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Abstract: Nowadays, a deep knowledge of procedures of synthesis of nanostructured materials
plays an important role in achieving nano-materials with accurate and wanted properties and
performances. Carbon-based nanostructured materials continue to attract a huge amount of
research efforts, because of their wide-ranging properties. Using X-ray absorption (XAS) and X-ray
magnetic circular dichroism (XMCD) spectroscopy in the soft X-ray regime, by the synchrotron
radiation, we studied the L3,2 absorption edges of iron (Fe) nanoparticles, when they are embedded
in oriented Multi Wall Carbon Nanotube (MWCNTs) layers grown by thermal Chemical Vapor
Deposition (CVD) technique catalyzed by this transition metal. This could allow us to understand
the valence state and role of catalysts and thus their electronic and magnetic structures. It is
important to note that the control of the size of these tethered nanoparticles is of primary importance
for the purpose of tailoring the physical and chemical properties of these hierarchical materials. The
MWCNTs samples used in XAS and XMCD measurements were synthesized by the CVD technique.
The actual measurements were carried out by the group NEXT of the INFN- LNF with the logistic
experimental support of the INFM-CNR and the Synchrotron Elettra Trieste.

Keywords: magnetic dichroism; carbon nanotubes; synchrotron radiation spectroscopy

1. Introduction

The study of carbon nanotubes (CNTs) [1] has opened up research in many disciplines, as these
materials possess many unique physical properties with novel applications in various fields [2].
It has been shown that these new materials can be tailored to have many interesting properties:
Metallic, semiconducting, and magnetic. Among the number of methods to synthesize CNTs, the
chemical vapor deposition method is used to prepare selectively single, double, and multi-walled
CNTs [3]. This method uses mainly 3d transition metals (TM) Fe, Ni, and Co as catalysts, which come
into contact with tube walls and significantly influence the transport, magnetic, and electronic
properties. Synchrotron radiation source-based studies, such as high energy electron spectroscopies
are likely to provide a better insight in understanding the magnetic and electronic structure of these
materials. The X-ray absorption and magnetic circular dichroism in the soft X-ray regime attract
considerable interest, owing to the possibility of extracting microscopic information about spin and
orbital momenta with element specificity [4].

In optics, the term “dichroism” refers to changes in the absorption of polarized light on passing
through a material in two different directions. Since materials typically absorb one color of white
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light preferentially, the material appears with two different colors for the two light directions—it is
di- (two-) chroic (colored) [5]. Actually, the term dichroism is used more generally to reflect the
dependence of photon absorption of a material on polarization [6]. The origin of the dichroism effect
can be anisotropies in the charge or the spin in the material. In this case, it is possible to speak of
magnetic dichroism [7]. A brief introduction to the principles and applications of magnetic dichroism
techniques in the X-ray region, the X-Ray Magnetic Circular Dichroism (XMCD) and X-Ray Magnetic
Linear Dichroism (XMLD) techniques can be found in reference [8]. It also gives information on the
chemical environment of the atoms (NEXAFS Spectroscopy) and their magnetic state. Core electrons
are excited in the absorption process into empty states above the Fermi energy and thereby probe the
electronic and magnetic properties of the empty valence levels. In the following, we are concerned
with the spectra of the magnetic 3d transition metal elements Fe, Co, and Ni. Their magnetic
properties are largely determined by the 3d valence electrons. Since X-ray absorption spectra are
driven by dipole selection rules the d-shell properties are best probed by the L-edge absorption
studies (2p to 3d transitions) [8]. The metals are usually ferromagnetic, and their magnetic properties
are best studied with XMCD spectroscopy, while the oxides are usually antiferromagnetic and are
studied with XMLD spectroscopy [8].

The motivation for the present investigation stems from recent findings indicating that CNTs
can be magnetized when placed in contact with a magnetic material. It is also observed that the basic
electrical properties of semiconducting CNTs change when they are placed inside a magnetic field.
In fact, semiconducting nanotubes can become metallic when immersed in a very strong magnetic
field, while metallic tubes can be made semiconducting by applying a (even small) magnetic field
parallel to the tube axis. These exotic magnetic effects are related to the modulation of the electronic
wavefunction along the tube circumference by the Aharonov—-Bohm phase [9].

Carbon nanotubes can be either paramagnetic or diamagnetic depending on their chirality. This
behavior, with the corresponding change in physical properties, could be important in many novel
applications as nano-devices. For example, the selectivity in electrical conductance of a sample made
of CNTs of a specific character (i.e., predominantly metallic) could enhance the electromagnetic
screening efficiency of a nanocomposite for aerospace applications [10].

In addition, a nano-interconnection for Information Commmunication Technology (ICT)
applications would depend crucially on such a selective skill, insofar as the performance of the
corresponding device is concerned [11]. Magnetism can be induced in carbon structures by defects
such as vacancies or impurities, too. In the absence of defects, all bonding electrons are paired in 7
bonds. However, defects that delocalize one of the pair bonds induce excess spin polarization. This
can lead to ferromagnetism (FM) when the defects population is sufficiently dense [12]. However, it
is important to underline how the origin of magnetism in carbon materials is still controversial [13].

2. Materials and Methods

2.1. Preparation of Samples by CVD Synthesis

The Chemical Vapor Deposition (CVD) technique involves the decomposition of a gaseous or
liquid compound of carbon, catalyzed by metallic nanoparticles, which also serve as nucleation sites
for the initiation of carbon-nanotube growth at temperatures of 600-1000 C° [14]. CVD is a
heterogeneous catalysis process that can easily be scaled up to industrial production levels. It has in
fact become the most important commercial method for single-walled CNTs (SWNTs) and Multi Wall
Carbon Nanotube (MWCNTs) production [15-18]. However, the CVD growth of CNTs requires the
presence of transition metals like Fe, Ni, or Co as catalysts. It exploits their possibility to be
transformed during the reaction into metastable carbides and their high affinity to form solid solution
with carbon, allowing its diffusion through the metal particles to form ordered carbon nano-
structures (nanotubes or nanofibers) [19,20].

A deep knowledge and a high control of CVD growth parameters are required to obtain
SWCNTs or MWCNTs with precise characteristics: Diameter, length, number of walls, and chirality.
Different amounts of the most widely used catalytic materials, Ni and Fe, of nanoscale particle size
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significantly influence the chirality distribution of as-grown SWCNTSs. Recently, bimetallic catalysts
such as CoMo and FeCo have gained relevance. Micro-characterization of the bimetallic nano-
catalysts suggests an intimate relationship between the catalyst structure and the final nanotube
chirality [21].

In this study, we focused on MWCNTs. The latter have been synthesized on p-type (Boron
doped; resist: 40-100 ohm) Si (100) substrate by the CVD process. Using gaseous Ferrocene
[Fe(C5H5)2] as a catalyst and Camphor [C10H160] as the main carbon source [22] (recall that
ferrocene provides not only the iron catalyst but also part of the carbon for nanotube growth). Two
different ratios in volume between Ferrocene/Camphor were employed: 1:30 and 1:20 (Table 1).
In both cases a suitable selection of growth parameters allowed us to obtain vertically aligned
CNTs [23].

The growth mechanism can be outlined as follows. Ferrocene liberates metal nanoparticles in
situ, which catalyzed the hydrocarbon decomposition more efficiently. MWCNTs diameters were
correlated with the catalyst particle size. Previous analysis suggested that the growth mechanism was
a tip-growth one, in which the catalyst particles moved far from the substrate, leaving behind the
CNT and remaining encapsulated close to their tips [24]

We characterized all CNTs samples by scanning electron microscope (SEM), using an ultra-high-
resolution Field Emission—SEM, Nova™ NanoSEM 630 and high resolution transmission electron
microscopy (HRTEM), FEI Titan 80-300. In Figures 1 and 2 the images corresponding to the different
parameters given in Table 1 are shown. The vertical alignment of the nanotubes in the samples is
traceable (see Figure 2d), see also Ref. [23]). The size of the nanotubes is also quite homogeneous, i.e.,
about 14 nm for both types of samples corresponding to the two sets of parameters in Table 1.

Table 1. This table shows the synthesis parameters of the samples containing iron.

. Iron Carrier / Carbon Carrier Synthesis Duration Temperature
Nickname Code .
Ferrocene/Camphor (minutes) (@)
CNTS-20Fe
[FCCF158] 1/20 150 850
CNTS-30Fe
(FCCF111] 1/30 70 850

F3

@ (b) (©

Figure 1. Images of carbon nanotubes (CNTs) grown using high iron amount (1:20 sample).
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(b)

(c) (d)

Figure 2. Images of CNTs grown using low iron amount (1:30 sample).

2.2. The Experimental Apparatus for Magnetic Dichroism Investigation

The experiments were carried out at Elettra, Trieste (Italy). The B.A.C.H. beamline (Beamline for
Advanced diCHroism) is an undulator beamline of the Istituto Officina dei Materiali-Consiglio
Nazionale delle Ricerche, which operates at Elettra, in close collaboration with Sincrotrone Trieste
S.C.p.A. The beamline offers a multi-technique approach for the investigation of the electronic,
chemical, structural, magnetic, and dynamical properties of solid surfaces, interfaces, thin films and
solid samples in the UV-soft X-ray photon energy range (35-1600 eV) with selectable light
polarization (linear horizontal and vertical, circular), high resolving power (20,000-6000), and time
resolution (70 ps) [25].

2.3. The Experimental Measurements

The X-ray absorption and XMCD at K-C, Fe L3,2-edges of these CNTs have been measured by
the Total Electron Yield (TEY) method. These measurements helped us to identify the electronic and
magnetic structure of CNTs grown with iron as a catalyst, and hence its spectroscopic
magnetic behavior.

The experimental results we will discuss below can be correlated with ab initio theoretical
calculations. Using such studies, we can explore the relationship between the electronic properties of
CNTs, the role of catalysts and their chemical state, magnetic structure, and the number of walls.
Work on this issue is in progress and will be reported elsewhere.

In order to carry out suitable blank measurements needed to establish the comparison levels
against which to evaluate the results from the samples, an iron standard was used.

The investigation started from the CNTs-Fe samples (FCCF158 and FCCF111). These two
samples have the appearance of a mat whose dimensions are about 1 cm (wide) x 2 cm (long) x 2 mm
(thick). They were grown on a Silicon substrate and subsequently detached from it. One of the faces,
namely the one in contact with the substrate prior to the detachment, appears smooth, while the other
appears rough at visual analysis. Two pieces whose extension was about 0.5 x 0.5 cm? each were cut
off from each sample. Having two chips for each sample gave us the chance to analyse both the
smooth and the rough surfaces. Samples were stuck on the copper holder by using conductive epoxy
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glue. In Figure 3, for the sake of clarity and illustrative purposes, we report a picture of the samples
mounted on the holder. Along with the four chips, indicated as CNTS-20Fe-s, CNTS-20Fe-r, CNTS-
30Fe-s, and CNTS-30Fe-r (where s and r stand for smooth and rough surfaces, respectively), a small
piece of iron standard foil with 99% purity was stuck by the same glue on the sample copper holder
(position 5, Figure 3).

Figure 3. Images of CNTS-Fe copper holder with samples on top: 1—CNTSs-20Fe-s;
2—CNTSs-20Fe-1; 3— CNTSs-30Fe-r; 4— CNTSs-30Fe-s; 5—Fe-Foil-99% pure.

A piece of golden foil was also added to the sample holder thus that the values of the energy in
the X-ray spectra could be calibrated against the energy of the 4d electrons of gold whose value is
known with great accuracy.

The four samples and the iron foil were magnetized using a 0.5 Tesla permanent magnet thus
that the direction of the induced magnetization was perpendicular to the holder surface and parallel
to the tube axis. The same facet of the magnet was placed at about 1 mm from the surface of each
sample to be magnetized and made it slightly oscillate around such position for 1 min. The sample
holder was then (i) inserted into the external vacuum chamber (whose pressure reaches the order of
10-7 torr) (ii) pushed into the pre-vacuum chamber (whose pressure reaches the order of 10-9 torr)
and eventually (iii) into the measurement vacuum chamber (whose pressure reaches the order of 10-
9-10-10 torr).

The energy values of the beam were calibrated in order to tune the beam line on the L3,2 iron
edges. The X-ray absorption (XAS) measurements were carried on by revealing the TEY. The
calibrations determined the frequency range to be scanned and the aperture of the entrance and exit
slits of the monochromator, as well as the range of the Keithley current meters. All these calibrations,
carried out remotely by Lab View software, were aimed at achieving the highest signal to noise ratio.
Four different scans were planned per each sample in order to obtain the best possible conditions for
the measurements:

1. Horizontal polarization—normal incidence (X-ray beam perpendicular to the sample surface—
corresponding to 88° on the angular scale of the manipulator)
2. Right circular polarization (positive phase on the control software) —normal incidence

@

Left circular polarization (negative phase on the control software) —normal incidence
4. Linear polarization—oblique incidence (angle of 60° between the X-ray beam and the normal to
the sample surface—corresponding to 148° on the angular scale of the manipulator)

3. Results

The TEY measurements carried out on the two morphologically different surfaces produced
different results. Measurements carried out on the rough surface of the MWCNT forest show (see
Figure 4) the typical upward bumps, related to iron L3,2 edges, on a decreasing background. In
contrast, when the scan with linear polarization and oblique incidence was performed on the smooth
surface of the MWCNT forest, quite surprisingly, the peaks showed up with an inversion of their
intensity with respect to the decreasing background (see Figure 5). This behavior suggests the
existence of an angle or a range of angles over which the inversion of the iron peaks would take place.
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In both Figures 4 and 5 the vertical axes show transmitted beam intensities in arbitrary units. The
XAS beam parameters and other details used to perform each experiment are given in the boxes on
the right of each picture.

The width of the slits which allow for the signal to reach the samples, as input, and then the
detector, as output, were chosen and the cycles carried out in order to achieve a better ratio between
the signal and noise for each sample.

Figure 4 shows that the spectra of the samples, compared to the Fe-metal spectrum (not reported)
have
(i) A lower L3/L2 peak-intensities ratio;

(ii) Anincrease of the width of the peaks.
This indicates the presence of Fe-O and Fe-C compounds [8,26].

CNTS-20Fe-r
XAS TEY

—=—38can>5l

0,0875 . 13
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00065 : L,
00860
_E 00855 CO LY
00850
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0,0840
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T ¥ T ¥ T x T ¥ T ¥ T L T A T { 1
695 700 705 710 715 720 725 730 735
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= Scan 221,

0,0920 4 T3
0,0815 —- -‘.
] P s
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] i
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_ .""ﬁ 1‘\ - XAS TEY
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v
0088 7 ""'.,, Slits 50/50
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4 [ ]
0,0880 ; y

T T T T T T T
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Energy (eV)

Figure 4. The two graphs above show the response of the CNTS-20Fe-r sample (r = stands for rough
surface). The same typical response of the L3,2 iron edge was obtained from the rough surface of the
CNTs-30Fe-r (sample which we expect to have a lower iron content); on y axis, the intensity is
reported, it is in arbitrary units.
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CNTS-20Fe-s
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15 cycles per point
735 gaussian max

CNTS-20Fe-s

XAS TEY

Right circular polarization
Slits 30/30

15 cycles per point
735 gaussian max

Figure 5. The two graphs above show the response of the CNTS-20Fe-s sample.

In summary, dichroism is appearing in both Figures 4 and 5, although the interesting feature of
the peak’s inversion arises only in the experiments involving the rough face of the samples. From
Figures 4 and 5, we can draw an interesting conclusion: The signal of the Fe is present in the “rough”
part (upper) and not in the “smooth” part (lower, i.e., the one in contact with the silicon wafer). As
we will discuss in the conclusions at the end of the paper, the tip growth of the CNTs of the sample
occurring bottom-up can help us to understand the peculiarity in the catalyst (Fe) signal; on y axis
the intensity is reported, and it is in arbitrary units.

In the following we explore a possible explanation of this peculiar behavior by investigating
further scans at decreasing angles. The signal was upward at 60° and 30° (118° on the manipulator),
while it was inverted at 15° degrees (103° degrees on the manipulator), see Figure 6.



Condens. Matter 2019, 12, 1073

8 of 13
Polarization a[°] 0[]
Horizontal 0 88
Linear 15 103
Linear 30 118
Linear 60 148

MWCNTs Carpet

Figure 6. Image of the aligned Multi Wall Carbon Nanotube (MWCNTs) and the beam incident
angles used.

The TEY depends on the angle between the surface normal and the axis of the microscope optics.
Therefore, the peak intensity is sensitive to the specific crystallographic orientation of each iron
nanoparticle [27] and of the external shell of CNTSs [28] with respect to the substrate.

The presence of such a ‘nano-focusing’ effect means that measuring the L3 peak intensities alone
does not provide reliable, quantitative information about the electronic properties from the single
iron particles, as it is possible to notice in the two last graphs of Figure 7.
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Figure 7. The four graphs above show the response of the CNTS-20Fe-s sample when the angle
between the CNTSs axis and beam changes, using the total electron yield (TEY) technique; on y axis,

the intensity is reported, it is in arbitrary units.



Condens. Matter 2019, 12, 1073 9 of 13

In order to verify if this effect can be surface related (as TEY is sensitive roughly speaking to the
first 10 nm of depth, at most) we repeated the analysis for the CNTS-20Fe-r and CNTS-20Fe-s
samples, using Fluorescence Yield (FY) technique. This technique is sensitive to the photons coming
from a much thicker layer of the sample, hence from a larger amount of iron. Moreover, the signals
of spectra are at a lower energy than the signals registered with TEY (Figure 8): The difference is at
least partly understood as the work function of iron in the photoelectric effect (4.5 eV) [29].

T T im
| + FY
0,0060 - 6919'“\/ : J-
7’
- 712,0eV
3 5 2
@ 0,0055 4 * N o % -
5 Y i
g fo, ke : g
- e " . . %
000504 ™ NSO 4
T ] T
690 700 710 720 730
. . . TE
0,00004 705,56V | v
RS
¥
= 0,00002 - —_— -
S : ‘\, 718,2eV
(0] : b5 1
= ¢
1i e, o® Ne T e
0,00000 s, %, & - ° R
T T T
700 710 720 730
Energy (ev)

Figure 8. Shift of signal spectra between the fluorescence yield (FY) detector and TEY one, acquired
using O angle at 88° degrees; on y axis, the Intensity is reported, it is in arbitrary units.

No evidence for inversion of the peaks was found by FY analysis’, in contrast with the occurrence
when the same measurements were carried out by TEY. This difference between the two techniques
outcomes, along with the angular behavior of the inversion peak in TEY, is a very interesting feature,
worth further thorough investigation. It is reasonable that this behavior is due to strong coupling
between the iron nanoparticles orbitals and the CNTs ones (Fe-C): When the incident beam is
perpendicular to the sample surface (parallel to the CNTs axis), emitted electrons are captured by
valence bands of CNTs and are able to move away to the grounded sample holder, Figure 9. This is
a surface effect, restricted to a region a few nanometers deep.

100nm
|

(a) (b) (c)

Figure 9. (a) Transmission Electron Microscope (TEM) image of CNTs and iron nanoparticles around

the tube; (b) and (c) mechanism of electrons migration.
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Using the FY technique, the scans in Figure 10a were carried out using two opposite circular
polarizations in order to evidence circular dichroism. The difference between the two recorded
spectra (Figure 10) shows a very clear dichroic signal (black solid line).

6.0x10° |
53
—— [rel295
Pt —— Irel296
56 \ —dicro i
54 \ \
A
1_rel % %‘g \ "
: Y /
S
o N,
50
o,
4% .
e
s A Rl T MR L L
Vansd
590 700 710 720 730
Energy (eV)
(a)
—— right polarization
left polarization
0,0005 | XMCD

0,0000 4
-0,0005 -]
-0,0010
-0,0015
0,0020
-0,0025 -
-0,0030 &

I (a.u.)

-0,0050

20,008 +—F+—+—F7—"—F—""T—""T—"—TF——7—"
690 695 700 705 710 715 720 725 730

Energy (eV)
(b)

Figure 10. (a) The two recorded spectra showing a very clear dichroic signal (black solid line); on y
axis, the intensity is reported, it is in arbitrary units; (b) circular dichroism for the samples of CNTs
with iron at room temperature (Fe20-s); on y axis, the intensity is reported, it is in arbitrary units.

Notwithstanding angular dependence of spectra registered with the TEY detector, circular
dichroism is present in all cases, as Figure 10b shows.

It is clear, at this point, that angular dependence of TEY spectra are due to CNTSs effect and not
to modifications in the electronic states of the iron nanoparticles.

4. Discussion

Studies on the L3,2 absorption edges of the iron (Fe) nanoparticles embedded in mainly oriented
MWCNTs layers grown by the thermal CVD technique catalyzed by this transition metal, were
carried out using XMCD spectroscopy in the soft X-ray regime by the synchrotron radiation. The
X-rays kick some electrons out of the sample, making the latter slightly positively charged. Hence,
some electron current flows towards the sample in order to balance this depletion. This current is
exactly what gets measured in the TEY technique and what causes the above-mentioned upward
bump (i.e., an increase of current). It is possible to underline, as Yueh et al. showed in reference [30],
a transfer of charge from Fe to CNTs, which can also explain the presence of this current. The presence
of a cluster of catalyst inside the tube were able to modify the Density of State of the CNTs. In this
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paper, the catalyst was present in the tube but in our sample, the TEM analysis showed the presence
of iron clusters around the tubes, thus it possible to get more charge around the tubes [30].
Conversely, for the smooth surface, the current decreases at the iron L3,2 edges for some reason,
which will require further careful investigation. The only information that we have at this stage is
that the inversion takes places between 15° and 30° degrees. An unexpected result was found: The
anomalous inversion of the absorption peaks. This peculiar behavior, which showed up with linear-
normal polarization, seems to be quite interesting.

We wanted to try to repeat the measurements, at least some of them, on the CNTs-Fe by FY,
since we wanted to find out whether the anomalous inversion of the absorption peaks would show
up with this measuring technique too. We conjectured that no inversion would show up by
this technique.

The overall picture can be drawn as follows. Because the tip growth mechanism is at work, the
rough surface is richer in catalyst particles encapsulated in the CNT tips, while the smooth surface is
richer in catalyst particles decorating the exterior of the CNT. As the XMCD sample has a very small
depth, the signals coming from the two surfaces have different features. However, the presence of
the encapsulated catalyst is limited to the uppermost region of the smooth surface. This means that
when the FY technique is used in both cases, smooth as well as rough surfaces, most of the signal is
provided by the catalyst particles externally decorating the CNTs.

Another feature that helps in understanding the results is that the region closer to the substrate,
that gives rise to the smooth surface is characterized by a more ordered alignment of CNT (see
Figure 6) with respect to the rough surface region. This emphasizes the electron mobility along the
CNT surface as it limits the presence of defects and electron traps that are strictly related to kinks.

Finally, we highlighted the role of the difference in composition of the iron containing
nanoparticles. The encapsulated nanoparticles are mainly composed by iron carbides [31] while the
decorating nanoparticles are mainly iron oxides [32].

In summary, the different nature of the inner and outer iron nanoparticles together with the
different sampling depth of the two techniques (XMCD and FY) and the difference in defectiveness
close to the two surfaces are fully consistent with the experimental results.
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