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Abstract
Electronic and magnetic properties strongly depend on the structure of the material, especially on the crystal symmetry and chem-

ical environment. In nanoparticles, the break of symmetry at the surface may yield different physical properties with respect to the

corresponding bulk material. A useful tool to investigate the electronic structure, magnetic behaviour and local crystallographic

structure is X-ray absorption spectroscopy. In this review, recent developments in the field of extended X-ray absorption fine struc-

ture measurements and in the analysis methods for structural investigations of bimetallic nanoparticles are highlighted. The

standard analysis based on Fourier transforms is compared to the relatively new field of wavelet transforms that have the potential

to outperform traditional analysis, especially in bimetallic alloys. As an example, the lattice expansion and inhomogeneous alloying

found in FePt nanoparticles is presented, and this is discussed below in terms of the influence of employed density functional theory

calculations on the magnetic properties.
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Introduction
Since the discovery of X-rays in 1895 by Röntgen, the field of

spectroscopy methods using this regime of the electromagnetic

spectrum has reached a very important status nowadays, e.g., in

material sciences, physics, chemistry, and biology. The advent

of synchrotron radiation sources in the 1960s set a milestone in

the improvement of the brilliance of X-ray radiation, i.e., of the

number of emitted photons per second per unit solid angle in a

narrow energy bandpass (usually 0.1%). The increase in

average brilliance of X-rays available from artificial sources,

from the first X-ray tubes to synchrotron radiation sources of

the third generation, is a remarkable factor of about 1013. For

next generation free electron lasers an additional increase in the

peak brilliance by ten orders of magnitude is aimed for [1].

A detailed description of synchrotron radiation sources and

optical devices can be found, e.g., in [2-6]. The interested

reader may also be referred to [7], in which the electro-

dynamics behind synchrotron radiation are explained. Here we
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focus on state-of-the-art X-ray absorption spectroscopy (XAS)

on 3rd generation synchrotron sources such as the ESRF and

BESSY II.

In general, XAS deals with the excitation of core-level elec-

trons, with their element-specific binding energies, by incident

X-rays. After absorption of an X-ray photon, a core-hole

remains at the former state of the photoelectron and there exist

two relaxation channels for de-excitation of the atom: After the

transition of another electron from an energetically higher level

into the core-hole state, the resulting energy gain either drives

the emission of a fluorescence photon or an Auger electron. The

X-ray absorption can be measured by detection of the emitted

fluorescence photons (fluorescence yield, FY) or by detection

of the Auger and secondary electrons (electron yield, EY). For

thin samples, the absorption can also be measured in transmis-

sion geometry by comparing the intensity of incident X-rays to

the intensity of X-rays passed through the sample.

At low photoelectron energies, ranging from the absorption

edge up to about 100 eV above, XAS is sensitive to the elec-

tronic structure around the absorbing atom and gives rise to the

X-ray absorption near-edge structure (XANES). In the energy

range above the XANES region – typically from 100 eV to

1000 eV above the absorption edge – the extended X-ray

absorption fine structure (EXAFS) contains information about

the type and distance of atoms in the local environment of the

absorbing atom.

In the literature several examples can be found for EXAFS

analysis on nanoparticle systems, e.g., Co [8], CdS [9], CdSe

[10], SnO2 [11] and Au [12] nanoparticles, as well as Ag nano-

particles embedded in glass [13,14]. To discuss the advantages

and possible drawbacks of EXAFS analysis in nanoparticulate

systems, this paper is organised as follows: In the next few

subsections, the basics of XANES and EXAFS are shortly

summarised. The second section focuses on the EXAFS

analysis either on the basis of standard Fourier transform (FT)

methods or by using a wavelet transform (WT). As an example,

recent results on FePt nanoparticles are presented after a short

summary of different preparation methods. The EXAFS results

are also discussed regarding the influence of local structure and

composition on the magnetic properties in an alloy, before

conclusions are given in the last section.

Review
X-ray absorption near-edge structure
(XANES)
The XANES includes information about the density of states

(DOS) of the absorbing atoms. More precisely, the XANES is

connected to the unoccupied electronic DOS of the excited

atom in the presence of a core-hole. In this section, the descrip-

tion of the XANES by the standard one-electron (quasiparticle)

picture is briefly summarised. More sophisticated approaches

based on the Bethe–Salpeter equation for a two-particle system

in quantum field theory have also been developed [15,16].

However, since the quasiparticle approximation leads to a good

agreement between theory and experiment in common cases, it

is specifically presented below. A discussion as to why this

simple approach works fairly well can be found in the work of

J. J. Rehr [17].

As known from visible light, the intensity of X-rays after

passing through matter of a certain thickness, x, obeys the

Lambert–Beer law:

(1)

where I0 is the (energy dependent) intensity of incident X-rays

and μ is the absorption coefficient. Since for photon energies

below 20 keV the photoeffect dominates over Raleigh and

Compton scattering, μ can be approximated by the photoabsorp-

tion coefficient, which is proportional to the absorption cross-

section. The latter is given by the transition probability per unit

time, Pfi, from the initial state i to the final state f, normalised to

the photon flux. Pfi can be described using Fermi’s Golden Rule

in the one-electron approximation:

(2)

where 1−n(EF) is the density of unoccupied final states and the

δ-function reflects the conservation of energy in the absorption

process. The transition matrix element can be written within the

electric dipole approximation (E1) as

(3)

where P is the electron’s momentum operator and A is the elec-

tric field vector containing the polarisation of the X-rays. For

this case, transitions are allowed according to the dipole selec-

tion rules

(4)

The spin rule Δms = 0 reflects the fact that the electron transi-

tions exclude a spin flip, and Δml = ±1 is the Laporte rule [18].

Essentially, the Laporte rule states that transitions are forbidden

between states that have the same symmetry with respect to the

inversion operation, and it originates from a quantum mechan-
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ical selection rule which states that parity should be inverted

during an electronic transition.

In the E1 approximation, electron transitions, e.g., from the 1s

state (K absorption edge) to p states and from 2p states (L3,2

absorption edges) to d states, are described. In the electric quad-

rupole (E2) approximation, additional Laporte-forbidden elec-

tron transitions according to Δml = ±2 are included, e.g., from s

to d states. They are connected to a loss of symmetry that can

occur for various reasons, e.g., by Jahn–Teller distortion or

vibrational asymmetries in complexes. A short general descrip-

tion of the “appearance of ‘forbidden lines’ in spectra” can be

found in [19] together with the discussion of higher order terms,

i.e., the octopole. A more elaborate presentation on this topic

can be found, e.g., in [20].

Writing the transition matrix elements in the E1 approximation

(Equation 3) already suggests that some kinds of dichroism may

exist, i.e., polarisation dependent absorption. In fact there are

several types of X-ray dichroism such as X-ray natural linear

dichroism (XNLD) [21,22] and natural circular dichroism

(XNCD) [23], X-ray magnetic linear dichroism (XMLD)

[24,25], X-ray magnetic circular dichroism (XMCD) [26,27],

and the more exotic X-ray non-reciprocal linear dichroism [28]

and magnetochiral dichroism (XMχD) [29]. In a microscopic

picture, this dependence of the absorption on the polarisation of

incident X-rays is caused by an anisotropy of the charge (or

spin) distribution, either by bonding that yields natural

dichroism or by magnetic ordering that yields magnetic

dichroism. A general formulation of linear and circular

dichroism was given by Carra and Altarelli [30] and an over-

view of the different types of dichroism can be found, e.g., in

[31].

Extended X-ray absorption fine structure
(EXAFS)
In a simplistic picture, the outgoing photoelectron of the atom

excited by X-rays can interfere with the backscattered waves

from neighbouring atoms. That leads to the oscillatory structure

in X-ray absorption spectra far above the absorption edge and

was named EXAFS by Prins and Lytle [32].

Beside this microscopic picture, the EXAFS can be related, in

terms of electrodynamics, to the influence of atoms close to the

absorbing atom on the transition matrix elements [33]. Investi-

gations of these influences, i.e., the scattering of the photoelec-

tron, give the possibility to extract information about the dis-

tance and type of atoms in the vicinity of the absorbing atoms.

By means of this short-range effect, EXAFS oscillations can

also be obtained from non-crystalline materials in contrast to

classical diffraction methods such as X-ray diffraction or elec-

tron diffraction. Regarding the case of nanoparticles, the

accuracy in structural and chemical characterisation by EXAFS

analysis is not lowered by line broadening, as it is in the case of

diffraction methods.

The EXAFS χ(k) is extracted from the absorption spectrum after

subtraction of a background related to the absorption of a free

atom embedded in the electronic structure of the solid. Thus,

(5)

where k is the photoelectron wave number according to

(6)

with the threshold energy E0. A theoretical framework for the

EXAFS description was established in the 1970s by several

groups [34-37]. Within multiple scattering theory, the EXAFS

can be described as the sum of the imaginary part of contribu-

tions from different scattering paths [38,39]:

(7)

(8)

In this equation,  denotes an amplitude reduction factor due

to many-body effects,  is the effective coordination

number, Fj(k) is the effective scattering amplitude, Rj is half the

total of the scattering path, λ(k) is the mean free path length of

the photoelectron wavenumber, δj is an effective total phase

shift including contributions from the absorber atoms and all

scattering atoms, and exp(−2k2σj
2) is the EXAFS Debye–Waller

factor.

Over the last few decades, special cases of EXAFS such as its

magnetic counterpart MEXAFS [40-43], as well as surface

EXAFS [44,45], have also drawn much attention. In the latter

case, the surface sensitivity is ensured by detecting the Auger

electron emission of a particular element as a function of photon

energy [36], partial FY [46,47] or total FY [48]. Also atomic

EXAFS has been discussed assuming interstitial charges as

scattering centres [49-51].
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EXAFS analysis
Nowadays, EXAFS analysis is usually carried out by the com-

parison of experimental data with calculated spectra. Its theory

is implemented, e.g., in FEFF [38,39], WIEN2k [52], GNXAS

[53], the Munich SPR-KKR algorithm [54] and others [55]. For

a detailed analysis, quantifying lattice parameters and local

chemical composition, the comparison to calculated EXAFS is

indispensable. Fitting programs such as FEFFIT [56], based on

the FEFF algorithm, try to find the best agreement between the

calculated EXAFS and experimental data either in k-space or

after Fourier transformation in real space. FEFFIT uses the

cumulant expansion method [57,58] with the first four cumu-

lants (ΔR, σ2, C3, C4) of the pair distribution function (PDF) of

atoms around the absorber atom. To account for thermal or

configurational disorder, the complex wavenumber p is intro-

duced and should be used instead of k. The imaginary part of p

represents losses of photoelectron coherence, which includes

the mean free path and core-hole lifetime. The resulting modi-

fied EXAFS equation (Equation 8) can be written as [59]:

(9)

However, for each system it is essential to check whether or not

it is necessary to include the fourth-order and third-order cumu-

lants in the fitting procedure.

In contrast to the Fourier based method, a wavelet transform

offers the possibility to obtain information directly about

changes in the local environment of the absorbing atoms

compared to a known reference sample without calculation of

the EXAFS data by numerical approaches. In the following, the

analysis of EXAFS on the basis of a standard Fourier transform

method is described in more detail as well as wavelet trans-

forms as a useful tool, which is rarely used for this application.

Both methods first require a background subtraction from the

experimental data, as already mentioned above (Equation 5).

This is usually performed by using the AUTOBK algorithm

[60] that approximates μatom(k) by a spline and minimises, in a

fitting procedure, the non-structural oscillations in χ(k). These

oscillations correspond to distances in real space that are too

short to be related to neighbouring atoms.

EXAFS analysis based on Fourier transform
The discussion of the Fourier transform (FT) of experimental

EXAFS data, as carried out after the pioneering work of Sayers,

Lytle, and Stern in 1970 [61], is commonly employed for a

structural analysis. It can be used for a quantification of the

coordination number of absorbing atoms and the distance of

backscattering atoms from the absorber, which is essential for

any numerical EXAFS analysis on the basis of Equation 9. In

addition, the elemental species of backscattering atoms have to

be known for subsequent fitting of the numerical simulation to

the experimental data.

For a proper FT of experimental data, χ(k) is usually weighted

by kn with n = 1, 2, 3 to compensate for the reduction of the

EXAFS amplitude with increasing k. The value of n can give a

rough estimation of the type of backscattering atom since the k

dependence of the backscattering amplitude, and consequently,

the amplitude of χ(k), depends on the atomic number. The

lighter the element, the lower is the amplitude at high values of

k. Examples of the k dependence of light and heavier atoms can

be seen in Figure 1. The effective backscattering amplitude has

been calculated for oxygen (Z = 8), Fe (Z = 26), and Pt (Z = 78);

the former as one example for very light elements; Fe and Pt

since experimental results on FexPt1−x alloys will be discussed

later. It can clearly be seen that the k dependence of the

effective backscattering amplitude is unique for each element.

Light elements mainly exhibit one main peak only as a function

of k, while for heavy elements, such as Pt, the spectral shape of

the backscattering amplitude may be more complicated. In the

case of elements with 78 ≤ Z ≤ 90, a strong reduction in the

backscattering amplitude over a small range connected to a

more rapidly changing phase – e.g., at k = 60 nm−1 in the

case of Pt –, is known in literature as the generalised

Ramsauer–Townsend effect [62,63]. In a simple picture, the

wavelength of the outgoing photoelectron (about 0.1 nm for

k = 60 nm−1) is well-matched to the size of the scatterer. In this

case, the photoelectron may tunnel through the scattering poten-

tial and the scattering cross-section vanishes leading to a dip in

the backscattering amplitude at a fairly distinct wave number.

By standard FT based analysis employing the FEFF code

[38,39], the wave number dependent amplitude of simulated

EXAFS oscillations can be fitted to experimental data by chan-

ging the local composition around the absorber atom. With this

method the elemental species can be identified with a typical

error of ±2 in the atomic number. Especially in chemically

disordered systems of more than one element, the identification

of the backscattering atoms and their distance to the absorber by

this trial and error method is not efficient, and the elements

have to be preselected.

The real space distance of the backscattering atoms to the

absorber can be estimated by an FT of the experimental χ(k)

since it will give a pseudo-radial distribution function (RDF) of

the distances of backscattering atoms. Note that this is not the
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Figure 1: Effective backscattering amplitude of O, Fe, and Pt as a
function of wave number and phase shift. At k = 60 nm−1 Fe has it
maximum backscattering amplitude, while it exhibits a local minimum
in the case of Pt due to the Ramsauer–Townsend effect.

geometric radial distance obtained after an FT, since the

EXAFS phase shift is included in the experimental data, which

yields a shift of the RDF to smaller values of the distance r. An

example of experimental EXAFS data in k-space and real space

is shown in Figure 2. In this case, the data have to be multiplied

by a window function W since for low values of k (XANES

regime) the resonant absorption dominates the scattering

effects, and for high values of k the signal-to-noise ratio

becomes too small. The data are shown only in the region of

non-vanishing values of the window function. The forward FT

(FFT) can be written as

(10)

Very commonly used window functions W are, e.g., the Hann

window (sometimes called Hanning window in the literature)

and the Kaiser–Bessel window. The window should be chosen

in such a way that the data interval starts and ends at a k value

of zero-crossing of χ(k). The backward FT (BFT) of the pseudo-

RDF should match the original data in the region where the

window function leads to non-vanishing results, as shown in

Figure 2 where in the lower panel the original data (grey line)

are plotted together with the BFT of the FFT data (red dotted

line). In this specific case a Kaiser–Bessel window has been

used with a sharp truncation (dk = 1 nm−1) starting at

k ≈ 21 nm−1 and ending at k ≈ 147 nm−1 for FFT, and (dr =

0.01 nm) starting at r ≈ 0.14 nm and ending at r ≈ 0.46 nm for

BFT.

Figure 2: Experimental EXAFS data measured at the Pt L3 absorption
edge of FePt bulk material at room temperature (upper panel). The
forward FT (FFT) yields a pseudo-RDF (centre) that recovers (red
dotted line, lower panel) the original data (grey line, lower panel) after
application of a backward FT (BFT). Details on the window functions
used here can be found in the text.
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Wavelet transforms
An obvious disadvantage of FT is that it only has a resolution in

Fourier space and not in the space of original data. In EXAFS

analysis, the FT magnitude of experimental data provides resol-

ution in the radial distance of neighbouring scatterers, however,

the information is lost at the wave number k at which the scat-

terer contributes. Since the position in k-space is related to the

atomic species of the backscattering atom, important informa-

tion is lost in the magnitude of the transformed signal.

It is possible to lessen this problem through the use of a short-

term Fourier transform (STFT), which determines the Fourier

coefficients of the original data multiplied by a window func-

tion, i.e., the k dependent EXAFS data are transformed in

several intervals of k. However, this leads to a high resolution in

k only, at the expense of good resolution in r, and vice versa,

since cutting the signal corresponds to a convolution between

the original data and the cutting window. Convolution in k is

identical to multiplication in r, and since the FT of a sharp cut

contains all possible values of r, the FT of the EXAFS data will

be smeared out.

This shows that cutting the signal into several parts is the right

way to obtain resolution in k, but the cutting has to be

performed carefully so as not to lose good resolution in Fourier

space. The most recent solution up to now is the wavelet trans-

form (WT).

WTs gained much attention in the 1990s after the discovery of a

family of orthogonal continuous wavelets by Daubechies [64].

Wavelets are square-integrable functions and the integral over

the wavelet is zero:

(11)

Today wavelets are widely used to extract information from

audio signals and images, and for compression/decompression

algorithms. However, in EXAFS analysis they are only used

occasionally [65-69].

The main idea behind the wavelet transform (WT) is to replace

the infinitely expanded periodic oscillations in an FT by using

located wavelets as a kernel for the integral transformation: A

scalable mother wavelet or analysing wavelet, Ψ(k), is used as a

window function for the transform. The basis of the trans-

formed signal is the so-called baby wavelets generated not only

by translation but also by scaling of the mother wavelet. As an

example, Figure 3 shows the real part of a Gabor wavelet that is

used for EXAFS analysis, as discussed below. Starting from a

mother wavelet (red curve), the first set of baby wavelets (blue

curves) can easily be generated. The obtained family of wave-

lets can be written as

(12)

The scaling factor, a, is the most important parameter to solve

the signal-cutting problem mentioned above. The wavelet as a

window for the transform is shifted along the signal, and for

every position the WT is calculated. This process is repeated in

many cycles using scaled wavelets, i.e., wavelets with a

stronger or weaker localisation in k, which results in a collec-

tion of WT of different parts of the original signal, with

different resolutions. Merging all the information, WT yields a

high resolution in both r- and k-space. Of course, similar to FT

the WT is a complete transformation, i.e., the backward trans-

formation recovers the original signal without loss of informa-

tion, which is the sine qua non in data analysis. For the EXAFS

analysis presented here, the Gabor wavelets have been used

which have a structure similar to a typical EXAFS signal, since

it consists of a slowly varying amplitude term, while the phase

term is oscillating rapidly. Another similar family of wavelets

that can be used for the purpose of EXAFS analysis is built

from Morlet wavelets. In the work of Funke et al. [67], Morlet

wavelets have been used to analyse the short-range structure of

a Zn–Al layered double hydroxide. Figure 3 shows the real part

of some Gabor wavelets. The WT of the EXAFS signal can be

written as

(13)

where Ψ* is the complex conjugate of the wavelet, shifting of

the wavelet corresponds to b = k and the scaling to a = (2r)−1.

The advantage of a WT with respect to an FT is visualised in

Figure 4, where two different sample signals are plotted and

analysed. The two wave packets contributing to the sample

signal on the left hand side and on the right hand side of

Figure 4 are the same except for their position in k. While in the

first signal (Figure 4, left) the two packets are well-separated,

they have the same position in k in the other signal (Figure 4,

right). In the time–frequency domain it would mean that they

occur at the same time for the latter case. In the reciprocal

k-space (the real-space domain of EXAFS) it can be interpreted

as a signal from two different elements with either a distinct

difference in the position of maximum backscattering amplitude
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Figure 4: Two different sample signals (upper panel) that show the same radial distance function after FT (centre), but clearly different WT signals
(lower panel).

Figure 3: Real part of a Gabor mother wavelet (red curve) and baby
wavelets generated by scaling and shifting (blue curves).

(first sample signal), or with the same position of maximum

backscattering amplitude. Since the position of maximum

backscattering amplitude is related to the atomic number of an

element, as discussed before, one may state that the first sample

signal describes EXAFS arising from two backscattering

elements with a clear difference in their atomic number Z,

whereas the second sample signal can be assigned to EXAFS

caused by the same element (or two elements with slightly

different atomic numbers).

The FT shown in Figure 4 is in both cases the same RDF, i.e.,

the information on the k position of the different wave packets

is lost. In the WT the two different sample signals can still be

distinguished, and both the position in k and the corresponding

radial distance r can be extracted. The WT of the sample signal

with well-separated wave packets shows two maxima: one

located at the point (k ≈ 46 nm−1, r ≈ 0.16 nm) and the other at

(k ≈ 120 nm−1, r ≈ 0.05 nm). The WT of the sample signal with

coinciding wave packets also shows two maxima, but at

(k ≈ 46 nm−1, r ≈ 0.16 nm) and (k ≈ 46 nm−1, r ≈ 0.05 nm).

In all cases, the values of k and r where the maxima are located

are the same as those used for the generation of the sample

signal. Compared to the FT of the signals, the r values are also

the same. Since one usually does not know where the maximum

in k-space is located for different contributions, a WT is
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Figure 5: WT of room temperature EXAFS data for Fe (upper graphic)
and Pt (lower graphic) reference samples measured at the Fe K and Pt
L3 absorption edge, respectively.

currently the only method to receive information of the signal

both in k-space and in real space. This is especially useful in

EXAFS analysis of alloys in which different types of backscat-

terers are distributed on a regular lattice. A detailed discussion

on the influence of rapid phase changes in EXAFS signals on

the WT, and the limitations of WTs, can be found in the work

of Funke et al. [67].

The application of WT and FT to experimental data is presented

in the next section through the discussion of recent results on

FePt nanoparticles [68,69]. In order to facilitate the interpreta-

tion of spectral features in the EXAFS data and their WT,

Figure 5 shows the WT of Fe and Pt bulk material and, for

clarity, the projection of the WT on the (k,r)-plane is added.

For the case of Fe, one main peak is located around

k = 60–70 nm−1, as expected from the k dependence of the

backscattering amplitude of Fe presented in Figure 1. For small

k values the maximum is located around r ≈ 0.20 nm, and for

large values it is located around r ≈ 0.23 nm. For intermediate k

values, around the global maximum, the position in r of the

local maxima (black dotted line in Figure 5) changes with k

indicating a non-linear k dependence of the EXAFS phase shift

[70]. Actually, one may consider the phase shift shown in

Figure 1 for the case of Fe to change linearly for k < 40 nm−1

and k > 100 nm−1 while a distinct curvature is visible in the

region in between. This is even more pronounced for the case of

Pt with its rapidly changing phase in the same region of k. The

position in r for the local maxima is around r ≈ 0.20 nm for low

values of k, and for large values located around r ≈ 0.26 nm. In

agreement with the k dependence of the backscattering

amplitude shown in Figure 1, the maximum WT amplitude is

reduced with respect to Fe, exhibits several peaks and has a

larger magnitude at high k values.

FePt nanoparticles
From the technological perspective, FePt has become one of the

most interesting nanostructured materials (see, e.g., [71-74]),

since its large magnetic anisotropy of 6 × 106 J·m−3 [75-78] in

the chemically ordered state with L10 crystal symmetry makes

it the prime candidate for new ultrahigh density storage media.

The formation of the L10 ordered phase is driven by volume

diffusion and can be induced by post-deposition annealing of

the nanoparticles or in-flight annealing of FePt nanoparticles

synthesised by condensation from the gas phase before landing

onto a substrate as described below.

Gas phase synthesis
FePt nanoparticles can be prepared by an inert gas conden-

sation method based on a DC magnetron sputtering process

from alloy targets in a continuous gas flow of helium and argon

[79,80]. In general, the experimental setup for preparing nano-

particles from the gas phase is composed of three parts: A

nucleation chamber, a sintering oven and a deposition chamber.

After nucleation and particle growth in the nucleation chamber

with liquid nitrogen cooled walls, the particles pass the sintering

oven and can be in-flight annealed before deposition onto a sub-

strate. Due to the short flight time through the sintering oven

(about 1 s or less depending on the gas flow rate), annealing has

to take place at very high temperatures around 1000–1300 K in

order to obtain the chemically ordered L10 phase in the nano-

particles. It has been shown that it is possible to prepare chemi-

cally disordered FexPt1−x particles with diameters in the range

of 3 nm < d < 20 nm that are single crystalline or multiple

twinned with an icosahedral shape. Size and morphology can be

tuned by changing the inert gas pressure and the sintering

temperature [79]. It was found that the icosahedral particles are

thermally stable and cannot easily be transformed into the L10

phase. This indicates inadequate volume diffusion in the icosa-

hedral particles probably due to a lack of a sufficient number of

vacancies.

A method to destabilise the icosahedral shape, and to promote

the formation of single-crystalline fcc FePt nanoparticles, is the
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introduction of oxygen during particle preparation [81]. How-

ever, the formation of the L10 phase was not observed indicat-

ing that the volume diffusion is still inadequate in this method.

For gas phase synthesised nanoparticles, a possible surface

segregation of Pt has recently been discussed [82] as it is also

known for thin FePt films [83]. In addition, an indication of a

stronger lattice expansion towards the surface layer was found

by analysis of transmission electron microscope (TEM) images

[82]. However, since the particles were exposed to air before

being transferred into the TEM, oxidation may also be respon-

sible for the lattice expansion at the surface layers. In order to

exclude the influences of oxidation and other contaminations on

the investigated structure, EXAFS of in situ cleaned and oxide-

free FePt nanoparticles seems to be a suitable tool to study the

intrinsic structural properties of pure metallic nanoparticles.

Wet-chemical synthesis
A possible organometallic route to synthesise FePt nano-

particles follows the approach by S. Sun et al. [84] by the reduc-

tion of platinum diacetylacetonate, Pt(acac)2 and thermal

decomposition of iron pentacarbonyl, Fe(CO)5, in hexadecane-

1,2-diol at about 300 °C. The chemical reactions were initiated

in the presence of the surfactants oleic acid and oleyl amine,

thus providing a route to synthesise nanoparticles of a chemi-

cally disordered FexPt1−x alloy surrounded by the surfactants.

After cooling to room temperature, the particles were precipi-

tated by adding ethanol and separated by centrifugation. After

this procedure, the particles were dispersed in n-hexane with

surfactants, precipitated out and centrifuged once again. This

can be repeated several times, until a stable dispersion of nano-

particles in n-hexane is obtained. The nanoparticles can be

brought onto a naturally oxidised Si substrate using the spin

coating technique, dip coating or just by putting a small droplet

of nanoparticle dispersion onto the substrate. The shell of

organic ligands prevents the agglomeration of the nanoparticles

and drives the formation of hexagonally self-assembled super-

lattices.

The quality of the hexagonal arrangement can be improved by

an excess of surfactants in the dispersion. Subsequent annealing

of the nanoparticles has been tried as a route to obtain nano-

particles in the L10 state. Due to the thermal decomposition of

the ligand shell during the annealing process and the enhanced

mobility of the nanoparticles at elevated temperatures, this

procedure leads to sintering of the nanoparticles especially for

small diameters below 6 nm. Much effort has been taken to

prevent sintering using different methods, e.g., linking of the

nanoparticles to the substrate by special molecules [85-88].

Another method that has been successfully applied is the

coverage of the nanoparticle monolayer, e.g., by carbon [77] or

embedding in a NaCl matrix [89].

EXAFS results and discussion
In order to gain more insight into thermally activated diffusion

processes in FePt nanoparticles, it is useful to analyse the

crystal structure and the homogeneity of the chemically

disordered alloy. The results presented here in detail were

obtained on nanoparticles prepared by the wet-chemical route

described above. The magnetic properties are also compared to

the properties of FePt nanoparticles synthesised by conden-

sation from the gas phase. By EXAFS analysis it was found that

there exists (i) a lattice expansion with respect to the corres-

ponding bulk material in wet-chemically synthesised FePt nano-

particles [90] and (ii) a compositional inhomogeneity in chemi-

cally disordered nanoparticles, i.e., Fe atoms are in an Fe-rich

environment and Pt atoms are in a Pt-rich environment [68,69].

Figure 6 shows the experimental EXAFS data at the Pt L3

absorption edge for FePt in the bulk and nanoparticulate system,

respectively, and their FT and WT. While the lattice expansion

can clearly be resolved [90], it is difficult to obtain small

compositional changes by an FT. However, one may notice a

drop of the envelope of χ(k) data measured at the Pt L3 edge of

nanoparticles compared to the data obtained from bulk material

and a shoulder in the FT correlated to this drop. This can be

interpreted as a Pt enrichment around Pt absorbers in nano-

particles, since the backscattering amplitude of Pt exhibits a

local minimum at k = 60 nm−1 reducing the amplitude of χ(k),

while Fe has its maximum backscattering amplitude around this

value of k, as can be seen in Figure 1. The differences can be

seen more clearly in the WT of EXAFS data shown in the lower

panel of Figure 6.

The WT exhibits a global maximum around k ≈ 60 nm−1 and

r ≈ 0.22 nm for the bulk material and k ≈ 60 nm−1, r ≈ 0.24 nm

for the nanoparticles indicating the lattice expansion in the

particles. The maximum amplitude of the WT is strongly

reduced for the nanoparticles and the shape differs significantly

from the WT of bulk data especially in the region of low k

values. In addition, the centroid of the plotted area is slightly

shifted towards higher k values that may already indicate a Pt

enrichment with respect to the bulk material. By comparison to

the reference data shown in Figure 5, this interpretation

becomes obvious: While for the FePt bulk material the WT is

dominated by the sharp maximum related to Fe backscattering

atoms, in the case of nanoparticles the WT is similar to the

smoother WT of Pt backscattering atoms. That means that in the

nanoparticles, the Pt absorber atoms are surrounded by more Pt

backscattering atoms than in the bulk material, although the

average composition determined by energy-dispersive X-ray

spectroscopy (EDS) is the same for the two samples. This

difference is not a conflict between EXAFS and EDS results,

but simply reflects the fact that an averaging technique such as
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Figure 6: Room temperature EXAFS data of FePt bulk material (left panel) and nanoparticles (right panel) measured at the Pt L3 absorption edge,
their Fourier transform, and wavelet transform.

EDS does not allow for the detection of an inhomogeneous

composition of the investigated sample, whereas the EXAFS

technique does. The reason is that EXAFS stems from scat-

tering of the photoelectron by the local surroundings of the

probed atoms. Thus, it can be concluded that the Pt absorbing

atoms are in a Pt-rich environment and thus, Fe atoms are in an

Fe-rich environment. The latter has also been proven by similar

analysis of EXAFS measured at the Fe K absorption edge as

can be seen in Figure 7: After subtraction of the WT of bulk

data, the difference in the number of Fe and Pt backscattering

atoms becomes even more evident. (For original χ(k) data see

[68,69].) At the Pt L3 edge the difference has a minimum at the

position of maximum backscattering amplitude of Fe

(k ≈ 60 nm−1, r ≈ 0.2 nm) and a maximum around the corres-

ponding Pt position (k ≥ 120 nm−1, r ≈ 0.2 nm). At the Fe K

edge it is the opposite way round. For clarity, in Figure 7 black

dotted lines denote the position of local maxima and minima of

the projected WT magnitude. Although the data clearly show

the compositional inhomogeneity within the nanoparticles, a

quantification of the nearest neighbour atoms of either Fe or Pt

is not possible directly. However, it is useful to know for further

calculations of EXAFS, e.g., by FEFF, since the structure and

chemical composition have to be modelled as exactly as

possible in order to get reasonable results.

The best agreement between calculated EXAFS and experi-

mental  data of nanoparticles were found assuming

(40 ± 8) atom % Fe around the Pt atoms and (70 ± 12) atom %

Fe around the Fe atoms and a lat t ice constant  of

(0.387 ± 0.004) nm [68,69]. For the case of the FePt bulk ma-
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Figure 7: WT of room temperature EXAFS data of FePt nanoparticles
measured at the Pt L3 (upper graphic) and Fe K absorption edge
(lower graphic) after subtraction of the WT of the corresponding bulk
data [68].

terial, the same composition around Fe and Pt atoms within

experimental errors was obtained in agreement with the aver-

aged composition measured by EDS, (56 ± 3) atom %, and a

lattice constant of (0.383 ± 0.003) nm [68,69,90].

The differences in structure and local chemical environment

may also strongly affect the magnetic properties of the nano-

particles compared to the corresponding bulk material as will be

discussed below.

Discussion: Influence on magnetic properties
The magnetic properties strongly depend on the lattice spacing

and the chemical environment around an atom. Thus, both

lattice expansion and inhomogeneous composition are expected

to change the magnetism of FePt nanoparticles with respect to

the bulk material. The influence of the chemical environment on

the magnetic moments of the Fe atoms in FexPt1−x bulk ma-

terials have been investigated by XMCD analysis and spin

polarised relativistic Korringa–Kohn–Rostoker (SPR-KKR)

calculations [54,91]: The higher the Fe content in the alloy, the

smaller the spin magnetic moment at the Fe sites. Changes of

the orbital magnetic moment and the Pt moments are negligible

with respect to the strong decrease of the Fe spin magnetic

moment. The results from SPR-KKR calculations are shown in

Figure 8. For the lattice constants, the experimentally deter-

mined values were used [68] as input for the calculations. It can

clearly be seen that the spin magnetic moments at the Pt sites

remained largely unchanged around μS(Pt) ≈ 0.22 μB

for different compositions between x = 32 atom % and

x = 68 atom %, the orbital magnetic moment increased slightly

with increasing Fe content from μl(Pt) ≈ 0.042 μB to 0.048 μB.

The orbital magnetic moment at the Fe sites showed a similar

behaviour and increased from μl(Fe) ≈ 0.06 μB to 0.078 μB in

the composition range investigated in this work. The Fe spin

magnetic moment decreased with increasing Fe content from

about 3.0 μB at x = 32 atom % to 2.75 μB at x = 68 atom %.

Figure 8: Composition dependence of spin and orbital magnetic
moments at the Fe and Pt sites in chemically disordered FexPt1−x
alloys and the total magnetic moment calculated using the SPR-KKR
method.

However, the total magnetic moment averaged over the

different lattice sites increased almost linearly with increasing

Fe content as is also known from experimental data using

conventional magnetometry such as SQUID or VSM magneto-

metry [92].



Beilstein J. Nanotechnol. 2011, 2, 237–251.

248

Compared to experimental data on FexPt1−x bulk-like alloys

[54], it seems to be a general trend that the calculations lead to

increased spin magnetic moments at the Fe sites, whereas the

orbital magnetic moments are slightly underestimated. At the Pt

sites the calculated values are decreased by a factor of about

two, but this is in agreement with other calculated values

reported in the literature [93].

The reason for this disagreement between theory and experi-

ment is as yet unclear. However, the qualitative composition

dependence is in good agreement with the experimentally

obtained one.

Regarding the effect of a lattice expansion in FePt nano-

particles, calculations offer the unique possibility to study this

influence without changing any other parameter. In Figure 9,

the SPR-KKR results are shown for an FePt alloy with a lattice

constant of 0.381 nm as reported in the literature [94], 0.387 nm

in the case of the nanoparticles, and an extremely large value of

0.4 nm corresponding to a lattice expansion of 5% with respect

to the bulk value in literature. At the Fe sites, both spin and

orbital magnetic moment increased with increasing lattice

constant as expected in a simple picture assuming that larger

lattice spacing results in a more localised electronic structure

yielding more atomic-like values of magnetic moments. At the

Pt sites, the orbital magnetic moment increased as well, whereas

the spin magnetic moment exhibited only a slight decrease with

increasing lattice constant. The total magnetic moment is larger

for larger lattice parameters, but all the changes are rather small.

Similar trends are reported for other ferromagnetic or antiferro-

magnetic materials, e.g. for bcc and fcc Fe [95]. Experiment-

ally, the magnetic moments of FePt nanoparticles were found to

be reduced with respect to the correspondent bulk material by

about 20–30% [68,69].

Since the lattice expansion leads to larger magnetic moments in

the order of a few percent this cannot be an appropriate expla-

nation. However, the inhomogeneous composition can easily

yield such a significant reduction of magnetic moments when

the magnetic moments of nanoparticles are compared to those

of bulk or bulk-like materials with the same averaged composi-

tion. It turns out that the magnetic moments should be assigned

to the local composition around the Fe atoms since the Fe

atoms, with their large magnetic moments and sensitivity to

local changes, dominate the total magnetic moment.

Interestingly, reduced magnetic moments are also reported for

fcc FePt nanoparticles prepared by condensation from the gas

phase [96]. From this finding one may conclude that the

inhomogeneity can be found in FexPt1−x particles independent

of the preparation method. The preferential formation of Fe-rich

Figure 9: Dependence of spin and orbital magnetic moments at the Fe
and Pt sites in chemically disordered FePt alloys for different lattice
constants calculated using the SPR-KKR method (x = 0.5).

and Pt-rich regions within the nanoparticles could also influ-

ence the formation of the L10 state and lower the degree of

chemical order. Beside the FexPt1−x system, a local deviation of

the composition with respect to the averaged value may also

occur in nanoparticles of various binary alloys.

Conclusion
Wavelet transforms are introduced as an analysis method for

EXAFS data with the potential to outperform standard Fourier

based approaches especially in bimetallic alloys. The main idea

behind the wavelet transform is to replace the infinitely

expanded periodic oscillations in a Fourier transform by located

wavelets as a kernel for the integral transformation, yielding

high resolution in both real space and in k-space. Since the

maximum backscattering amplitude exhibits different depend-

ences on k for different elements, the wavelet transform visual-

ises not only the radial distance distribution but gives also an in-

dication of the type of backscattering atoms surrounding the

absorbing atom. Thus, deviations in the local chemical environ-

ment in alloys can directly be visualised by comparison to a

reference sample as it was shown for the case of FePt nano-
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particles. The importance of such a detailed study of the (local)

structure for data interpretation in terms of magnetic or elec-

tronic characterisation was discussed on the basis of magnetic

moments of FexPt1−x alloys measured by XMCD [68] and

calculated using the SPR-KKR method. In summary, the

different aspects of X-ray absorption spectroscopy, from the

XANES region and its dichroism effects, to EXAFS analysis

give the possibility to characterise fully nanoparticle systems

regarding crystallographic and electronic structure as well as

magnetic properties.

Acknowledgements
For useful discussions H. Wende is gratefully acknowledged.

This work was carried out in close collaboration with M.

Spasova, A. Trunova, and M. Farle (U. Duisburg–Essen), A.

Rogalev and F. Wilhelm (ESRF), and K. Fauth (U. Würzburg).

For their valuable support during beamtimes, we would like to

thank P. Voisin and S. Feite (ESRF) as well as the HZB-

BESSY II staff, in particular T. Kachel and H. Pfau. For help

with the SPR-KKR calculations, J. Minár, M. Košuth, and H.

Ebert (LMU Munich) are acknowledged and S. Sun (Brown U.)

for the synthesis of nanoparticles. Financially supported by

DFG (SFB 445), ESRF, EU (MRTN-CT-2004-0055667,

SyntOrbMag), and BMBF (05 ES3XBA/5).

References
1. Altarelli, M. From Third- to Fourth-generation Light Sources:

Free-Electron Lasers in the UV and X-ray Range. In Magnetism and
Synchrotron radiation – New trends; Beaurepaire, E.; Bulou, H.;
Scheurer, F.; Kappler, J. P., Eds.; Springer Proceedings in Physics,
Vol. 133; Springer: Berlin, Heidelberg, 2010; pp 407–419.

2. Wiedemann, H. Synchrotron Radiation; Springer: Heidelberg,
Germany, 2002.

3. Attwood, D. Soft X-rays and extreme ultraviolet radiation; Cambridge
University Press: Cambridge, U.K., 1999.

4. Peatman, W. B. Gratings, Mirrors, and Slits; Gordon and Breach
Science Publishers: New York, 1997.

5. Erko, A.; Idir, M.; Krist, T.; Michette, A. G., Eds. Modern Developments
in X-ray and Neutron Optics; Springer Series in Optical Science, Vol.
137; Springer: Berlin, Germany, 2008.

6. Wille, K. Physik der Teilchenbeschleuniger und
Synchrotronstrahlungsquellen, 2nd ed.; Teubner: Stuttgart, Germany,
1996.

7. Jackson, J. D. Classical Electrodynamics, 3rd ed.; John Wiley & Sons:
New York, 1998.

8. Cheng, G.; Carter, J. D.; Guo, T. Chem. Phys. Lett. 2004, 400,
122–127. doi:10.1016/j.cplett.2004.10.095

9. Rockenberger, J.; Tröger, L.; Kornowski, A.; Vossmeyer, T.;
Eychmüller, A.; Feldhaus, J.; Weller, H. J. Phys. Chem. B 1997, 101,
2691–2701. doi:10.1021/jp963266u

10. Marcus, M. A.; Brus, L. E.; Murray, C.; Bawendi, M. G.; Prasad, A.;
Alivisatos, A. P. Nanostruct. Mater. 1992, 1, 323–335.
doi:10.1016/0965-9773(92)90039-Z

11. Davis, S. R.; Chadwick, A. V.; Wright, J. D. J. Phys. Chem. B 1997,
101, 9901–9908. doi:10.1021/jp971756w

12. Zanchet, D.; Tolentino, H.; Martins Alves, M. C.; Alves, O. L.;
Ugarte, D. Chem. Phys. Lett. 2000, 323, 167–172.
doi:10.1016/S0009-2614(00)00424-3

13. Dubiel, M.; Brunsch, S.; Tröger, L. J. Phys.: Condens. Matter 2000, 12,
4775–4789. doi:10.1088/0953-8984/12/22/310

14. Dubiel, M.; Haug, J.; Kruth, H.; Hofmeister, H.; Seifert, W.
J. Phys.: Conf. Ser. 2009, 190, 012123.
doi:10.1088/1742-6596/190/1/012123

15. Rohlfing, M.; Louie, S. G. Phys. Rev. B 2000, 62, 4927–4944.
doi:10.1103/PhysRevB.62.4927

16. Soininen, J. A.; Shirley, E. L. Phys. Rev. B 2001, 64, 165112.
doi:10.1103/PhysRevB.64.165112

17. Rehr, J. J. Found. Phys. 2003, 33, 1735–1742.
doi:10.1023/A:1026277520940

18. Laporte, O.; Meggers, W. F. J. Opt. Soc. Am. Rev. Sci. Instrum. 1925,
11, 459–460. doi:10.1364/JOSA.11.000459

19. Huff, L. D.; Houston, W. V. Phys. Rev. 1930, 36, 842–846.
doi:10.1103/PhysRev.36.842

20. Van. Vleck, J. H. J. Phys. Chem. 1937, 41, 67–80.
doi:10.1021/j150379a006

21. Stöhr, J.; Baberschke, K.; Jaeger, R.; Treichler, R.; Brennan, S.
Phys. Rev. Lett. 1981, 47, 381–384. doi:10.1103/PhysRevLett.47.381

22. Chen, C. T.; Tjeng, L. H.; Kwo, J.; Kao, H. L.; Rudolf, P.; Sette, F.;
Fleming, R. M. Phys. Rev. Lett. 1992, 68, 2543–2546.
doi:10.1103/PhysRevLett.68.2543

23. Goulon, J.; Goulon-Ginet, C.; Rogalev, A.; Gotte, V.; Malgrange, C.;
Brouder, C.; Natoli, C. R. J. Chem. Phys. 1998, 108, 6394–6403.
doi:10.1063/1.476046

24. van der Laan, G.; Thole, B. T.; Sawatzky, G. A.; Goedkoop, J. B.;
Fuggle, J. C.; Esteva, J.-M.; Karnatak, R.; Remeika, J. P.;
Dabkowska, H. A. Phys. Rev. B 1986, 34, 6529–6531.
doi:10.1103/PhysRevB.34.6529

25. Thole, B. T.; van der Laan, G.; Sawatzky, G. A. Phys. Rev. Lett. 1985,
55, 2086–2088. doi:10.1103/PhysRevLett.55.2086

26. Erskine, J. L.; Stern, E. A. Phys. Rev. B 1975, 12, 5016–5024.
doi:10.1103/PhysRevB.12.5016

27. Schütz, G.; Wagner, W.; Wilhelm, W.; Kienle, P.; Zeller, R.; Frahm, R.;
Materlik, G. Phys. Rev. Lett. 1987, 58, 737–740.
doi:10.1103/PhysRevLett.58.737

28. Goulon, J.; Rogalev, A.; Goulon-Ginet, C.; Benayoun, G.; Paolasini, L.;
Brouder, C.; Malgrange, C.; Metcalf, P. A. Phys. Rev. Lett. 2000, 85,
4385–4388. doi:10.1103/PhysRevLett.85.4385

29. Goulon, J.; Rogalev, A.; Wilhelm, F.; Goulon-Ginet, C.; Carra, P.;
Cabaret, D.; Brouder, C. Phys. Rev. Lett. 2002, 88, 237401.
doi:10.1103/PhysRevLett.88.237401

30. Carra, P.; Altarelli, M. Phys. Rev. Lett. 1990, 64, 1286–1288.
doi:10.1103/PhysRevLett.64.1286

31. Stöhr, J.; Siegmann, H. C. Magnetism – From Fundamentals to
Nanoscale Dynamics; Springer: Berlin, Heidelberg, 2006.

32. Lytle, F. In Physics of Non-Crystalline Solids; Prins, J. A., Ed.;
North-Holland Pub.: Amsterdam, 1965; pp 12–30.

33. de L. Kronig, R. Z. Phys. 1932, 75, 468–475. doi:10.1007/BF01342238
34. Sayers, D. E.; Stern, E. A.; Lytle, F. W. Phys. Rev. Lett. 1971, 27,

1204–1207. doi:10.1103/PhysRevLett.27.1204
35. Lee, P. A.; Pendry, J. B. Phys. Rev. B 1975, 11, 2795–2811.

doi:10.1103/PhysRevB.11.2795
36. Lee, P. A. Phys. Rev. B 1976, 13, 5261–5270.

doi:10.1103/PhysRevB.13.5261
37. Ashley, C. A.; Doniach, S. Phys. Rev. B 1975, 11, 1279–1288.

doi:10.1103/PhysRevB.11.1279

http://dx.doi.org/10.1016%2Fj.cplett.2004.10.095
http://dx.doi.org/10.1021%2Fjp963266u
http://dx.doi.org/10.1016%2F0965-9773%2892%2990039-Z
http://dx.doi.org/10.1021%2Fjp971756w
http://dx.doi.org/10.1016%2FS0009-2614%2800%2900424-3
http://dx.doi.org/10.1088%2F0953-8984%2F12%2F22%2F310
http://dx.doi.org/10.1088%2F1742-6596%2F190%2F1%2F012123
http://dx.doi.org/10.1103%2FPhysRevB.62.4927
http://dx.doi.org/10.1103%2FPhysRevB.64.165112
http://dx.doi.org/10.1023%2FA%3A1026277520940
http://dx.doi.org/10.1364%2FJOSA.11.000459
http://dx.doi.org/10.1103%2FPhysRev.36.842
http://dx.doi.org/10.1021%2Fj150379a006
http://dx.doi.org/10.1103%2FPhysRevLett.47.381
http://dx.doi.org/10.1103%2FPhysRevLett.68.2543
http://dx.doi.org/10.1063%2F1.476046
http://dx.doi.org/10.1103%2FPhysRevB.34.6529
http://dx.doi.org/10.1103%2FPhysRevLett.55.2086
http://dx.doi.org/10.1103%2FPhysRevB.12.5016
http://dx.doi.org/10.1103%2FPhysRevLett.58.737
http://dx.doi.org/10.1103%2FPhysRevLett.85.4385
http://dx.doi.org/10.1103%2FPhysRevLett.88.237401
http://dx.doi.org/10.1103%2FPhysRevLett.64.1286
http://dx.doi.org/10.1007%2FBF01342238
http://dx.doi.org/10.1103%2FPhysRevLett.27.1204
http://dx.doi.org/10.1103%2FPhysRevB.11.2795
http://dx.doi.org/10.1103%2FPhysRevB.13.5261
http://dx.doi.org/10.1103%2FPhysRevB.11.1279


Beilstein J. Nanotechnol. 2011, 2, 237–251.

250

38. Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, S. D. Phys. Rev. B
1998, 58, 7565–7576. doi:10.1103/PhysRevB.58.7565

39. Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. J.
Phys. Rev. B 1995, 52, 2995–3009. doi:10.1103/PhysRevB.52.2995

40. Brouder, C.; Alouani, M.; Giorgetti, C.; Dartyge, E.; Baudelet, F.
Spin-Orbit Influenced Spectroscopies of Magnetic Solids, Ebert, H.;
Schütz, G., Eds.; Lecture Notes in Physics, Vol. 466; Springer: Berlin,
Germany; 1996.

41. Wende, H.; Wilhelm, F.; Poulopoulos, P.; Rogalev, A.; Goulon, J.;
Schlagel, D. L.; Lograsso, T. A.; Baberschke, K.
Nucl. Instrum. Methods Phys. Res., Sect. A 2001, 467–468,
1426–1429. doi:10.1016/S0168-9002(01)00675-1

42. Nakamura, T.; Mizumaki, M.; Watanabe, Y.; Nanao, S.
J. Phys. Soc. Jpn. 1998, 67, 3964–3968. doi:10.1143/JPSJ.67.3964

43. Wende, H. Rep. Prog. Phys. 2004, 67, 2105–2181.
doi:10.1088/0034-4885/67/12/R01

44. Citrin, P. H.; Eisenberger, P.; Hewitt, R. C.
J. Vac. Sci. Technol. (N. Y., NY, U. S.) 1977, 15, 449.
doi:10.1116/1.569591

45. Citrin, P. H.; Eisenberger, P.; Hewitt, R. C. Phys. Rev. Lett. 1978, 41,
309–312. doi:10.1103/PhysRevLett.41.309

46. Gudat, W.; Kunz, C. Phys. Rev. Lett. 1972, 29, 169–172.
doi:10.1103/PhysRevLett.29.169

47. Stöhr, J.; Denley, D.; Perfetti, P. Phys. Rev. B 1978, 18, 4132–4135.
doi:10.1103/PhysRevB.18.4132

48. Martens, G.; Rabe, P.; Schwenter, N.; Werner, A. J. Phys. C 1978, 11,
3125. doi:10.1088/0022-3719/11/14/032

49. Wende, H.; Srivastava, P.; Chauvistré, R.; May, F.; Baberschke, K.;
Arvanitis, D.; Rehr, J. J. J. Phys.: Condens. Matter 1997, 9,
L427–L433. doi:10.1088/0953-8984/9/31/002

50. Wende, H.; Baberschke, K. J. Electron Spectrosc. Relat. Phenom.
1999, 101–103, 821–826. doi:10.1016/S0368-2048(98)00431-9

51. Tromp, M.; van Bokhoven, J. A.; Slagt, M. Q.; Klein Gebbink, R. J. M.;
van Koten, G.; Ramaker, D. E.; Koningsberger, D. C.
J. Am. Chem. Soc. 2004, 126, 4090–4091. doi:10.1021/ja031885s

52. Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J.
WIEN2k, An Augmented Plane Wave Local Orbitals Program for
Calculating Crystal Properties; Schwarz, K., Ed.; TU Wien: Wien,
Austria, 2001.

53. Filipponi, A.; Di Cicco, A.; Natoli, C. R. Phys. Rev. B 1995, 52,
15122–15134. doi:10.1103/PhysRevB.52.15122

54. Ebert, H. In Electronic Structure and Physical Properties of Solids;
Dreyssé, H., Ed.; Lecture Notes in Physics, Vol. 535; Springer: Berlin,
Germany, 2000; pp 191–246.

55. Müller, J. E.; Jepsen, O.; Wilkins, J. W. Solid State Commun. 1982, 42,
365–368. doi:10.1016/0038-1098(82)90154-5

56. Newville, M. J. Synchrotron Radiat. 2001, 8, 322–324.
doi:10.1107/S0909049500016964

57. Bunker, G. Nucl. Instrum. Methods 1983, 207, 437–444.
doi:10.1016/0167-5087(83)90655-5

58. Kendall, M. G. The Advanced Theory of Statistics; Hodder Arnorld:
London, 1958; Vol. 1.

59. Newville, M. J. Synchrotron Radiat. 2001, 8, 96–100.
doi:10.1107/S0909049500016290

60. Newville, M.; Līviņš, P.; Yacoby, Y.; Rehr, J. J.; Stern, E. A.
Phys. Rev. B 1993, 47, 14126–14131.
doi:10.1103/PhysRevB.47.14126

61. Sayers, D.; Lytle, F.; Stern, E. A. Adv. X-Ray Anal. 1970, 13, 248–271.

62. McKale, A. G.; Veal, B. W.; Paulikas, A. P.; Chan, S.-K.; Knapp, G. S.
Phys. Rev. B 1988, 38, 10919–10921.
doi:10.1103/PhysRevB.38.10919

63. Faxén, H.; Holtsmark, J. Z. Phys. 1927, 45, 307–324.
doi:10.1007/BF01343053

64. Daubechies, I. Ten lectures on wavelets; Society for Industrial and
Applied Mathematics: Philadelphia, 1992.

65. Shao, X.; Shao, L.; Zhao, G. Anal. Commun. 1998, 35, 135–137.
doi:10.1039/a800360b

66. Yamaguchi, K.; Ito, Y.; Mukoyama, T.; Takahashi, M.; Emura, S.
J. Phys. B: At., Mol. Opt. Phys. 1999, 32, 1393–1408.
doi:10.1088/0953-4075/32/5/028

67. Funke, H.; Scheinost, A. C.; Chukalina, M. Phys. Rev. B 2005, 71,
No. 094110. doi:10.1103/PhysRevB.71.094110

68. Antoniak, C.; Spasova, M.; Trunova, A.; Fauth, K.; Wilhelm, F.;
Rogalev, A.; Minár, J.; Ebert, H.; Farle, M.; Wende, H.
J. Phys.: Condens. Matter 2009, 21, No. 336002.
doi:10.1088/0953-8984/21/33/336002

69. Antoniak, C.; Spasova, M.; Trunova, A.; Fauth, K.; Farle, M.;
Wende, H. J. Phys.: Conf. Ser. 2009, 190, No. 012118.
doi:10.1088/1742-6596/190/1/012118

70. Remark: The relation between a non-linear phase shift and the
occurrence of an inclined WT magnitude is well-known from the
time-frequency domain where such signals are called “chirp” functions.

71. Sun, S.; Murray, C. B. J. Appl. Phys. 1999, 85, 4325–4330.
doi:10.1063/1.370357

72. Dorman, J. L.; Fiorani, D.; Tronc, E. In Magnetic Relaxation in
Fine-Particle Systems; Prigogine, I.; Rice, S. A., Eds.; Advances in
Chemical Physics, Vol. 98; John Wiley & Sons, Inc.: Hoboken, NJ,
2007; pp 283–494. doi:10.1002/9780470141571.ch4

73. Chantrell, R. W.; Weller, D.; Klemmer, T. J.; Sun, S.; Fullerton, E. E.
J. Appl. Phys. 2002, 91, 6866–6868. doi:10.1063/1.1447175

74. Chen, M.-P.; Nishio, H.; Kitamoto, Y.; Yamamoto, H. J. Appl. Phys.
2005, 97, No. 10J321. doi:10.1063/1.1861274

75. Ivanov, O. A.; Solina, L. V.; Demshina, V. A.; Magat, L. M.
Phys. Met. Metallogr. (Transl. of Fiz. Met. Metalloved.) 1973, 35, 81.

76. Visokay, M. R.; Sinclair, R. Appl. Phys. Lett. 1995, 66, 1692–1694.
doi:10.1063/1.113895

77. Thiele, J.-U.; Folks, L.; Toney, M. F.; Weller, D. K. J. Appl. Phys. 1998,
84, 5686–5692. doi:10.1063/1.368831

78. Shima, T.; Takanashi, K.; Takahashi, Y. K.; Hono, K. Appl. Phys. Lett.
2004, 85, 2571–2573. doi:10.1063/1.1794863

79. Stappert, S.; Rellinghaus, B.; Acet, M.; Wassermann, E. F.
J. Cryst. Growth 2003, 252, 440–450.
doi:10.1016/S0022-0248(03)00935-7

80. Qiu, J.-M.; Judy, J. H.; Weller, D.; Wang, J.-P. J. Appl. Phys. 2005, 97,
No. 10J319. doi:10.1063/1.1855211

81. Stappert, S.; Rellinghaus, B.; Acet, M.; Wassermann, E. F.
Eur. Phys. J. D 2003, 24, 351–354. doi:10.1140/epjd/e2003-00132-7

82. Wang, R. M.; Dmitrieva, O.; Farle, M.; Dumpich, G.; Ye, H. Q.;
Poppa, H.; Kilaas, R.; Kisielowski, C. Phys. Rev. Lett. 2008, 100,
No. 017205. doi:10.1103/PhysRevLett.100.017205

83. Creemers, C.; Deurinck, P. Surf. Interface Anal. 1997, 25, 177–190.
doi:10.1002/(SICI)1096-9918(199703)25:3<177::AID-SIA219>3.0.CO;2
-T

84. Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science 2000,
287, 1989–1992. doi:10.1126/science.287.5460.1989

85. Yu, A. C. C.; Mizuno, M.; Sasaki, Y.; Inoue, M.; Kondo, H.; Ohta, I.;
Djayaprawira, D.; Takahashi, M. Appl. Phys. Lett. 2003, 82,
4352–4354. doi:10.1063/1.1584791

http://dx.doi.org/10.1103%2FPhysRevB.58.7565
http://dx.doi.org/10.1103%2FPhysRevB.52.2995
http://dx.doi.org/10.1016%2FS0168-9002%2801%2900675-1
http://dx.doi.org/10.1143%2FJPSJ.67.3964
http://dx.doi.org/10.1088%2F0034-4885%2F67%2F12%2FR01
http://dx.doi.org/10.1116%2F1.569591
http://dx.doi.org/10.1103%2FPhysRevLett.41.309
http://dx.doi.org/10.1103%2FPhysRevLett.29.169
http://dx.doi.org/10.1103%2FPhysRevB.18.4132
http://dx.doi.org/10.1088%2F0022-3719%2F11%2F14%2F032
http://dx.doi.org/10.1088%2F0953-8984%2F9%2F31%2F002
http://dx.doi.org/10.1016%2FS0368-2048%2898%2900431-9
http://dx.doi.org/10.1021%2Fja031885s
http://dx.doi.org/10.1103%2FPhysRevB.52.15122
http://dx.doi.org/10.1016%2F0038-1098%2882%2990154-5
http://dx.doi.org/10.1107%2FS0909049500016964
http://dx.doi.org/10.1016%2F0167-5087%2883%2990655-5
http://dx.doi.org/10.1107%2FS0909049500016290
http://dx.doi.org/10.1103%2FPhysRevB.47.14126
http://dx.doi.org/10.1103%2FPhysRevB.38.10919
http://dx.doi.org/10.1007%2FBF01343053
http://dx.doi.org/10.1039%2Fa800360b
http://dx.doi.org/10.1088%2F0953-4075%2F32%2F5%2F028
http://dx.doi.org/10.1103%2FPhysRevB.71.094110
http://dx.doi.org/10.1088%2F0953-8984%2F21%2F33%2F336002
http://dx.doi.org/10.1088%2F1742-6596%2F190%2F1%2F012118
http://dx.doi.org/10.1063%2F1.370357
http://dx.doi.org/10.1002%2F9780470141571.ch4
http://dx.doi.org/10.1063%2F1.1447175
http://dx.doi.org/10.1063%2F1.1861274
http://dx.doi.org/10.1063%2F1.113895
http://dx.doi.org/10.1063%2F1.368831
http://dx.doi.org/10.1063%2F1.1794863
http://dx.doi.org/10.1016%2FS0022-0248%2803%2900935-7
http://dx.doi.org/10.1063%2F1.1855211
http://dx.doi.org/10.1140%2Fepjd%2Fe2003-00132-7
http://dx.doi.org/10.1103%2FPhysRevLett.100.017205
http://dx.doi.org/10.1002%2F%28SICI%291096-9918%28199703%2925%3A3%3C177%3A%3AAID-SIA219%3E3.0.CO%3B2-T
http://dx.doi.org/10.1002%2F%28SICI%291096-9918%28199703%2925%3A3%3C177%3A%3AAID-SIA219%3E3.0.CO%3B2-T
http://dx.doi.org/10.1126%2Fscience.287.5460.1989
http://dx.doi.org/10.1063%2F1.1584791


Beilstein J. Nanotechnol. 2011, 2, 237–251.

251

86. Colvin, V. L.; Goldstein, A. N.; Alivisatos, A. P. J. Am. Chem. Soc.
1992, 114, 5221–5230. doi:10.1021/ja00039a038

87. Sun, S.; Anders, S.; Hamann, H. F.; Thiele, J.-U.; Baglin, J. E. E.;
Thomson, T.; Fullerton, E. E.; Murray, C. B.; Terris, B. D.
J. Am. Chem. Soc. 2002, 124, 2884–2885. doi:10.1021/ja0176503

88. Mizuno, M.; Sasaki, Y.; Yu, A. C. C.; Inoue, M. Langmuir 2004, 20,
11305–11307. doi:10.1021/la0481694

89. Li, D.; Poudyal, N.; Nandwana, V.; Jin, Z.; Elkins, K.; Liu, J. P.
J. Appl. Phys. 2006, 99, No. 08E911. doi:10.1063/1.2166597

90. Antoniak, C.; Trunova, A.; Spasova, M.; Farle, M.; Wende, H.;
Wilhelm, F.; Rogalev, A. Phys. Rev. B 2008, 78, No. 041406R.
doi:10.1103/PhysRevB.78.041406

91. The Munich SPRKKR Package, Version 3.6; Ebert, H.
Ludwig-Maximilian University: Munich, 2006.

92. Landolt, H.; Börnstein, R. Numerical data and Functional Relationships
in Science and Technology, New Series III/19a; Springer: Berlin,
Germany, 1986.
And references therein.

93. Perlov, Ya.; Ebert, H.; Yaresko, A. N.; Antonov, V. N.; Weller, D.
Solid State Commun. 1998, 105, 273–278.
doi:10.1016/S0038-1098(97)10037-0

94. Landolt, H.; Börnstein, R. Numerical data and Functional Relationships
in Science and Technology, New Series IV/5e; Springer: Berlin,
Germany, 1995.
And references therein.

95. Herper, H. C.; Hoffmann, E.; Entel, P. Phys. Rev. B 1999, 60,
3839–3848. doi:10.1103/PhysRevB.60.3839

96. Dmitrieva, O.; Spasova, M.; Antoniak, C.; Acet, M.; Dumpich, G.;
Kästner, J.; Farle, M.; Fauth, K.; Wiedwald, U.; Boyen, H.-G.;
Ziemann, P. Phys. Rev. B 2007, 76, No. 064414.
doi:10.1103/PhysRevB.76.064414

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.2.28

http://dx.doi.org/10.1021%2Fja00039a038
http://dx.doi.org/10.1021%2Fja0176503
http://dx.doi.org/10.1021%2Fla0481694
http://dx.doi.org/10.1063%2F1.2166597
http://dx.doi.org/10.1103%2FPhysRevB.78.041406
http://dx.doi.org/10.1016%2FS0038-1098%2897%2910037-0
http://dx.doi.org/10.1103%2FPhysRevB.60.3839
http://dx.doi.org/10.1103%2FPhysRevB.76.064414
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.2.28

	Abstract
	Introduction
	Review
	X-ray absorption near-edge structure (XANES)
	Extended X-ray absorption fine structure (EXAFS)
	EXAFS analysis
	EXAFS analysis based on Fourier transform
	Wavelet transforms
	FePt nanoparticles
	Gas phase synthesis
	Wet-chemical synthesis

	EXAFS results and discussion
	Discussion: Influence on magnetic properties

	Conclusion
	Acknowledgements
	References

