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Hard x-ray absorption and magnetic circular dichroism spectroscopy have been applied to study the
consequential changes of the local environment around Fe atoms and their orbital polarizations in 40 nm thick
Fe60Al40 thin films along the order-disorder (B2 → A2) phase transition initiated by 20-keV Ne+ ion irradiation
with fluences of (0.75–6) ×1014 ions cm−2. The analysis of the extended x-ray absorption fine structure spectra
measured at the Fe K edge at room temperature revealed an increased number of Fe-Fe nearest neighbors from
3.47(7) to 5.0(1) and ∼1% of volume expansion through the transition. The visualization of the Fe and Al
nearest-neighbor rearrangement in the first coordination shell of Fe absorbers via the transition was carried out by
wavelet transformations. The obtained changes in Fe coordination are evidently reflected in the x-ray magnetic
circular dichroism spectra which show an increased orbital magnetic moment of Fe atoms and a pronounced
magnetic multielectronic excitations peak at ∼60 eV above the edge. The amplitudes of both peaks demonstrated
similar dependencies on the irradiation fluence. The results of self-consistent density functional calculations on
relaxed Fe60Al40 model structures for the ordered (B2) and the disordered (A2) phases are consistent with the
experimental findings and point to the formation of Fe-rich regions in the films studied.
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I. INTRODUCTION

An intention of having complex structures with different
configurations of lateral magnetic properties for use in ultra-
high-density magnetic recording applications and spintronic
devices has stimulated the search for techniques and materials
that could fulfill the necessary requirements. Long ago, ion
irradiation in combination with lithographic techniques was
established to be a powerful tool from this perspective [1].
Tailoring the magnetic properties of thin films can be achieved
via launching structural phase transition by irradiation, leading
to the final ordered or disordered states, which reveal either in-
creased or decreased magnetization depending on the material
used [2,3].

Among a broad range of alloys that exhibit a ferromagnetic
long-range ordering in the final disordered phase, transition-
metal aluminides Fe-Al have attracted a lot of attention in
past decades due to their unique magnetic behavior that could
be rather easily tuned. It has been demonstrated that specific
features of a well-pronounced ferromagnetic order are strongly
dependent on a particular stoichiometry, the degree of the
chemical disorder, the lattice parameter, and the presence
of defects in the crystal structure [2,4–8]. The particular
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Fe-rich alloy of Fe60Al40 (at.%) composition exhibits the most
stable chemically ordered B2 phase (CsCl crystal structure)
that is paramagnetic at room temperature (RT) and can be
transformed into the ferromagnetic chemically disordered A2
phase (body centered cubic [bcc] crystal structure) by various
methods like ball milling [6], cold working [9], high-pressure
compression [10], and ion irradiation [8,11,12]. Nowadays,
by exploiting this phase transition it is possible to create
different magnetic structures with locally adjusted magnetic
properties on the base of Fe60Al40 thin films that may be
used in spin transport and memory devices [11,12], which can
even have a laser-assisted on-off switching of magnetization
[13]. Patterning by ion irradiation with a low fluence through
a lithographic mask can achieve sub-50-nm resolution [8],
while by means of He/Ne ion microscope even better lateral
resolution is expected. In addition to a great interest in Fe60Al40

thin films from a practical point of view, there are also a number
of fundamental questions related to peculiarities of the local
environment, lattice distortions, charge transfer, and magnetic
polarizations as well as their specific changes under the ion
irradiation within this new type of objects.

Ion beam irradiation with low fluences (up to 10 ×
1015 ions cm−2) can be effectively used for creation of the
chemical disorder in films of different thicknesses. Depending
on their kinetic energy, ions can penetrate the entire volume
of the film and the density of induced defects can be changed
by increasing the irradiation fluence [8,14]. The amount of
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induced defects is proportional to the degree of the chemical
disorder, which is represented by vacancies created by Fe
and Al atoms knocked from their initial positions in the
ordered B2 phase. Due to thermal diffusion, these vacancies
are filled back, resulting in the formation of the disordered
A2 phase. The profile of the created vacancies and the related
chemical disorder follows a Gaussian distribution with a
maximum at a certain depth; nevertheless, depending on the
irradiation energy, a much more homogeneous profile of the
magnetization could be reached as, for instance, in Fe60Al40

thin films of 40 nm thickness irradiated by 15–30 keV Ne+ ions
[8,14]. According to Tahir et al. [15], films prepared in such
a way exhibit a simultaneous magnetization reversal over the
whole film thickness under an applied magnetic field. However,
the details of the formation mechanism of a disorder-induced
ferromagnetism in Fe60Al40 thin films are still unclear.

A description of magnetization variations in FeAl alloys
induced by chemical disorder is usually based on the local
environment model [16,17]. In this model, the value of Fe
magnetic moment depends on the number of Fe-Fe nearest-
neighbor atoms and has a tendency of the Fe moment in-
creasing for larger numbers of the nearest Fe neighbors: The
largest magnetic moment is expected for a number of Fe-Fe
nearest neighbors of more than five and for less nearest-
neighboring Fe-Fe atoms the magnetic moment drastically
decreases [18]. Moreover, changes of the lattice parameter
can contribute significantly: As demonstrated by Nogués et al.
[2], up to 40% of Fe magnetic moment can be attributed
to lattice expansion effects during the disordering process.
Band structure calculations have revealed a strong influence of
structural defects and lattice distortions on the ferromagnetic
coupling within the disordered A2 phase [19,20]. It is evident
from above that the peculiarities in the local coordination of
FeAl alloys play an important role in the formation of its
ferromagnetic order. Therefore, the detailed studies of the local
coordination of Fe atoms in Fe60Al40 thin films via B2 → A2
phase transition can be considered as the first necessary step
in understanding their magnetic properties.

X-ray absorption spectroscopy (XAS) with polarized x rays
from a synchrotron radiation source is an effective tool to
probe the local environment, electronic structure, and magnetic
properties of an absorbing atom in an element-specific way.
Detailed studies performed on a local scale can clarify hidden
mechanisms of disorder-induced ferromagnetism phenomena
in Fe60Al40 via understanding the influence of the local sur-
rounding and features of Fe-Al hybridization on the magnetic
properties. Extended x-ray absorption fine structure (EXAFS)
is a unique signature of the absorber embedded in a particular
surrounding. EXAFS at K absorption edges can probe the
characteristic features of atom coordination and is effectively
exploited for studies of slight changes in the local surrounding
and their peculiarities due to transitions from spherically sym-
metric s states (1s → np). A common EXAFS analysis pro-
vides information about the number of inequivalent neighbors
in the several first coordination shells of the absorbing atom
and their effective interatomic distances (R). There are only a
few reports in literature dedicated to detailed EXAFS analysis
applied to FeAl alloys of different stoichiometry [21,22] and to
FeAl multilayers mixed by ion irradiation [23]. An additional
analysis, so-called wavelet transforms (WT) analysis [24], can

be applied for distinguishing the contributions from different
backscatters of the complex compound in the first coordination
shell of a particular absorber. As a result, three-dimensional
(3D) WT (R, k) plots visualize distinct distributions of effective
radial distances associated with a particular wave number k

and, hence, with a particular element that acts as a backscatter.
X-ray magnetic circular dichroism (XMCD) technique

applied for K edges provides a very sensitive tool for magnetic
probe of slight local variations. In spite of an a priori tiny
signal, this technique has been widely used for magnetic
studies of bulk-like properties in recent decades [25]. In the
case of Fe60Al40 thin films, a noticeable growth of the XMCD
amplitude associated with Fe 4p states orbital polarization is
expected to be found through the phase transition. According
to numerous prior Mössbauer spectroscopy (MS) studies of
ball-milled FeAl alloys, only a slightly varied number of Fe and
Al atoms around 57Fe absorber provides significant changes in
the magnetic hyperfine fields of iron nucleus that reflect the
strong changes in spin polarizations of core s and p electrons.
As a consequence, any rearrangements in the first coordination
shell of Fe atoms should be reflected in Fe orbital magnetic
polarizations due to spin-orbit coupling and thus could be
probed by XMCD technique at the Fe K edge.

An additional advantage of XMCD technique exploited at
K edges is a possibility to detect a dichroic signal that re-
lates to magnetic multielectronic excitations (MEE, secondary
processes), and in such a way to probe the magnetism of
unoccupied 3d states with hard x rays. The energy position of
Fe MEE peak is around ∼60 eV above the absorption edge and
can be described by super-Coster-Kronig 3p → 3d transitions
going simultaneously with εp → 3d de-excitation, resulting in
(1s)1(3p)5(3d)n+2 final state [26,27]. In the case of pure iron,
the amplitude of the MEE dichroic signal is comparable with
the XMCD signal at the K edge, has an opposite sign, and
is about ∼10−3 of the photoabsorption intensity. Qualitatively,
the intensity of this dichroic signal was found to be proportional
to Fe magnetic moment in a series of different compounds [26].

Preceding first-principles calculations, applied for
transition-metal aluminides of different stoichiometry
[7,19,28–31], allow one to draw a number of conclusions about
variations of the lattice parameter, the electronic structure,
local magnetic moments, and a charge transfer from Al to
the transition metal (TM) d shell considering different local
environments in the ordered B2 phase. The most efforts have
been spent on configurations when a TM atom was placed on
the Al site position (so-called “antisite defect” which is typical
for Fe-rich systems at RT) or when a vacancy was considered
on an initially transition-metal site (the case of Al-rich
systems or Fe-rich alloys at low temperatures). According to
the literature, good agreement with experimental data has been
found in most of the models. Nevertheless, not all of these
studies have been performed by self-consistent calculations,
which take the relaxation processes due to variations in local
configurations into account.

In our paper, we focus on consequential structural changes
and related variations of Fe orbital polarizations in 40 nm thick
Fe60Al40 thin films irradiated by 20 keV Ne+ ions with differ-
ent fluences that initiate the order-disorder phase transition.
The degree of chemical disorder induced by ion irradiation
via smooth variation of Fe-Fe nearest neighbors, changes of
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interatomic distances, and orbital atomic polarizations have
been probed locally by XAS and XMCD at the Fe K edge
at RT. An analysis of EXAFS oscillations reveals the clear
rearrangement of a particular number of Fe and Al nearest
neighbors in the first and second coordination shells around the
absorbing Fe atom together with an expansion of the unit cell
through the full order-disorder (B2 → A2) phase transition.
Wavelet transforms were used to additionally visualize the
rearrangement of Fe-Fe and Fe-Al nearest neighbors via the
transition. XMCD spectra show a clear rise of orbital magnetic
moment of Fe atoms with increase of the chemical disorder and
the appearance of a pronounced magnetic MEE peak. Theo-
retical support has been provided by ab initio self-consistent
density functional (DFT) calculations on relaxed Fe60Al40

structures in the ordered B2 and the disordered A2 states. The
results of these studies could be expanded on understanding the
disorder-induced ferromagnetism phenomenon in other TM
alloys as well.

A. Extended x-ray absorption fine structure

A short introduction to the EXAFS technique and its analy-
sis by conventional Fourier and novel wavelet transformation
is given in this subsection to underpin the experimental studies
of Fe local environment that play a crucial part within this
work.

EXAFS refers to the oscillatory behavior of the x-
ray absorption coefficient in the energy range of about
100–1000 eV above the absorption edge. In a simplistic picture,
these oscillations occur due to interference effects between
forward-propagating waves created by an ejected photoelec-
tron (emerged due to an absorption of the x-ray photon) and
waves scattered back from the neighboring atoms at the site
of the absorbing atom. For a particular energy of the created
photoelectron, the amplitude of these interference oscillations
depends on the number and type of neighboring atoms, their
distances from the central absorbing atom, and structural (static
and dynamic) disorders. This makes it possible to determine the
chemical local environment of the absorbing atom by analysis
of the EXAFS oscillations χ (k).

The resulting χ (k) is a sum of all backscattering contri-
butions, whose envelope function depends on the scattering
path of the photoelectron (including single- and multiple-
scattering effects) and the backscattering atoms. The mathe-
matical expression of all contributions could be found in the
Supplemental Material [32]. The wave number k of the pho-
toelectron is related to its energy E as k =

√
2m(E − E0)/h̄2,

where E0 and m is the binding energy and the mass of
the photoelectron, respectively. In most cases the analysis of
χ (k) frequencies allows one to establish particular details of
the local environment around the absorbing atom with high
precision.

1. Fourier transform

The most common technique for EXAFS analysis exploits
the Fourier transform (FT), as it was first described by Sayers
et al. [33] in 1971. The FT of χ (k) oscillations retrieves
a pseudoradial distribution function with peaks in R space,
which are in the first approximation related to the distances
between backscattering atoms and the central absorbing atom.

Since the photoelectron accumulates a phase shift during each
scattering event, the positions of FT peaks are shifted with
respect of the real interatomic distances of backscattering
atoms. Thus, a correct interpretation of the FT results is
not trivial and needs the use of theoretical standards. This
could be achieved by a comparison of the experimental kχ (k)
and |FT(kχ (k))(R)| data with the simulated one using FEFF9
considering a model structure. For further reading, a review
can be found, e.g., in Ref. [34].

2. Wavelet transform

An alternative to the Fourier transform, which may over-
come some of the FT shortcomings, is the so-called wavelet
transformation (WT). For the WT, the infinitely extended peri-
odic oscillations in the FT are replaced by a scalable and trans-
latable located Gaussian wave packet, which then acts as an
integral transformation kernel. As a result, the WT provides in-
formation about individual wave numbers k related to a partic-
ular maxima in R space together with their contributions to the
magnitude of the total FT (|FT(kχ (k))(R)|). In this way, con-
tributions from different k values but with the same oscillation
frequencies, which is the case for altered backscatters, could
be separated and presented as shown in the 3D WT(R,k) plots.

In this respect, the key parameter for the utility of the WT
procedure is the backscattering amplitude F(k) of neighboring
atoms. Since F(k) enters the EXAFS oscillations as a factor,
it is directly imprinted on the χ (k) envelope function with a
maximum around the k value related to a maximum of the
backscattering amplitude F(k). In the case of Fe and Al, the
positions of F(k) maxima are well separated [see Fig. 1(a)]
and are clearly resolved in the WT plots, as it will be shown
below. Thus, it is possible to distinguish between contributions
from these two elements. Another important parameter of the
backscatters is the EXAFS phase Φ(k), which in the case of
Fe and Al elements has a nonlinear k dependence, as shown
in Fig. 1(b). The phase factor of each element gives an input
into the total phase shift of the photoelectron scattering event
resulting in a shift of maxima in both FT and WT as a function
of R. However, in the case of the WT, the k dependence of this
shift is resolved, leading to an inclined WT magnitude [35]. A
review on this topic can be found, e.g., in Refs. [24,35].

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Samples

Fe60Al40 thin films of 40 nm thickness were prepared on
SiO2/Si(001) substrates by magnetron sputtering at RT with
further annealing and ion irradiation as described by Bali et al.
[8]. The deposition was performed using a target of the same
Fe-rich composition. Annealing in vacuum at 773K for 1 h
leads to the formation of the chemically ordered B2 phase that
was confirmed by the observed superlattice (100) XRD peak
[8,36]. The native oxide SiO2 buffer layer was used to prevent
an unfavorable silicide formation at the Fe60Al40/Si interface
during the annealing process. The irradiation by 20-keV Ne+

ions with fluences up to 6 ×1014 ions cm−2 destroys the
chemical ordering while preserving a structural integrity of
the films and, thus, allows one to create a number of A2 phases
with different degrees of chemical disorder.
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FIG. 1. (a) Calculated backscattering amplitudes F(k) weighted with k for Fe and Al atoms in Fe60Al40 model structure using FEFF9. The
peak positions are important for the interpretation of the further wavelet transforms WT(R,k). (b) The calculated phase factors �(k) of the
backscattering Fe and Al atoms in the same model structure. The nonlinearity of �(k) leads to the rotated maxima in the WT(R,k) plots.

In our work, three different types of samples have been
studied. The annealed one that has not been irradiated was
used as a reference for the chemically ordered B2 phase. The
“disorder-gradient” sample, prepared by a continuous increase
of Ne+ irradiation fluence of 0–3 ×1014 ions cm−2 along the
film surface with the help of an in situ shutter moved in steps
of ∼100 μm, represents the intermediate A2 states via the
order-disorder transition and offers possible insights into the
particular changes in the local structure through the transition:
Increase of the irradiation fluence provides a smooth rise of
chemical disorder that should be followed by variations in
Fe-Fe nearest neighbors, interatomic distances, and magnetic
moments. The sample uniformly irradiated with the highest
fluence of 6 ×1014 ions cm−2 was used as a representative of
the fully disordered A2 state.

B. X-ray absorption measurements

Element-specific EXAFS measurements have been per-
formed at the polarization-dependent absorption beamline
ID12 at the ESRF (Grenoble, France) [37]. EXAFS spectra
were recorded at the Fe K absorption edge with linearly
polarized x rays at room temperature in the total fluorescence
yield (TFY) detection mode and 45 deg incidence geometry.
The chosen detection mode allows one to study thin films
on substrates nondestructively and without any additional
preparation steps before the measurements. The resulting
spectra were taken in the range of more than 800 eV above the
absorption edge with energy steps ∼0.5 eV. XMCD spectra
were taken for two opposite circular polarizations of incoming
x rays as a direct difference of absorption spectra by flipping
an external magnetic field of ±0.9 T along the beam direction.
The degree of the circular polarization of photons was around
98%. The value of applied magnetic field was high enough to
fully saturate the films in the chosen experimental geometry.
During the spectra acquisition, the undulator parameters were
smoothly adjusted to get the same level of signal-to-noise ratio
before and well above the absorption edge. Element-specific

magnetization loops have been measured as field dependence
of the XMCD maximum. The fluorescence signal from 4-μm
Ti foil was used to monitor the intensity of incoming x-ray
beam and was necessary for the proper data analysis. Due to a
high penetration depth of incoming x-ray photons and a large
probing depth of the fluorescence yield, the observed magnetic
signal represents an averaged magnetic moment of Fe atoms
over the whole film thickness.

C. DFT calculations

To study the effects of chemical disorder on structural,
electronic, and magnetic properties in Fe60Al40 model crys-
tals from a theoretical point of view, first-principles density
functional calculations have been performed employing the
VASP [38–41] code based on the plane-wave basis and the
projector augmented wave method to describe electron-ion
interactions. The method has been applied for an Fe60Al40

alloy in the chemically ordered and fully disordered phases.
The lattice parameter and the space group for the model crystal
were set to 2.858 Å and 221 (bcc), respectively. The cut-off
energy for the plane waves was set to 400 eV, the forces were
converged to 0.01 eV/Å, and a 3 × 3 × 3 k-point mesh was
used for the integration over the Brillouin zone. In addition,
the SPR-KKR code based on Korringa-Kohn-Rostoker method
coupled with coherent potential approximation (KKR-CPA)
[42,43] has been used to have a comparison with the results
obtained from VASP calculations that took into account a
relaxation of atomic positions, which is extremely difficult
to perform with KKR method. For both calculations, the
Perdew-Burke-Ernzerhof exchange-correlation potential was
employed; however, VASP calculations were performed with a
scalar relativistic Hamiltonian whereas a fully relativistic Dirac
Hamiltonian has been considered for SPR-KKR calculations.

It is important to note that due to Fe-rich stoichiometry,
the chemically ordered B2 phase of Fe60Al40 has a fraction
of Fe atoms in the initially pure Al lattice planes assumed for
Fe50Al50. These excess Fe atoms have a chemically ordered
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environment within the neighboring initially pure Fe planes,
and vice versa. Multiple configurations with different total
energies for this ordered B2 phase are possible. Among
considered 10 configurations, the configuration with minimum
ground-state energy (Eg) was chosen for the further studies
of electronic density of states (DOS) and magnetic properties
presented later in this paper. For all these calculations, the
internal coordinates have been relaxed, keeping the lattice
parameter fixed; a 5 × 5 × 5 supercell was used. The model
crystal for the fully disordered A2 phase was generated with a
special quasirandom structure (SQS) [44] method; thus, in this
case it is enough to consider only one configuration in VASP

calculations that represents a homogeneous disorder. SPR-KKR

calculations have been done within CPA for configuration
averaging.

III. RESULTS AND DISCUSSION

The experimental EXAFS spectra and extracted kχ (k)
dependence for all samples are shown in Figs. 2(a) and 2(b).
Clear changes in the amplitude and the shape of EXAFS
oscillations are visible for samples in B2 and different A2
states. For all spectra, the difference between the absorption
signal and the background function becomes very small for
wave numbers k > 10 Å−1, so the noise in the signal and
artifacts from removing Bragg reflection peaks become visible.
To obtain a radial distance from the Fe absorbing atom to
absorbers in the first coordination shell, the Fourier transform
has been done within the Hanning window function starting at
kmin = 3.3 Å−1 and ending at kmax = 12.3 Å−1 (�k = 9 Å−1,
dk = 0.1 Å−1).

The results of such a Fourier transformation of EXAFS
data are shown in Fig. 2(c). Since the Fourier transform is
not phase corrected, only the effective radial distances (R)
to the absorbing Fe atom are shown. Therefore, the positions
of the maxima between R = 1.5 Å and R = 6 Å refer only
to effective distances of backscattering atoms in the first
two coordination shells. Note that for the chemically ordered
sample, a pronounced minimum at R = 2 Å is presented
which vanishes completely for samples with disorder. The most
pronounced peak around R = 2.45 Å exhibits a small shift in
its position depending on the degree of the chemical disorder
while for distances R > 3 Å only changes in the magnitude of
the Fourier transform have been found.

A. Local coordinations

1. Results of wavelet transforms

The WT reveals at which wave number in the EXAFS
oscillations the maxima of the Fourier transform are being
generated. In order to construct a proper model system,
information about the local surrounding of the absorbing Fe
atom is necessary. Knowledge of the energy dependence of
the backscattering amplitude, which was presented in Fig. 1(a),
makes the interpretation of the WT possible.

In Fig. 3, the WTs of the EXAFS spectra from the
annealed, “disorder-gradient,” and homogeneously irradiated
samples are shown. The WTs have been performed for kχ (k)
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FIG. 2. (a) Experimental EXAFS spectra of the studied samples
recorded at the Fe K edge and room temperature, (b) extracted EXAFS
oscillations χ (k) weighted with k, and (c) their Fourier transforms
|FT(kχ (k))(R)|. The degree of the chemical disorder increases from
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FIG. 3. Normalized wavelet transforms WT(R,k) of kχ (k) of the annealed (unirradiated) sample (a), the “disorder-gradient” sample
irradiated with fluences of 0.75 ×1014 ions cm−2 (b) and 1.75 ×1014 ions cm−2 (c), and the sample uniformly irradiated with the highest
fluence of 6 ×1014 ions cm−2 (d). The radial distance axis (R) represents only an effective distance since the wavelet transform function
WT(R,k) is not phase corrected; a relocation of WT(R,k) maxima along the B2 → A2 transition is clearly visible. The difference of the WT
presented in panels (d) and (a) is shown in panel (e).
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dependence with k � 2.5 Å−1. This range of k values ensures
that only the main peak of the backscattering amplitude of Fe
at k = 7 Å−1 contributes in the WT without any interference
with a minor prepeak at k = 1.9 Å−1 [see Fig. 1(a)]. Even more
important, in this case the influence of the x-ray absorption
near-edge structure is significantly reduced (in analogy to the
choice of the window function for the FT). The amplitudes of
each WT plot have been normalized to the maximum value of
WT for the ordered B2 state.

The evolution of the WT shapes and amplitudes with
increasing of chemical disorder is clearly visible. In the chemi-
cally orderedB2 state [Fig. 3(a)], a well-pronounced maximum
at k = 3.8 Å−1 and R = 2.3 Å, and a minor maximum at
k = 7.3 Å−1 and R = 2.3 Å exists. With rise of the degree of
the chemical disorder, the amplitude of the minor maximum
increases and the pronounced maximum is shifted toward
higher wave numbers [Fig. 3(b)]. With the further increase of
the disorder, two maxima merge and form the wide maximum
with an averaged amplitude [Fig. 3(c)]. The nonlinearity of
the phase factor [Fig. 1(b)] leads to an artificial rotation of the
resulting WT maxima [35]. At the end, such a tendency leads
to a single pronounced maximum at k = 6 Å−1 and R = 2.3 Å
for the sample with the highest degree of the chemical disorder
[Fig. 3(d)].

The interpretation of 2D visualization of the WT could be
done by taking into account the k dependence of the backscat-
tering amplitude calculated with FEFF9 [45] and shown in
Fig. 1(a). It is clearly seen that the backscattering amplitude
of Al has the only maximum at k = 4.8 Å−1. Since the k

dependence of the backscattering amplitude directly influences
the k dependence of the amplitude of EXAFS oscillations
χ (k), the pronounced maximum in the WT of the chemically
ordered sample (B2 state) in Fig. 3(a) can be attributed to
backscattering Al atoms located in the first coordination shell
of the absorbing Fe atom. Due to the Fe-rich stoichiometry, in
Fe60Al40 films there is a fraction of Fe atoms surrounded by
only Fe nearest neighbors [see Figs. 5(a) and 6(a) for more de-
tails], resulting in the minor but visible maximum in Fig. 3(a).
This minor maximum occurs at higher k values, as it was
expected from Fe scattering paths, since the main maximum
of Fe backscattering amplitude is shifted to higher k values.

The number of Fe (Al) backscattering atoms as nearest
neighbors rises (vanishes) when the disorder becomes larger in
the intermediate A2 states and leads to an increased amplitude
of the maximum at higher k values associated with Fe sites
[see Figs. 3(b) and 3(c)]. For the sample with the highest
degree of the disorder (fully disordered A2 state), only a single
pronounced maximum at k = 6 Å−1 and R = 2.3 Å has been
obtained [Fig. 3(d)]. The k value of this single maximum
corresponds to the maximum of the backscattering amplitude
of bulk Fe. The difference of normalized WT amplitudes for
the fully disordered A2 state and the ordered B2 one is plotted
in Fig. 3(e). A positive peak at the k value associated with Fe
atoms and a negative one at the k value associated with Al atoms
shows an evident growth (descent) of contribution from Fe (Al)
atoms into the WT amplitudes through B2 → A2 transition.

The obtained WT results have directly confirmed that
in Fe60Al40 thin films with an increased chemical disorder
induced by Ne+ irradiation the number of Fe (Al) atoms as

nearest neighbors of the Fe absorber increases (decreases),
as previously found for Fe60Al40 alloys [17,18,46,47]. This
evolution of the local surrounding is clearly visible in the WT
plots and correlates with a formation of larger Fe-rich regions
in the fully disordered A2 phase.

This information provides first insights into the local sur-
roundings of the absorbing Fe atoms. With these inputs, it is
possible to further model the structural changes through the
order-disorder transition. The results of such modeling are
presented in the next subsection.

2. Refined structural model

The fitting of the experimental EXAFS data has been done
by the ARTEMIS [48] program package, which is a graphical
front end to the IFEFFIT library including a FEFF code [49].
The calculations were performed on a model FeAl crystal with
a structure considering 89 atoms and an initial lattice parameter
of 2.86 Å. A cluster radius of 6 Å was chosen.

In the analysis, only scattering paths with an amplitude>5%
of the largest amplitude and with a path length of �5 Å were
taken into account. Multiple-scattering paths were considered
as well as the single-scattering ones. For the latter paths, the
ratio of Fe and Al atoms in the first coordination shell could
be fitted solely within the amplitude factor of the considered
paths. The amplitude reduction factor S2

0 and the energy shift
�E were set to 0.8 and 3 eV, respectively.

Since both B2 and A2 phases exhibit cubic symmetry, an
isotropic expansion coefficient α was used to fit the spatial
distortions �R = αReff of Fe and Al atoms, with Reff being
an effective path length of each considered scattering path. In
order to model the chemical disorder, an EXAFS Debye-Waller
factor σ 2 = σ 2

dyn + σ 2
stat was introduced, where σ 2

dyn refers to
dynamic lattice vibrations (at RT in our case) and σ 2

stat accounts
for the static disorder. The available data in k space ranges from
kmin = 3.3 Å−1 to kmax = 12.3 Å−1, leading to a broad window
function with�k = 9 Å−1 for the Fourier transform. InR space
the fitted data ranges from Rmin = 1.5 Å to Rmax = 5 Å with
�R = 3.5 Å. Thus, there are approximately 20 independent
variables that are available to fit the experimental data [50].

It was possible to reduce the number of independent
variables used in the fitting procedure to only eight. At first,
the model system was set up of only the first two coordination
shells of the absorbing Fe atoms to fit the experimental data.
After that, the model system was extended step by step up to the
fifth coordination shell. During the fitting procedure, a variable
related to the number of Fe and Al atoms in the coordination
shells was first set to a constant while the expansion coefficient
α and the Debye-Waller factor σ 2 were fitted. After this, α

and σ 2 were fixed and the particular numbers of Fe and Al
atoms in each shell were adjusted. In the last step, the amount
of Fe and Al atoms in each shell were set to their “best fit”
values, whereas α and σ 2 were further fitted repeatedly. The
resulting kχ (k) and |FT(kχ (k))(R)| dependencies calculated
for Fe local surrounding in accordance with the “best fit”
results together with the experimental data for all considered
B2 and A2 states are presented in Fig. 4. An average radial
distance and the number of Fe and Al atoms in the first and the
second coordination shells around the absorbing Fe atom are
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FIG. 4. Experimental data (colored lines) together with fitting results (black lines) of EXAFS oscillations kχ (k) (a) and related Fourier
transforms |FT(kχ (k))(R)| (not phase corrected) (b) for all studied samples. The curves for different samples are shifted vertically for
convenience. The degree of the chemical disorder increases from the top to the bottom. The beginning of the window function used in
the FT is showed by the vertical dashed line. The minimum of |FT(kχ (k))(R)| at R = 2 Å becomes less pronounced with increase of the
chemical disorder and its magnitude is linked to the number of Al atoms in the first coordination shell of Fe absorber.

summarized in Table I. More details of the fitting procedure
are given in Supplemental Material [32].

As follows from Table I, the interpretation of the WT given
in the previous subsection is fully consistent with the fit results:
In the chemically ordered B2 phase, only 3.47(7) Fe atoms
were found to be the nearest neighbors of the central absorbing
Fe atom, while after the 20-keV Ne+ ion irradiation with the
highest fluence of 6 ×1014 ions cm−2 the number of Fe-Fe
nearest neighbors was increased up to 5.0(1). Accordingly,
the number of Al atoms in the first coordination shell was
decreased to fulfill the total number of N = 8 nearest neighbors
for the bcc structure. In addition, it has been found that the
second coordination shell and thereby the lattice parameter was
expanded from 2.867(2) to 2.883(4) Å. This increase refers to
a volume expansion of ∼1%. An interpretation of coordination
number values is given in the upcoming subsection.

TABLE I. Fitting results for the average distance Rexp to the Fe
nearest neighbors in the first and second coordination shells, and the
numbers of Fe (NFe,exp) and Al (NAl,exp) atoms in the first coordination
shell.

Unirradiated Irradiated
sample (B2) samples (A2)

Fluence [ions cm−2] 0.75 ×1014 1.75 ×1014 6 × 1014

R(1st shell)
exp [Å] 2.456(5) 2.468(6) 2.471(6) 2.463(4)

R(2nd shell)
exp [Å] 2.867(2) 2.874(4) 2.880(5) 2.883(4)

NFe,exp 3.47(7) 4.1(1) 4.6(1) 5.0(1)
NAl,exp 4.53(7) 3.9(1) 3.4(1) 3.0(1)

3. Local configurations and relaxed structures

The results of the calculations have revealed a significant
difference in local configurations within the first coordination
shell around the Fe absorber for B2 and A2 phases and an
increased bond length of its second coordination shell as
well. Representative relaxed structures are shown in Figs. 5(a)
and 5(b).

The distributions of Fe-Fe nearest neighbors within the
supercell for the chosen configurations of the Fe60Al40 model
crystal are presented in Figs. 6(a) and 6(b). The mean value
of each histogram is a measure of an averaged number of
Fe-Fe nearest neighbors (NFe,theory) in the particular local
configuration, and as follows from Fig. 6 it is visibly shifted to
larger values for the fully disordered A2 state as expected. The

FIG. 5. Relaxed structures for the ordered B2 phase (a) and the
fully disordered A2 phase (b) of an Fe-rich Fe60Al40 model crystal
(side view). The first and the second coordination shells of Fe atoms
are schematically represented by dotted and dashed lines, respectively.

024101-8



LOCAL PROBE OF IRRADIATION-INDUCED STRUCTURAL … PHYSICAL REVIEW B 98, 024101 (2018)

0 1 2 3 4 5 6 7 8
0

15

30

P
ro
ba
bi
lit
y
(%
)

Fe-Fe nearest neighbors

DFT results (average)
DFT results (Eg)
binomial distribution

B2

(a)

0 1 2 3 4 5 6 7 8
0

15

30
A2

P
ro
ba
bi
lit
y
(%
)

Fe-Fe nearest neighbors

DFT results
binomial distribution

(b)

FIG. 6. The distributions of Fe-Fe nearest neighbors in the
Fe60Al40 model crystal for the chemically ordered B2 state in the local
layer-wise configurations (averaged over all configurations and in
the configuration with minimum ground-state energy Eg) (a) and the
chemically disordered A2 state (b) calculated by VASP. The ideal case
of homogeneously distributed disorder is represented by binomial
distribution.

presence of eight Fe-Fe nearest neighbors with a probability
more than 10% in the ordered B2 state [Fig. 6(a)] is a
characteristic feature of the particular Fe-rich stoichiometry.
The average over all considered configurations for the B2 state
is shown for a comparison.

The calculated averaged bond lengths between Fe absorber
and its neighboring atoms in the first and second coordination
shells together with the number of Fe atoms in the first
coordination shell for B2 and A2 states are shown in Table II.
The bond length of the second Fe shell (which reflects the
lattice parameter) is enlarged from 2.87 Å to 2.89 Å through
the B2 → A2 transition and is in a good agreement with the
results of the experimental data fitting in Table I.

For the correct interpretation of obtained values for coor-
dination numbers NFe,theory and its comparison with NFe,exp in
B2 and A2 states the site occupancy probabilities should be
mentioned. For the ideal bcc binary alloys of AxB1−x type,
local distributions of nearest neighbors in the several first
coordination shells can be very well described by binomial

TABLE II. Averaged nearest-neighbor distances from the Fe
absorber (Rtheory) in the first and second coordination shells and the
averaged numbers of Fe atoms (NFe,theory) in the first coordination
shell calculated by VASP. As uncertainties, the standard errors of mean
values are presented in parentheses.

Chemically ordered Chemically disordered
state (B2) state (A2)

R
(1st shell)
theory [Å] 2.434(7) 2.449(2)

R
(2nd shell)
theory [Å] 2.864(8) 2.891(4)

NFe,theory 2.67 4.8

distribution of such probabilities. That is a basis in SQS
approach for a supercell construction with a further use in
different first-principles techniques. The probability P A

nA to
have nA neighboring atoms of a particular A type in the first
coordination shell of A atom can be modeled by the probability
formula from, e.g., Ref. [51] as

P A
nA = qAB(N,nA)qnA

A q
(N−nA)
B ,

where qA = x,qB = 1 − x, and B(N,n) = N !/n!(N − n)! are
binomial coefficients with N = 8 (see also Fig. 6). Accordingly,
for the Fe60Al40 model alloy with a partial order (the case of the
ideal B2 structure) the value of the Fe-Fe nearest neighbors is
2.67 ± 0.76 on statistical average, and for a fully random and
homogeneously distributed disorder (the ideal A2 state) one
can get the value of 4.8 ± 1.38. Any deviations from these
statistically averaged values for the ideal structures point out
a nonhomogeneous probability of site occupancy by Fe and
Al atoms. So, the coincidence of coordination number values
NFe,theory (Table II) obtained by VASP with the statistically
averaged values is a validation of the supercell construction.
Meanwhile, a slight discrepancy obtained between the latter
values and experimental NFe,exp from Table I either for B2 or
A2 states indicates a nonuniform site occupancy by Fe atoms in
the studied samples, leading to a preferred formation of Fe-rich
regions where an amount of Al atoms is less than predicted by
stoichiometry since Fe atoms occupy initially Al sites as well.

For the unirradiated sample (B2 state) the value NFe,exp =
3.47(7) can be related to only a small fraction of such regions in
a generally ordered film; for the irradiated sample in the fully
disordered A2 state with NFe,exp = 5.0(1) it can be assumed
that this fraction is larger. The intermediate A2 states reveal a
number of Fe-Fe nearest neighbors in the range between two
aforementioned values and can be associated with a smooth
transition from the partially ordered to the fully disordered
states with expanding Fe-rich regions, in agreement with
results of the WT analysis. Since ion irradiation can provide in
general only a nonhomogeneous disordering inside the entire
volume of the film due to a characteristic depth profile of
penetrating ions, this interpretation seems to be acceptable.

The obtained structural changes—an increased number of
Fe-Fe nearest neighbors and the unit cell expansion—are
attributed to be responsible for the long-range ferromagnetic
order in the Fe60Al40 thin films in the chemically disordered
A2 phase. Previously reported first-principle theories and
effective field theory calculations show that the nearest- and
the next-nearest-neighbor Fe-Fe interaction is predominantly
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FIG. 7. Spin-resolved DOS for Fe and Al p states (top panel) and
Fe d states (bottom panel) in B2 and A2 phases calculated by VASP.

ferromagnetic [52,53]. An increased number of ferromagnetic
Fe-rich regions can be therefore accounted for the macroscopic
ferromagnetic state as previously was suggested in Ref. [54] for
the Fe60Al40 alloy. The increase of the lattice constant is also
consistent with results of previously realized band structure
calculations [2].

B. Electronic and magnetic properties

1. Density of states and calculated magnetic moments

Spin-resolved densities of states calculated by VASP for Fe
and Al atoms in B2 and A2 phases are shown in Fig. 7. In gen-
eral, for the Fe-Al system, the shape of DOS and the position
of the Fermi energy with respect to bonding-antibonding peaks
are determined by the lattice parameter, stoichiometry, and
particular local configurations [19,55,56]. In the considered
Fe60Al40 case, the DOS has a typical structure with well-
pronounced peaks and at the Fermi level is dominated by Fe
contributions as expected. Well delocalized p states of Fe and
Al overlap with Fe 3d states, making the p-d hybridization
effective and resulting in non-negligible magnetic moments.
The values of related p and 3d spin magnetic moments are
presented in Table III.

TABLE III. Averaged spin magnetic moments (μB ) for Fe and Al
atoms in B2 and A2 phases calculated by VASP and SPR-KKR.

Chemically Chemically
ordered state disordered state

(B2) (A2)

Fe Al Fe Al

VASP

p states −0.003 −0.010 −0.016 −0.022
d states 0.553 1.420

SPR-KKR

p states −0.006 −0.017 −0.018 −0.032
d states 0.539 1.391
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FIG. 8. XMCD spectra for the ordered (B2) and the disordered
(A2) states of Fe60Al40 recorded at the Fe K edge at RT; the magnetic
MEE peaks are clearly visible only for the A2 states.

Larger splitting of Fe DOS in the fully disordered A2
phase leads to substantially larger Fe magnetic moments in
comparison with the ordered B2 one. This was expected as
each Fe atom has on average a larger number of Fe nearest
neighbors in the disordered A2 phase, thereby increasing the
exchange field. We have also found that the magnetic moment
in p orbitals of Al is comparatively higher for the latter phase.
An opposite sign of the Al magnetic moment with respect to the
Fe d one is in agreement with findings from Refs. [19,20,55].
The averaged spin magnetic moments calculated by SPR-KKR

code (see also Table III) are fairly in agreement with ones
obtained by VASP and show the same trend of larger moments
in the disordered A2 state. Moreover, the calculated orbital
contribution to Fe total magnetic moment has yielded a value
of 0.028 μB and 0.068 μB for B2 and A2 phases, respectively.

As follows from Fig. 7, disorder-induced scattering leads to
the broadening of DOS for the electronic states, but although
spin-resolved DOS of Fe 3d states shows broader peaks for the
disordered A2 phase, the broadening of the total 3d DOS is
nearly the same for both phases due to a small splitting of Fe
nonbonding peak for the ordered B2 one.

2. X-ray magnetic circular dichroism

XMCD spectra measured at the Fe K edge are shown in
Fig. 8. The structure of the observed XMCD signal around
the edge exhibits two characteristic regions: the positive one
(around 7112.5 eV) that is a measure of Fe 4p-3d hybridization
strength and the negative one at slightly higher energies
(∼7116 eV), which relates mostly to the orbital polarization
of Fe 4p states [57,58]. In the cubic surrounding, the latter
peak amplitude is proportional to the magnetic moment of the
absorbing atom [59].

The quadrupolar contribution to the absorption at K edges
of 3d transition metals [60] in many cases makes a quantitative
analysis of magnetic circular dichroism signal not plausible.
Qualitatively, the observed XMCD spectra show a significant
rise of 4p-3d iron hybridization via the transition. The com-
parison with XMCD spectra from Refs. [61,62] (not shown)
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reveals that 4p states orbital magnetic moment and the strength
of their hybridization with 3d states in the studied Fe60Al40

films is smaller than for a pure Fe foil. Furthermore, all XMCD
spectra are similar to the spectra of metallic iron, indicating that
Ne+ irradiation of the chosen fluences does not induce strong
structural deviations from the bcc structure of the initially
annealed (unirradiated) Fe60Al40 thin film.

Since no visible changes in the spectral shape of XMCD
signal were found, the negative XMCD peak amplitude was
used to estimate an evolution of the p-state-related magnetic
moment with fluence. The normalized amplitudes are shown
in Fig. 9. A continuous rise of the magnetic signal with
the irradiation fluence was observed. Moreover, the fully
disordered sample shows the signal increase with a factor of
approximately 4.5 with respect to the ordered one, which is in
a reasonable agreement to the calculated magnetic moments.

An example of element-specific magnetization loops mea-
sured at the maximum of the XMCD effect (7116 eV) for two
incident angles (45◦ and 90◦) is shown in Fig. 10. The full satu-
ration of samples in the chosen experimental geometry as well
as preferential in-plane magnetization with almost squared
hysteresis is in agreement with macroscopic magnetometry
and magneto-optic Kerr effect studies. In the low-field region,
an observed signal instability is due to a common problem of
detector sensitivity to the secondary electrons emitted from
the sample in addition to the fluorescence yield, leading to a
strongly disturbed XMCD signal detected by TFY in the case
studied.

3. Multielectronic excitation peak

A well-pronounced magnetic MEE peak with a positive
amplitude has been found for all studied irradiated samples at
the energy around 7172 eV (see Fig. 8). According to detailed
studies by Kawamura et al. [26,27], the most probable tran-
sition associated with this peak is a super-Coster-Kronig-type
one described by the final state (1s)1(3p)5(3d)n+2 resulting
from the 3p → 3d dipole transitions going simultaneously with
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FIG. 10. Element-specific hysteresis loop measured by XMCD
at the Fe K edge (7116 eV) for the sample irradiated with 1.75 ×
1014 ions cm−2 fluence at two different incident angles as indicated.
Symbols represent the experimental data, and dotted lines are the
corresponding fits by Langevin function used as guides for eyes. The
patterned area relates to the signal instability region.

εp → 3d de-excitation. It differs from earlier works [61,63]
where 3p → 4p monopole excitations associated with the
1s → 4p dipole transitions were suggested. The assumption
that the MEE peak is closely related to 3d orbitals in transition
metals is supported by its energy position, which coincides
with the M2,3 edges energies of the (Z + 1) atom, by the sign
and profile of the dichroic signal, by the dependence of its
integrated intensity on the atomic number of the absorbing
atoms, and by theoretical calculations [27].

In our work, the position of this MEE peak, its amplitude,
and broadening for the considered A2 states are similar to what
was found earlier for pure Fe [26,61,62]. This suggests the
similarity in the electronic structures of Fe 3d states in the
disordered Fe60Al40 films irradiated by fluences larger than
0.75 ×1014 ions cm−2 and metallic Fe. In Fig. 9, the fluence
dependences of XMCD and MEE normalized amplitudes are
presented. Qualitatively, these dependences are in agreement
with the common view that the induced orbital polarization
of delocalized Fe 4p states originates from 3d spins through
the exchange interaction with 4p spin moment and further
through a slight spin-orbit coupling of 4p states. Interestingly,
an integral over magnetic MEE peak has a different tendency
(see also Fig. 9): For all studied A2 states, its value is almost
the same and is much larger than the value obtained for the
B2 state. Such a difference suggests a prime distinction in 3d
electronic properties of these two phases.

Since the integral of the magnetic signal over both spin-orbit
split edges (e.g., L2,3 or M2,3) is generally proportional to
the orbital magnetic moment of the final states [64,65], the
increasing of magnetic MEE peak area can be a sign of an
increased 3d orbital magnetic moment in agreement to theory
results. Another interpretation refers to an almost constant
MEE integrated signal in conjunction with a continuously
increasing MEE peak amplitude and can be related to an ac-
cordingly decreased width of magnetic MEE signal for higher
fluences. In general, a narrowing of the XMCD signal for a
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weak ferromagnet like Fe can have several reasons like changes
in the density of states, exchange splittings, lifetimes of excited
states, etc. From the calculated spin-resolved DOS, a decrease
of the line width caused by a smaller exchange splitting in the
disordered phase can be excluded. Besides, by having a closer
look to the spin polarization of d states above the Fermi energy,
which is indirectly related to the MEE XMCD signal, one can
see that there is a quite sharp feature around 1.4 eV: The full
width of half maximum of the difference between the absolute
numbers of spin-down and spin-up states is approximately the
same for both B2 and A2 phases. However, the distinct fine
structure of the spin polarization of the B2 phase, particularly
a smaller maximum close to the Fermi energy, in combination
with the instrumental line broadening (∼1.1 eV at 7.1 keV) can
explain a broader MEE XMCD signal for the ordered state. An
additional influence of different lifetimes cannot be excluded.
In contrast, the DOS and the spin polarization of the p states
above the Fermi energy are rather smooth. Therefore, taking
the amplitude of the K-edge XMCD instead of the integrated
signal is still a valid approximation to estimate the magnetic
moment fluence dependence.

These results indicate that the electronic structure of
Fe60Al40 system is very sensitive to induced disorder, in agree-
ment to detailed theoretical studies by Das et al. [55], where it
was obtained that even subtle changes in p-d hybridization
affect the chemical bonding between Fe and Al due to its
short-range character. Thus, a variation in 3d states localization
could be expected as a consequence of changes in Fe local
environment: As follows from Table I, for higher fluences
fewer Al neighbors stay in the first coordination shell of Fe
absorbers, leading to a smaller antibonding effect of Fe 3d–Al
p hybridization. For the B2 state, a weaker localization is
expected due to a larger amount of neighboring Al atoms. More
precise comparison between theory and experiment would
need theoretical studies considering an additional core hole
in accordance with Coster-Kronig-type transitions, which may
significantly influence the results of DOS calculations, as well
as experimental data with better statistics to draw quantitative
conclusions about 3d states localization on the basis of the
MEE intensity. However, answering that question is beyond
the scope of this work.

For thin films with another electronic structure of compo-
nents, the relation between structural and/or chemical disorder
and magnetic short- or long-range ordering is expected to be
different due to, e.g., a larger amount of electrons participates
in the hybridization process, different influences of initial
d and p states localization, other electronegativities of the
constituents, different unit cell changes, etc. These factors
would determine a rise or drop of magnetization depending on
the degree of disordering. To unravel the exact scenario of the
phase transition initiated by ion irradiation, element-specific
studies with hard x rays are a method of choice.

IV. CONCLUSIONS

Ion-beam irradiation with low fluences is a very effective
tool for the creation of different magnetic structures in a
controlled way. Variation of the irradiation fluence and ion
energy could be used to adjust the magnetic properties of thin
films with different thicknesses continuously, whereas a local

chemical disorder influences the ferromagnetic ordering on a
macroscopic scale. To understand the formation mechanism
of such a long-range ferromagnetic order and to find its
characteristic peculiarities, the detailed studies of local struc-
tural changes inside the film are needed.

In our work, a clear evolution of the local environment
around Fe atoms and Fe orbital polarizations in Fe60Al40 thin
films has been observed by the element-specific hard x-ray
absorption spectroscopy along the order-disorder (B2 → A2)
phase transition initiated by 20-keV Ne+ ion irradiation. An
increase of the chemical disorder induced by ion fluences of
(0.75–6) ×1014 ions cm−2 is evidently reflected in consequen-
tial changes of structural and magnetic properties of the studied
Fe60Al40 films of 40 nm thickness.

The analysis of EXAFS spectra recorded at the Fe K edge at
room temperature has shown the clear rearrangement in the first
coordination shell of Fe absorbers through the transition with
the increased number of Fe-Fe nearest neighbors from 3.47(7)
to 5.0(1) and the unit cell volume expansion of ∼1%. A model
system for a proper fitting of the experimental data has been
built on the basis of prior information about the predominant
type of atoms in the local Fe coordination taken from the
wavelet transforms. The deviations of obtained numbers of
Fe-Fe nearest neighbors from the averaged numbers of those
calculated for the ideal binary alloy with randomly apportioned
disorder (2.67 and 4.8, respectively) assume the preferential
formation of Fe-rich regions around Fe atoms in the films
studied. The fraction of these regions becomes larger with
fluence increasing.

The XMCD signal associated with 1s → 4p dipole transi-
tions probed at the Fe K edge at RT has shown a continuous
rise of Fe 4p orbital polarization and an increased strength
of its 4p-3d interatomic hybridization with increase of the
irradiation fluence while keeping the spectral shape similar
to the spectra of the metallic iron. The obtained quantities are
smaller than those for a pure Fe foil. The pronounced magnetic
MEE peak assigned to the 3p → 3d super-Coster-Kronig-type
transitions has been found for all studied A2 phases at ∼60 eV
above the Fe K edge. The different tendencies of magnetic
MEE peak amplitude and its integrated area suggest an increase
of 3d states orbital magnetic moments for A2 phases with
fluence increasing, while a similarity in fluence dependencies
of magnetic MEE and XMCD peak amplitudes is in agreement
with a view that Fe 4p orbital moment follows Fe 3d spin polar-
ization through exchange and spin-orbit interactions. A strong
influence of the local surrounding rearrangement on the elec-
tronic and magnetic properties of Fe 3d states that are further re-
flected in orbital polarization of Fe 4p states has been revealed.

First-principles density functional calculations by the VASP

program package revealed strong distinctions in local ge-
ometries of Fe and Al atoms for the ordered (B2) and
disordered (A2) phases while both of them are close to
binomial distributions of site occupancy probability for the
ideal Fe60Al40 case in the aforementioned phases. The enlarged
number of Fe-Fe nearest neighbors and the enlarged lattice
constant has been found for the chemically disordered A2
state contrary to the ordered B2 one, in agreement with
the experimental findings and previous reports. Spin-resolved
DOS demonstrated a typical shape for Fe d states and the
expected delocalized nature of Fe and Al p states with a larger
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splitting for the disordered phase for both types of orbitals. The
calculated magnetic moments showed an evident enlargement
for the A2 phase, correspondingly. The same tendency with
increased magnetic moments has been found by the KKR-CPA
approach.

These structural findings together with XMCD results
support the idea that the formation of larger Fe-rich regions
in the disordered A2 phase of Fe60Al40 thin films gives rise
to a macroscopic ferromagnetic state. Intuitively, details of
structural rearrangements, orbital magnetism, and peculiarities
in hybridization of d and p states due to changes in the
local environment play a significant role either in formation
of the disorder-induced ferromagnetic state or destroying
the initial ferromagnetic order for other alloys also. On a
local scale, these changes could be probed simultaneously
by element-specific XAS (including EXAFS, XMCD, and
magnetic MEE) at K absorption edges for all 3d transition
metals. Particular studies of magnetic effects depending on the
degree of the chemical disorder and the electronic structure

of alloys constituent components will allow one to understand
more deeply underlying mechanisms of the disorder-induced
ferromagnetism phenomenon that will be exploited in further
development of modern technology.
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