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Abstract. As atomic structure and morphology of particles are directly
correlated to their functional properties, experimental methods prob-
ing local and average features of particles at the nanoscale elicit a
growing interest. Anomalous small-angle X-ray scattering (ASAXS) is
a very attractive technique to investigate the size, shape and spatial
distribution of nanoobjects embedded in a homogeneous matrix or in
porous media. The anomalous variation of the scattering factor close
to an absorption edge enables element specific investigations. In the
case of supported nano-objects, the use of grazing incidence is neces-
sary to limit the probed depth. The combination of grazing incidence
with the anomalous technique provides a powerful new method, anom-
alous grazing incidence small-angle X-ray scattering (AGISAXS), to
disentangle complex chemical patterns in supported multi-component
nano-structures. Nevertheless, a proper data analysis requires accu-
rate quantitative measurements associated to an adapted theoretical
framework. This paper presents anomalous methods applied to nanoal-
loys phase separation in the 1-10nm size range, and focuses on the
application of AGISAXS in bimetallic systems: nanocomposite films
and core-shell supported nanoparticles.

1 Introduction

Nanoscale metallic particles show peculiar chemical and physical properties interme-
diate between those of bulk metal and molecular clusters. These original properties
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result from the large fraction of surface atoms and the finite size (3D confinement)
effect in terms of electronic structure, magnetic moment, optical response, thermody-
namic behavior, etc [1]. However they strongly depend on the type and chemical state
of surface or interface atoms especially in the case of bimetallic nanoparticles (NPs).
Compared to monometallic ones, the addition of one or several metals induces a larger
diversity in their structure and morphology [2]. Besides the composition (A,Bi_;)
effect, finite matter quantity effects lead to original variations of atom arrangement,
such as disordered/ordered, segregated, core-shell and it should be noted that small
size particle configurations are highly sensitive to kinetic and preparation factors. As
physical and chemical properties are directly connected to atomic arrangement, it is
then of primary importance to control the nanoalloys formation or evolution mecha-
nisms. The capability to detect chemical order, disorder or demixion in nanomaterials,
is a non-trivial issue [3-5], consequently the development of relevant methods to deter-
mine the size, shape, structural and chemical arrangements and spatial organization
of NPs assemblies (nanocomposites, nanostructured films, supported particles) is still
a key challenge.

Small-Angle X-ray Scattering (SAXS) is a well-etablished technique giving infor-
mation on spatial correlation and morphological features of nanometric or submicro-
metric objects [6,7]. The scattering intensity collected close to the X-ray incidence is
directly related to large scale inhomogeneities in the electron density of the probed
material. In complex materials, this intensity contains the contributions of the differ-
ent scattering objects and/or the different parts of the object. These contributions
can be disentangled using anomalous small angle X-ray scattering (ASAXS) [8-11].
ASAXS taking advantage of the variation of the scattering factor close to an ab-
sorption edge of a given element retrieves the specific contribution of this element
[8,12,13]. For nano-objects supported on a dense substrate, SAXS and ASAXS meth-
ods, performed in transmission geometry, suffer from a lack of surface sensitivity
due to a strong scattering contribution of the substrate or to a strong absorption of
the particle scattering by the substrate. Grazing incidence geometry is compulsory
to limit the probed depth. The combination of grazing incidence small-angle X-ray
scattering with the anomalous technique (AGISAXS) provides a powerful method to
extract the scattering data from multi-component supported nano-structures.

This paper presents some applications of ASAXS methods in nanoalloys phase
separation (Sect. 2), then reports on recent original results of AGISAXS, applied
to a system with two types of metallic particles and to supported core-shell CoPt
nanoparticles (Sect. 3).

2 Anomalous small-angle X-ray scattering

The SAXS intensity is usually written as a function of the scattering vector q , dif-
ference between the wave-vectors of incoming and scattered beam (| ¢ |= 47 sin(9)/\
where A is the wavelength and 26 is the scattering angle). For a multi-component
material, where A and B atoms are present in a matrix m, a suitable expression is

[14,15]:

I(q,E) = Z ApiAp;Sij(q) (1)
i,j=A,B

where Ap; = f;/Vi — fin/Vim is the electron-density contrast between the matrix and
the metal i; V and f stand for the atomic volume and the scattering factor of a given
element. S;;(q) are the partial structure factors (PSFs) coming from the correlations
between A atoms [S44(q)], between B atoms [Spp(q)] and between A and B atoms
[Sap(q)]. These factors express the scattering from the inhomogeneity induced by
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Fig. 1. Real f' and imaginary f” part of the scattering factor dispersion correction of
a platinum atom in the vicinity of the L3-Pt absorption edge. Selected energies in the
anomalous experiments described in Sect. 2.1 (full circles) and in Sect. 3.2 (squares).

A and B atoms with respect to the matrix (clustering) or by phase separation be-
tween A and B atoms and do not dependent on the X-ray energy E. In the small
angle conditions (g the scattering vector is close to zero) and far enough from its
absorption edges, the scattering factor of a given element can be approximated by
the atomic number Z of the element. This approximation is inappropriate when the
X-ray energies E are adjusted near the absorption edge of the element. In this case,
an anomalous dispersion correction is needed and the scattering factor is expressed
by [16]: f(E) = Z + f'(E) +if"(FE) where f' and f” are, respectively, the real and
imaginary part of the dispersion correction independent of q parameter, but strongly
dependent on the X-ray energy [Fig. 1]. This energy dependence results in variations
in the electron density contrast and consequently in the intensity scattered by the
objects containing the selected element. As the partial structure factors keep constant
as a function of E, the variation of the scattering intensities by varying E near the
absorption edge of a given element makes possible the discrimination of the scattering
entities containing this element.

Three scattering measurements at different energies provide a priori enough in-
dependent information to solve Eq. (1), and discriminate the scattering contribution
from AA and BB pairs. In practice, the level of electronic contrast, the composition
and the experimental conditions can simplify or complicate this discrimination. The
analysis methods come within two types, referred as “direct method” and “differential
method”. In the direct method, the intensities I(q, E') measured at different energies
are fitted directly with calculated models taking into account the variation of the
scattering factor with energy. In the differential method, the partial structure factors
are first extracted by difference between the intensities measured at different energies
with various levels of approximation, then fitted with particle morphology models.

2.1 Monometallic particles in inhomogeneous matrix
A system of monometallic particles in an homogeneous matrix is described within the

two-phase model, as randomly distributed scattering objects with sharp interfaces
with the matrix: The scattering signal is only due to the particles. However, in most
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Fig. 2. Pt electrocatalyst particles in carbon supported fuel cell electrodes (From Haubold
et al. [9]): (a) Scattering intensities I1, 2 for two X-ray energies with different scattering
contrast (upper curves) and their difference with their best fits (lower curves) (b) bimodal
log-normal size distribution (normalized for better view) deduced from these fits, (c) corre-
sponding schematic drawing of this Pt-C nanocomposite.

real systems, the matrix exhibits density fluctuations (nanoporosity, defects,. ..) con-
tributing significantly to the total scattering signal. This is the case for metal catalyst
particles in porous carbon support [9,17-20]. As the carbon matrix is inhomogeneous,
the system should be described using a three-phase model [21]. When the correlations
between metal A and matrix m can be neglected, the scattering intensity is [Eq. (1)]:

I(a,B) =| Apa(E) [* Saa(@)+ | Appm |? S(a) (2)

where Sa4(q) is the particle contribution, while Ap,, and S,,(q) are the average
electron density contrast and the scattering contribution of others scatterers in the
matrix, respectively.

Figure 2 shows an example of ASAXS study of supported Pt catalyst particles
in porous carbon electrodes as in electrical fuel cells. In this study from Haubold
and coworkers [9], the strong anomalous effect near the Pt L3- absorption edge (see
Fig. 1: two energies (E») and (E;) were chosen near and far from the edge) was used
to vary the scattering intensity due to the Pt catalyst, while the porosity scatter-
ing of the carbon support is almost energy independent in this energy range. The
difference in the scattering intensities for these two X-ray energies then results from
the catalyst particles alone [Fig. 2(a)], which can be treated as within a two-phase
model. Considering an assembly of particles with a size distribution N(R) and a form
factor F'(q, R) corresponding to a spherical shape of R radius [22], the intensity from
particles writes:

Tyard(@) =| Appard(B) [ N(BIF (. R*Sus (0)dR ®)

where Sint(g) is the interference function [6,22] describing the spatial correlation be-
tween particles. When the assembly of particles is very diluted (low concentration) as
in this example, the particles are uncorrelated and Sint(g) = 1. The ASAXS analysis
reveals a bimodal log-normal function for Pt particles [Fig. 2(b—c)]: 88% of platinum
atoms is dispersed in the form of small particles having a mean radii of 0.8 nm and
12% in larger particles. The weak surface-to-volume ratio of largest NPs induces only
2% of the catalysis reaction. This explains the non-optimized catalytic efficiency of
this catalyst.
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Fig. 3. Ag/Au nanoparticles in silica glass matrix (From Haug et al. [27]): (a) ASAXS
patterns at three X-ray energies (11 450€V, 11 867V, 11 913 eV) below the Au L3 edge, (b)
deduced bimodal log-normal size distribution of alloyed small and core-shell large particles.

Similar ASAXS experiments can be performed ez situ or in situ during the for-
mation of particles in solution or by thermal treatment. However, we should note
the variations of the scattering factor in a range experimentally accessible are usually
limited: from some % (K edges) to up 20% in the best cases (L edges). The anomalous
variation of the intensity is then reduced and every correction for the primary beam
intensity, detection sensitivity and deadtime must be carefully applied before any
further data treatment. Particular attention must be taken to select an energy range
fairly below the edge where the fluorescence background is constant with the energy.
Otherwise, the used detector must provide an energy discrimination capability.

2.2 Core-shell bimetallic particles in matrix

When the particles keep the same morphology, but are made of two metals A and
B randomly distributed inside the particle, the form factor remains unchanged. Only
the average electron density contrast changes with the composition (A;Bj_;) with
respect to pure particles. Matters turn more complicated for core-shell arrangement.
The form factor of a heterogeneous particle of core radius R, and shell thickness AR
becomes dependent on electron densities in the core and in the shell. The product
|Appart(E)| F(g,R) in Eq. (3) is replaced by:

| Apeo(E)| Feo(q, Re)+ | Apsn(E) | [Fpart(QaR) — Feo(q, Re)] (4)

where Ap., and Apg;, are the average electron density contrasts in core and shell
parts of the particle, respectively (defined with respect to dispersion media m, like
vacuum, solvent, matrix). Fp,(g, R) and F¢,(q, R.) are the form factor for a spher-
ical scattering object of radius R for the whole particle and of a radius R, for the
core, respectively.

Only a limited number of papers are dedicated to investigations of core-shell par-
ticles by SAXS technique [23-25], and even less by ASAXS technique [19,26,27].
Figure 3 shows data extracted from recent works of Haug and coworkers [27].
These authors investigated the chemical composition and the morphology of nano-
sized bimetallic particles embedded in surface regions of a glass sample, prepared
by double-ion implantation of Ag/Au. Preliminar transmission electron microscopy
(TEM/HRTEM) observations showed two populations of NPs, the largest one exhibit-
ing core-shell arrangement. ASAXS patterns were collected at three energies slightly
below the Au L3 edge only. Due to the lack of information about the core and shell
composition, the analysis proceeded in two steps. In a first step the ratios of the
contrast between the three energies were fitted to obtain the composition of the small
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Fig. 4. Schematic drawing of the X-ray scattering geometry a) in transmission b) in grazing
incidence for supported or included nanoparticles in a substrate; c) penetration depth versus
incidence angle obtained at 8000eV for Pt, Pd, Co and Si material. The total external
reflection critical angle a. for cobalt is indicated by a dashed line.

spherical NPs and the shell of the core/shell NPs, without any regard on size distri-
butions. The scattering contrast is then calculated and used in a second fitting step
to retrieve all morphological parameters. For example in the sample of Fig. 3, the
fitting analysis by the “direct method” gave the same composition in the small NPs
and in the shell of the core/shell NPs [Fig. 3(b)]. The scattering contrast of the core
was even smaller. This corresponds to an electron density smaller than that of pure
Au or pure Ag. Therefore, the corresponding NPs should contain cores with either
more or larger voids. More accurate information about the composition and density
of these core/shell configurations would probably be obtained from combined ASAXS
experiments at the two metal edges. We should note that in this complex case, the
support of TEM observation was invaluable to provide a first set of morphological
parameters.

Finally, as for TEM observations, the glass sample was polished to reduce its
thickness to achieve acceptable transmission of X-rays. This experimental geometry
appears unadapted to this kind of sample, where the particles are located in a region
near the sample surface.

3 Anomalous grazing incidence small-angle X-ray scattering

X-ray scattering transmission geometry is commonly used for nanoparticles dispersed
in the whole volume of a solvent, a colloid or a solid matrix. For a layer of particles
on a substrate, the signal due to the nanoparticles is typically 1076 times weaker
than spurious scattering due to the substrate. The signal to noise ratio for an exper-
iment in the transmission geometry is then extremely low [Fig. 4(a)]. This ratio can
be substantially improved in reflection mode using grazing incidence geometry [Fig.
4(b)]. By selecting an incidence angle «; on the sample surface close or even below the
angle of total external reflection o, of X-rays (few tenths of degrees), the wave-field
penetration depth can be decreased down to few nanometers. Thus, the surface or
subsurface signal is enhanced with respect to the bulk [28]. The incident beam (I;)
reflects in the specular direction (I,.), and produces also a transmitted beam (I;) in
the refractive direction in the material. The penetration depth of the X-rays can be
tuned as a function of the incidence angle [Fig. 4(c)], close to the critical angle a. of
total reflection. Any discontinuity in the local electronic density (surface roughness,
islands, inclusions, etc.) scatters either the transmitted or the reflected beam.
Within the last years, grazing incidence small-angle X-ray scattering (GISAXS)
emerged as a versatile technique in the field of nano-structured thin films and surfaces
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Fig. 5. a) 2D GISAXS pattern of alloyed deposited nanoparticles in the adapted GISAXS
framework (from Andreazza et al. [3]). b) and c) at least, two cuts of intensity from the
2D pattern, in the ¢, and g. directions, selected in the lobe intensity region should be
simultaneously fitted with dedicated codes [37-39], corresponding experimental (marks) and
fits (line); the arrow shows the q position of the other perpendicular cut. The fit results give
R=1.0nm, H = 1.5nm and o(R)/R = 0.3.

[20,29-33]. GISAXS is well adapted for the characterization of correlations and shape
of objects at surfaces [34] or at buried interfaces [35]. Experimentally, the GISAXS
intensity is recorded with a 2D detector mounted in an adapted framework [Fig. 5], as
a function of the in-plane g, and out-of-plane ¢, components respectively parallel and
perpendicular to the substrate [32,36]. The 2D patterns reveal possible anisotropies
of in-plane and out-of-plane organization and shape of nanoparticles. In the example
of Fig. 5 corresponding to an assembly of supported alloyed CoPt NPs on silicon
substrate, the form factor corresponds to a truncated quasi-spherical shape with a
narrow size dispersion. Anisotropic form and structure factors are simultaneously fit-
ted with calculated scattering profiles from at least two experimental cross sections
(intensity cuts), in the g, and ¢, directions [Fig. 5(b-c)] [3]. Close to the total reflec-
tion conditions (a; ~ ), the reflected intensity is strong enough to modify the small
angle scattering intensity in shape and magnitude with respect to that obtained in a
transmission measurement. Multiple scattering effects (among reflected and scattered
beams) come into play [3,33]. The kinematic approximation (Born approximation —
BA) used in SAXS analysis becomes inadequate. The form factor should be described
within the distorted wave Born approximation (DWBA) [28]. A strong enhancement
of the intensity appears at a; = o [Fig. 5(b)], referred as “the Yoneda peak”, origi-
nates from the interference of incoming and reflected beam. Consequently, the analysis
of GISAXS patterns requires a formalism able to model the correlation and shape ef-
fects at grazing incidence. Two dedicated programs are available so far: IsSGISAXS
[37] restricted to nano-objects deposited on a substrate or arranged in a single par-
ticle layer (two dimensions) and FitGISAXS [38] more adapted to scattered objects
arranged in two or three dimensions in a stratified medium.

The combination of GISAXS with the anomalous technique provides a powerful
method to extract the scattering data from multi-component (several metals) sup-
ported nano-objects. This new technique, called “AGISAXS” has been recently used
in order to demonstrate that the scattering from nanoparticles or islands on the sur-
face of a substrate [40,41] or within a layered matrix [42,43] can be separated from
that of the matrix, surface roughness and fluorescence. However quantitative analy-
sis of anomalous measurements requires a very accurate monitoring of the incident
intensity. At grazing incidence the beam footprint on the sample can be larger than
the sample length and such monitoring is then a great experimental challenge. The
proper data analysis requires then a computational combination of the specificities
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Fig. 6. (a) Average of the two-dimensional GISAXS patterns of the CCu/C/Au/C sample
measured near the Cu K edge. g, one-dimensional cross-sectional scans (g, cuts at ¢, =
0.7nm;) measured at different energies (eV) in the vicinity of the (b) Au L3 edge, and of
the (¢) Cu K edge. The arrows correspond to the zone of maximal anomalous Intensity
variation. Two-dimensional differential GISAXS patterns calculated, (d) at 11911eV with
respect to the mean value near the Au L3 edge, and (e) at 8973 eV with respect to the mean
value near the Cu K edge (From Simon et al. [43]).

of multi-scattering effects in grazing incidence and resonant anomalous effects in an
adapted theoretical framework [33,39].

3.1 Nanocomposite films

Anomalous GISAXS has been recently validated in the case of monometallic particles
embedded in a carbon layer in a two phase model (one kind of metal particles) and
in a three-phase model (two kinds of particles - metal A and metal B) by Simon
et al. [43]. The samples were prepared to obtain separated copper particles or/and
gold particles by a carbon buffer layer (see inset in Fig. 6). The scattering intensity
contains copper and gold contributions. The carbon layers where the metallic particles
were embedded, give additional scattering I,,,(q) as in the catalyst particles in carbon
matrix described in Sect. 2.2. In the case of uncorrelated scattering signals (between
metal A, metal B and carbon layer), the GISAXS intensity of the CCu/C/Au/C
nanocomposite film is given by:

I(a, B) =| Apa(B) [* Sparea(@)+ | App(E) |* Spares(@) + Im(a). (5)

The contributions of the intensity scattered by the Cu and Au nanoparticles and
by the additional defects overlap, so that the GISAXS technique cannot distinguish
between them. Typical patterns as in Fig. 6(a) display several lobes of intensity at
different g, positions corresponding to several scattering contributions. AGISAXS
was used at the edges of the two metals. The corresponding one-dimensional pro-
files I(q,E) show up anomalous intensity variations at both the Au L3 [Fig. 6(b)]
and Cu K edges [Fig. 6(c)] showing differences at different g, positions. Fig. 6(d)
and (e) present, respectively, the two-dimensional differential GISAXS patterns of
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the CCu/C/Au/C sample calculated by differential method at 11911 eV with respect
to the mean value near the Au L3 edge and at 8973 eV with respect to the mean
value near the Cu K edge. The contributions of the Au and Cu nanoparticles
are clearly separated: anomalous GISAXS at the Au L3 edge exclusively provides
information on the Au NPs; and anomalous GISAXS at the Cu K edge exclu-
sively provides information on the Cu NPs, since there is no correlation between
the Cu and Au NPs. Then, quantitative analysis leads to determine the size dis-
tribution of copper and gold particles. Nevertheless, these results are less pre-
cise than in the binary samples (one metal particles and carbon layer) because
the non-anomalous signal contributes to about half of the total intensity. There-
fore, in order to differentiate the anomalous scattering of nanoparticles from the
other types of scattering, their contribution to the GISAXS intensity should not be
minor.

3.2 Core-shell and alloyed particles supported on a flat substrate

The core-shell structure provides a chemically- or magnetically-active coating around
a metallic core for fuel cell and magnetic storage applications. The bimetallic sys-
tem (Co,Pt) has a strong tendency for alloying, however under controlled synthesis
conditions of the out-of equilibrium core-shell arrangement can be stabilized in the
size range of 1-4nm. We want to compare the morphology for NPs obtained by Co
and Pt co-deposition and by sequentially-deposition of Co on the Pt-core. We used
AGISAXS technique to address the question whether or not the out-of equilibrium
core-shell arrangement is stable at room temperature and after annealing in NPs
samples obtained by the two methods.

3.2.1 Experimental and procedures

Co and Pt atoms were co-deposited or sequentially-deposited by condensation in UHV
(3 x 10719 mbar) using electron beam evaporation on prepared amorphous SiO5 layer
on Si substrate [44]. The composition of the nanoparticles assembly is measured by an
average method, the Rutherford backscattering (RBS) and a local method, the energy
dispersive X-ray spectroscopy (EDX), in order to check the balance (+—5%) between
Co and Pt atoms. The scattering experiments were performed at SWING beamline
at the Synchrotron Facility SOLEIL (France) using a two-dimensional AVIEX CCD
camera. The sample-detector distance was set to 1.2m in order to optimize the q
range of the data collection with respect to the particle size. As the anomalous effects
are frequently low, it is necessary to properly correct the error sources in the data
analysis. The main errors source are: the energy dependence of the detector counting
efficiency, the typical dark count, the camera distortion, the variation of the beam
footprint on the sample and the multiple interactions between reflected and scattering
wave. The last two sources are minimized by choosing incidence angles, «; = 0.45 and
0.60° for Pt L. and Co K edges significantly larger than the critical angles of SiOs at
these energies (a; = 0.16 and 0.23°, respectively). For such «;, the beam footprint
width is smaller than the sample length and the grazing incidence effects (including
refraction, reflection and wave interactions) are fairly weak. Figure 7(a) displays the
comparison between the calculated GISAXS patterns at two incidence values (close
and far from the critical angle, a; = 0.2 and 0.6° respectively) and the corresponding
SAXS pattern at 11500 eV close to Pt L edge. The Yoneda peak excepted, the multi-
scattering effects vanish at a; = 0.6°. The intensity shape is close to the BA pattern.
Consequently, variations in the GISAXS intensity are dominated by the anomalous
contrast variations and we can use the “differential method”.
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Fig. 7. (a) Calculated scattering patterns of a Pt-Co core-shell particle at two incidence val-
ues (close and far from the critical angle, a; = 0.2 and 0.6° respectively) in GISAXS DWBA
framework and in SAXS BA framework. The inset displays the same graph in logarithmic
intensity scale. (b) g, cuts of GISAXS patterns of Pt nanoparticles deposited on SiO2 at
6 energies just below the Pt L3 edge. The fit results give R = 1.2nm, H = 1.7nm and
o(R)/R = 0.3. The inset shows the relative variation of integrated intensities with respect
to the relative calculated contrast.

The experimental conditions and corrections were validated on a sample of Pt NPs.
The measurements were performed at 6 energies close to the Pt L3 edge (from 11461
to 11560eV) corresponding to a variation of 6.6 electrons for the scattering factor
[Fig. 2]. Fig. 7(b) displays the out-of-plane ¢, one-dimensional cuts obtained from 2D
GISAXS patterns. As expected for monometallic particles, the profiles obtained for
the different energies are homothetic and their intensity decreases as the X-ray energy
increases. Integrated intensities are obtained by summations of the scattering intensity
in the constant q range far from the Yoneda and beam stop region. Figure 7(b) shows
the relative variations of these integrated intensities. They are identical within 2% to
the curves calculated from theoretical values [16]. This outcome reveals that neither
the substrate nor defects or heterogeneities give significant small angle scattering
signal. In our system, the particles are barely supported on a homogeneous SiOq
layer covering a single crystalline substrate. The “matrix” can be considered as the
vacuum.

3.2.2 Anomalous GISAXS results

The small angle scattering were measured at four energies at the vicinity of the Co
K edge and the Pt L3 edge, corresponding to a scattering factor variation of 3.4 and
6.6 electrons respectively. The AGISAXS data at both edges were analyzed by the
combination of the “differential method” and the “direct method”.

In a first step the evolution of the scattering intensity difference for the two edges
provides a qualitative evaluation of the heterogeneity of the atomic arrangement of
Pt and Co. For Co and Pt atoms randomly distributed in the particle, all partial scat-
tering factors (Pt-Pt, Co-Pt and Co-Co) should be homothetic. On the other hand,
anomalous effects can be expected in the case of core shell particles. In both cases,
the interference function between particles, which describes the spatial organization
of particles is the same for all PSFs [45].
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Fig. 8. GISAXS one-dimensional g, cuts of (a) Pt nanoparticles alone, (b) and (c) Pt-Co
sequentially deposited particles and (d) CoPt co-deposited particles at Pt L3 edge for a), b)
and d) and at Co K edge for ¢). Differential intensity AI = I(Emae) — I(Emin) and total
intensity I(Em:n) are showed for each graphs and AT is normalized with respect to I(Emin)
to allow a direct comparison.

In both cases of core-shell or alloyed particles, the correlations [S;;(q) = Scopi(q)
term of eq. 1] between Co and Pt atoms are not negligible and the scattering intensity
close to the absorption edge of the i atom (i =Co or Pt) writes:

I(q, E) =| Api(E) ” Sii(q) + Api(B)Ap;Sij(a)+ | Apj [ 855(q). (6)

Consequently, the difference of intensities between two energies varying below the
absorption edge of the ¢ atom contains two anomalous contributions: the S;;(q) term
and the S;;(q) term. For example at the Pt L3 edge, the intensity difference becomes:

Al(q,E1,E>) =I(q,Eq) — I(q, Es) = (7)

(| Appe(E1) |2 —| Appe(E2) [2)Spipi(q) + (Appi(Er) — Appi(E2))ApcoScopt(q)-

Fig. 8 shows the comparison between the out-of-plane scattering intensity from the
entire particle and the difference AI = I(Epnaz) — I(Enin) for pure, sequentially
deposited and co-deposited particles, where I(E,,q,) and I(E,,;,) are the energies
11461 and 11560eV and 7606 and 7705eV at the Pt L3 edge and at Co K edge, re-
spectively [47]. The effect is significant at the edge of Pt core of sequentially deposited
particles (Fig. 8(b)]. It reflects the size difference between the entire particle and
the Pt “core”. Concerning the in-plane scattering intensities which contain mainly
the interference function between particles, any significant difference is observed
in the profiles (not shown here). These results confirm that growth kinetic traps
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the core-shell structure for core Pt and shell Co sequentially deposited at room
temperature, even if these two metals have a strong tendency to form an alloy.
Similar measurements for CoPt co-deposited particles sample show homothetic
profiles [only Pt edge results are showed in Fig. 8(d)] which confirm the alloying
of bimetallic CoPt particles without segregation. We should note that we do no
observed the same effect at the Co “shell” edge [Co K edge in Fig. 8(c)]. This can be
explained by the high difference in the electron density between Pt and Co. At the
Pt edge, the homogeneous term (Pt-Pt) in eq. 7 is dominant, while at the Co edge,
the dominant term is the cross-correlation Co-Pt term with respect to the (Co-Co)
term.

The GISAXS intensity of our assembly of supported particles can be expressed in
the local monodisperse approximation as in eq. (3) with a form factor of nanoparticles
calculated in the DWBA framework. NPs morphological parameters (radius R, height
H and inter-particle distance) have been extracted from GISAXS experimental data
by comparison with simulations using ISGISAXS software [37] (direct method).
The best results are obtained with a spherical shape that can be truncated by the
substrate surface by taking an aspect ratio H/2R < 1. A narrow Gaussian size
distribution with relative geometrical standard deviation close to o(R)/R = 0.3
according to preliminar TEM observations is used for each simulation [46]. Based
on the qualitative results of the differential method, several form factors were used:
homogeneous truncated sphere for alloyed and pure particles and core-shell truncated
sphere for sequentially deposited particles. This latter case corresponds to the sample
of Fig. 8(b)—(c), and the analysis gives R = 1.4nm, H = 2.3nm for the entire particle
and AR = R — R. = 0.35nm for the Co shell thickness. These results agree perfectly
with a model of a Pt supported particle covered by a shell of two Co monolayers
excepted at the substrate-Pt core interface. The atom number ratio between Pt and
Co calculated with this model is in agreement with the atom quantity ratio obtained
by RBS method over the whole sample or by EDX method at the scale of particles
(Npt/Nco = 3.3). It corresponds to an average shell thickness of about 2 monolayers
of Co. Further results, especially with PSF analysis method will be available in Ref.
[47]. In the case of core-shell particle, the limit about the observation of the shell
thickness remains to be determined. To our knowledge, anomalous scattering does
not allow an accurate characterization of a core-shell arrangement below a shell
thickness of 2 atom monolayers, even for two metals with high contrast.

4 Conclusion

Anomalous small-angle X-ray scattering (ASAXS) is a very attractive technique to
investigate the size, shape and spatial distribution of nanoparticles (NPs) supported
in porous media or embedded in homogeneous matrix. The anomalous effect — strong
variation of the atomic factor close to an absorption edge — is used to discriminate
the different intensity contributions of a multi-element nanostructured material. In
the case of supported nano-objects, the use of grazing incidence is necessary to limit
the probed depth and enhance the intensity coming from the supported inhomo-
geneities. The combination of grazing incidence small-angle X-ray scattering with the
anomalous technique, provides a powerful new method, AGISAXS, to extract the
scattering data from multi-component supported nano-structures. This paper reports
on several applications of ASAXS methods in nanoalloys phase separation and re-
cent original anomalous scattering results obtained using AGISAXS. It shows that a
correct analysis of AGISAXS data requires accurate quantitative measurements asso-
ciated to adapted theoretical framework and demonstrates the efficiency of AGISAXS
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analysis applied to inhomogeneous nanostructured layers, provided a great care in the
various steps of the data analysis.

During the formation of nanoparticles, the time and length scales of nucleation
and growth processes and their inherent transient nature hind the possibility of simul-
taneous real time investigation at several energies. However, the combination of fast
2D detector, quick-monochromator and high brilliance of synchrotron radiation could
enable the study of kinetic phenomena at intermediate time-interval of observation
(above few seconds). The AGIXAXS technique could then provide new perspectives
to investigate in situ and in real time the formation or the structural and morpho-
logical changes in nano-objects.

The authors are indebted to H.-G. Haubold, J. Haug and J.-P. Simon for providing the
original material for the figures 2, 3 and 6, respectively. The authors also acknowledge the
staff of SWING beamline of Synchrotron Soleil for technical assistance and J.-P. Simon and
D. Babonneau for fruitfully contributions.
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