films grown on graphene/SiC, for example, we
tested our set-up for Pd/Fe and Pd/Co multilayers grown on
Si(100). The multilayer samples were grown by DC sputtering.
The result presented here is for a sample grown with 40 A of
Fe followed by 20 A of Pd, repeated 20 times and covered
with 20 A of amorphous carbon to prevent oxidation, i.e.
[Fe(40 A)/Pd(20 A)] x 20/C(20 A).

This sample was characterized using the magnetic optical
Kerr effect (MOKE), which reveals that it has an easy axis of
magnetization parallel to the surface, with a saturation field of
600 Oe. For the XMCD measurements, we used the same
configuration described above with fixed circularly polarized
light provided by the SXS beamline. Fig. 4(a) shows the
absorption spectra for the L3 and L, edges of Pd measured
with +3 kOe (1) and —3 kOe (/_) of applied magnetic field.
Fig. 4(b) shows the XMCD signal as well as its integrated
curve. Applying the sum rules, we have determined the ratio
between the spin and orbital magnetic contributions as being
(L,)/{Ls) = 0.095. This value is in very good agreement with
that obtained by Vogel et al. (1997) for a similar Pd/Fe
multilayer sample. In our case, it is harder to evaluate
precisely the individual values of (L,) and (Lg) owing to
beamline limitations. In contrast to the Fe and Ni edges, in Pd
the large spin—orbit interaction causes the L, and L; edges to
be separated by almost 160 eV. In the SXS beamline the light
polarization changes from ~40 to ~50% at the L3 edge and L,
edge, respectively. For this reason the L, peak in the XMCD
has almost the same intensity as the L; peak. The expected
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XMCD measurements from L,; edges of Pd in Pd/Fe multilayers on
Si(100) (see text for details).
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value for the total magnetic contribution from Pd is in the
order of 0.15 u atom™ . It means that (L,) ~ 0.01 up atom™!
and (Lg) ~ 0.07 s atom™'. These results are in very good
agreement with the findings of Vogel et al. (1997). With this
experiment we assume that our set-up is able to reach systems
showing magnetic contributions in the range of
1072 up atom ™' at least. The quality of signal/noise will
depend on the photon flux and the amount of sample. In the
near future, the optics of the SXS beamline will be upgraded
and it is expected that this will result in an increase, by a factor
of 4, in the photon flux. We believe that, with high photon flux
in combination with chopping and lock-in techniques of
detection of the XMCD signal, it may be possible to decrease
the detectable limit in our set-up to the range of
107 pp atom ™" at least.

4. Conclusions

This work describes a new set-up for XMCD measurements
that combines a UHV environment, high magnetic field and
controllable sample temperature from the cryogenic regime
up to 450 K. The apparatus is versatile, permitting in situ
sample growth or sample transfer between other chambers
used to perform more conventional surface science char-
acterizations such as LEED, XPS or XPD. It can be installed
on several UHV beamlines that are suitable for measuring
magnetism in different types of materials (transition metals,
rare earths efc.). The preliminary results are consistent with
the XMCD data taken from the L,; edges of Fe and Ni thin
films as well as from Pd L,; edges of Pd/Fe and Pd/Co
multilayers (not presented here). From the Pd XMCD results
measured in Pd/Fe multilayers as well as on Pd/Co nano-
particles encapsulated in CNTs (results not presented here),
we have evidence that our system is able to detect ferro-

magnetic contributions down to the range of 102 j; atom™ ..
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